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ABSTRACT
Unilateral Spatial Neglect, the most dramatic manifestation of contralesional space unawareness,
is a highly heterogeneous syndrome. The presence of neglect is related to core spatially lateralized
deficits, but its severity is also modulated by several domain-general factors (such as alertness or
sustained attention) and by task demands. We previously showed that a computer-based dual-task
paradigm exploiting both lateralized and non-lateralized factors (i.e., attentional load/multitasking)
better captures this complex scenario and exacerbates deficits for the contralesional space after
right hemisphere damage. Here we asked whether multitasking would reveal contralesional spatial
disorders in chronic left-hemisphere damaged (LHD) stroke patients, a population in which
impaired spatial processing is thought to be uncommon. Ten consecutive LHD patients with no
signs of right-sided neglect at standard neuropsychological testing performed a computerized
spatial monitoring task with and without concurrent secondary tasks (i.e., multitasking). Severe
contralesional (right) space unawareness emerged in most patients under attentional load in both
the visual and auditory modalities. Multitasking affected the detection of contralesional stimuli both
when presented concurrently with an ipsilesional one (i.e., extinction for bilateral targets) and when
presented in isolation (i.e., left neglect for right-sided targets). No spatial bias emerged in a control
group of healthy elderly participants, who performed at ceiling, as well as in a second control group
composed of patients with Mild Cognitive Impairment. We conclude that the pathological spatial
bias in LHD patients cannot be attributed to a global reduction of cognitive resources but it is the
consequence of unilateral brain damage. Clinical and theoretical implications of the loaddependent lack of awareness for contralesional hemispace following LHD are discussed.

1.0 INTRODUCTION
Unilateral Spatial Neglect (USN) is a key phenomenon for the study of spatial-attentional
mechanisms within a neuropsychological framework (Halligan, Fink, Marshall, & Vallar, 2003;
Vallar, 1998). USN is a frequent consequence of stroke and it is commonly defined as the failure to
report, respond to or orient towards stimuli in contralesional space, when this failure cannot be
attributed to sensory or motor deficits (Driver & Vuilleumier, 2001; Heilman, Watson, & Valenstein,
1985). The typical form of USN affects the left side of space as a consequence of right-hemisphere
lesions involving one or more areas within a broad cortical and subcortical network subserving
spatial cognition and attention (Corbetta & Shulman, 2011; Molenberghs, Sale, & Mattingley,
2012). Functional-anatomical mapping of USN symptoms onto specific brain lesions has sparked
controversies (e.g., Mort et al., 2003), but contrasting findings can in part be attributed to the
heterogeneity of the patients (Halligan et al., 2003). For example, differences related to the location
of vascular insult (e.g., middle vs. posterior cerebral artery; Chechlacz, Terry, et al., 2013), time
from lesion (Corbetta, Kincade, Lewis, Snyder, & Sapir, 2005; Karnath, Rennig, Johannsen, &
Rorden, 2011), or spatial reference frame affected by USN (e.g., ego- vs object-centred, personal
vs extra-personal, etc.; Chechlacz, Rotshtein, & Humphreys, 2012; Committeri et al., 2007) might
also be characterized by different neural substrates. Another prominent debate in the USN
literature revolves around the issue of hemispheric asymmetries in space coding and/or attention
networks to explain the "classic" notion that USN following left-sided lesions is common in the
acute phase (Stone, Halligan, & Greenwood, 1993) but it becomes uncommon in the post-acute
phase (e.g., affecting less than 5% of the left brain damaged patients at three months from lesion
onset, Ringman, Saver, Woolson, Clarke, & Adams, 2004; Weintraub & Mesulam, 1987).
The heterogeneity of USN, with its variety of behavioural manifestations (Azouvi et al.,
2002; Halligan et al., 2003) is further increased by “non-spatial” factors that are known to strongly
modulate the severity of the spatial deficits (for reviews see Bonato, 2012; Husain & Rorden,
2003). These factors include alertness (Robertson, Mattingley, Rorden, & Driver, 1998; Thimm,
Fink, Küst, Karbe, & Sturm, 2006), sustained attention (Robertson et al., 1997; Robertson, Tegnér,
Tham, Lo, & Nimmo-smith, 2008), increased perceptual demands (Aglioti, Smania, Barbieri, &
Corbetta, 1997; Kaplan et al., 1991; Rapcsak, Verfaellie, Fleet, & Heilman, 1989), and, most
relevant for the present study, increased attentional load generated by multitasking (Bonato, Priftis,
Umiltà, & Zorzi, 2013; Bonato, Priftis, Marenzi, Umiltà, & Zorzi, 2010, 2012; Robertson & Frasca,
1991; Sarri, Greenwood, Kalra, & Driver, 2009). It is therefore not surprising that diagnostic tests
for USN have markedly different psychometric properties, such as sensitivity and specificity to USN
(Azouvi et al., 2002; Ferber & Karnath, 2001).
Bonato and colleagues (2010) recently proposed a computer-based paradigm in which
patients have to perform a spatial monitoring task resembling the double simultaneous stimulation
(DSS) test (e.g., Làdavas, 1990), with and without a concurrent task increasing attentional load.

DSS consists in reporting the position of appearance of visually presented lateralized stimuli (e.g.,
a rapid flick of the index finger) that are presented on the left, on the right, or on both sides of
central fixation (e.g., the nose of the experimenter). Once visual deficits have been excluded, the
signature of USN in DSS is an asymmetry between right- and left-sided detections, given that
patients with USN tend to ignore targets appearing in the contralesional side of space. Sometimes
the failure in reporting a contralesional stimulus occurs only after bilateral target presentation, a
deficit called contralesional visual extinction that is conceptualized either as an independent
disorder or as a milder form of USN (Driver & Vuilleumier, 2001). The paradigm of Bonato et al.
(2010) employed multitasking to implement a top-down manipulation of attentional load (in either
the visual or auditory modality), without any change of the sensory stimulation.
In the studies of Bonato et al. (2010, 2013) the load/multitasking condition proved to be
extremely sensitive to subtle lateralized disorders in chronic right hemisphere damaged (RHD)
patients performing at ceiling in standard paper-and-pencil tasks. For many RHD patients the
additional task demands (mimicking an ecological situation in which people have to simultaneously
process different sources of information) induced a strong rightward bias that selectively affected
contralesional target detection. The same multitasking paradigm administered to young healthy
participants did not induce a spatial bias, but attentional load modulated an early ERP component
(P1) – and deactivated the primary visual areas regardless of the sensory modality relevant for the
secondary task (i.e., visual or auditory) (Bonato, Spironelli, Lisi, Priftis, & Zorzi, 2015). This is
coherent with the vast neuroimaging literature pointing to the existence of early, sensory
bottlenecks in information processing – mainly related to short-term memory limits within each
modality (Linden, 2007; Marois & Ivanoff, 2005) – and a more general, amodal fronto-parietal
network acting as a central information relay and sensibly limiting our efficiency in multitasking
(Dux, Ivanoff, Asplund, & Marois, 2006; Spence, 2008; Tombu et al., 2011). Nevertheless, these
domain-general, non-lateralized factors (which are also relevant for the notion of cognitive
resources/reserve; Stern, 2002) are thought to be associated with right-hemisphere mechanisms
(Corbetta & Shulman, 2011; Robertson, 2014).
The present study aims to further demonstrate that multitasking is a convenient tool to
investigate the interaction between lateralized and non-lateralized attention mechanisms, thereby
allowing the investigation of imbalances in spatial processing that cannot be detected by classic
paper-and-pencil tests. In particular, we asked whether our dual-task paradigm would induce
attentional asymmetries in patients with chronic left-hemisphere damage (hereafter LHD), that is in
a clinical population where contralesional spatial-attentional disorders are uncommon (Ringman et
al., 2004). It is currently unknown whether LHD patients would show sensitivity to attentional load,
thereby paralleling our previous findings on RHD patients, or whether the sparing of rightlateralized mechanisms allows patients to fully compensate for any spatial / attentional deficit. We
report below the results of the dual-task paradigm administered to an unselected, consecutive

sample of 10 LHD patients, analyzed both at the group level and at the single patient level. The
paradigm was also administered to a control group of healthy elderly participants. Moreover, given
that healthy individuals typically perform at ceiling in this task (Bonato et al., 2010; Bonato et al.,
2015; Lisi, Bonato, & Zorzi, 2015), we included a second control group of 8 patients diagnosed with
Mild Cognitive Impairment (MCI) – a syndrome yielding diffuse cognitive deficits (taking into
account individual age and education, Petersen, 2004). MCI patients can show a subtle spatial
bias (either left or right in individual patients) in conditions with bilaterally presented stimuli (Redel
et al., 2012). Thus, the higher variability of MCI patients (with respect to healthy individuals)
provides a stringent baseline to assess the reliability of lateralized spatial deficits in LHD patients
and it also allows to disentangle spatial bias from the effect of unspecific reduction of cognitive
resources.

2.0 METHODS
2.1 Participants
Ten consecutive stroke patients with LHD took part in the study. They were all admitted to the San
Camillo Neurorehabilitation Hospital (Venice-Lido, Italy) to undergo motor rehabilitation for right
hemiplegia/hemiparesis and/or language therapy for aphasia. All patients were in the subacute to
chronic stage (minimum time from onset: 52 days, see Tab. 1). The first control group included 10
healthy participants, who were on average older than LHD patients (65.8 y, SD=8.52 for Controls
vs. 53.2 y, SD=11.7 for LHD; t(16.44)=2.75, p=0.014; Welch’s t-test was used for this and the
following comparisons) but did not differ for level of education (9.3 y, SD= 5.2 for Controls vs 12.4
y, SD= 2.99 for LHD; t(14.38)= 1.64, p= 0.12). The second control group was composed by eight
outpatients having diagnosis of MCI, who were attending cognitive stimulation protocols at San
Camillo Hospital. MCI patients were also on average older than LHD patients (69 y, SD= 11.61;
t(15.2)= 2.85, p= 0.012) but did not differ from LHD for number of years of education (9.75 y, SD=
4.02; t(12.62)= 1.55, p= 0.145). All participants gave written informed consent to take part in the
study, in accordance to the principles of the Declaration of Helsinki. Exclusion criteria were the
inability to understand task instructions, a history of other neurologic diseases or of substance
abuse. All participants were right-handed according to a standard questionnaire (Oldfield, 1971),
and presented normal or corrected-to-normal vision. Detailed information is provided in Tab. 1 for
personal data and in Tab. 2 for neuropsychological assessment.
Brain lesions for all LHD patients were manually reconstructed using MRIcron (Rorden &
Brett, 2000). Individual scans (MRI or CT) were reoriented using SPM (Friston, Ashburner, Kiebel,
Nichols & Penny, 2007) and then normalized to an age-appropriate template brain by means of
the SPM Clinical Toolbox (Rorden, Bonilha, Fridriksson, Bender, & Karnath, 2012) using
enantiomorphic normalization (Nachev, Coulthard, Jäger, Kennard, & Husain, 2008). Lesion

overlays are depicted in Fig. 1. The maximal overlap (seven patients) occurred in the white matter
between the lateral ventricle and the superior end of the insula (MNI X = -30, Y -21 to -7, Z = 20).

Fig. 1. Lesion overlays. The lesion mapping for LHD, normalized to a template of aged healthy
individuals according to the procedure described in Rorden et al. (2012), is shown as an overlay on
a standard template using MRIcron (Rorden & Brett, 2000). The different colors code for the
number of overlapping lesions from dark red (minimal/no overlap) to white (maximal overlap).

2.2 Neuropsychological Assessment
All patients underwent an in-depth neuropsychological evaluation (Tab. 2). In the LHD group, the
conventional part of the Behavioural Inattention Test (BIT, Wilson, Cockburn, & Halligan, 1987)
was administered in order to assess visuo-spatial functions. The BIT includes six subtests (lines,
letters, and stars cancellation, line bisection, figure copy and spontaneous drawing). Each subtest
was scored separately, and contributed to a global index. None of the patients in the LHD group
showed neglect according to the BIT overall cut-off. Furthermore, no patient was below the cut-off
in any of the subtests. No patient showed any hint of lateralized omissions across any subtest;
scores in Table 2 are reported separately for right- and left-sided targets. The average, close to
ceiling, performance in the cancellation tasks is shown in Fig. 2.
The Aachener Aphasie Test (AAT, Luzzatti, Willmes & De Bleser, 1996) was administered
to quantify presence and degree of language deficits. The results of the comprehension subtest
are reported in Tab. 2. All patients were able to comply with task instructions, and provided either a
verbal response or pointed towards cardboards depicting all possible answers (see Methods
section).
The presence of contralesional omissions/extinction was assessed through the DSS
paradigm. The examiner sat in front of the patient, at a distance of about one meter, positioning his
hands at the patient’s visual periphery. For each trial the experimenter moved either his right or left
index finger only, or both fingers simultaneously. The participant had to indicate the side where a
movement was perceived. Sixty trials were performed (30 in the upper and 30 in the lower
quadrant, and 20 on the right, left, or both sides).
The Rey-Osterrieth complex figure test (Caffarra, Vezzadini, Dieci, Zonato, & Venneri,
2014) was administered to broadly evaluate a range of visuo-spatial abilities such as planning,
organizational, and strategic abilities together with visuo-perceptual and visuoconstructional
functions. Both online copy and recall were assessed, and scored separately by summing the
number of elements correctly reported weighted by their recall frequency (Caffarra, Vezzadini,
Dieci, Zonato, & Venneri, 2014). The Mini Mental State Examination (MMSE; Magni, Binetti,
Bianchetti, Rozzini, & Trabucchi, 1996) and Raven’s progressive matrices (Carlesimo, Caltagirone
& Gainotti, 1996) were also administered to investigate overall cognitive functioning. The MMSE
explores patients’ spatial and temporal orientation, but also allows a rough evaluation of visuoconstructional abilities, working memory and long term memory; each subpart is scored separately,
but a cumulative index is eventually obtained (Magni, Binetti, Bianchetti, Rozzini, & Trabucchi,
1996). Raven’s test comprised 36 coloured matrices; patients had no time constraints, and were
asked to choose, among 6 elements, the best option to complete an above-depicted target set.
Items were ordered in ascending difficulty order; the overall number of correct responses was
scored. This test is thought to assess abstract, relatively culture-free non-verbal reasoning abilities.
These last three tests were also part of the neuropsychological assessment of the control group of

MCI patients. The diagnosis of MCI was made accordingly to Petersen (2004) criteria. All patients
complained about cognitive deficits in everyday life, and at least one relative of each patient
supported this complaint. Global cognitive functioning, as assessed through MMSE and Raven’s
matrices (therefore including orientation in space/time and abstract reasoning), was spared (see
Tab. 2), whereas they showed a deficitary performance in at least one task within a standardized
screening battery assessing a broader range of cognitive functions.

Subject/Group

Sex/Age/Education
(ys)

Etiology

Handedness

Double
Simultaneous
Stimulation

Lesional
Volume
(cc)

Time from
stroke
(days)

1/LHD
2/LHD
3/LHD
4/LHD
5/LHD
6/LHD
7/LHD
8/LHD
9/LHD

M/46/11
F/49/13
M/60/13
F/53/13
F/52/13
M/47/13
M/64/17
M/41/13
F/41/13

H
H
H
H
I
H
I
I
H

R
R
R
R
R
R
R
R
R

-

27
15
5
79
246
79
165
46
136

115
318
2632
299
145
52
370
313
260

10/LHD

M/79/5

H

R

1

57

1/MCI
2/MCI
3/MCI
4/MCI
5/MCI
6/MCI
7/MCI
8/MCI

M/56/17
M/49/11
M/84/8
F/73/9
M/72/10
F/73/5
F/79/5
M/66/13

+ (Contralesional
omissions)

-

R
R
R
R
R
R
R
R

Tab. 1 Demographical and neurological data. LHD and MCI groups: M/F: male, female; R:
Right-handed. LHD: I/H: ischemic, hemorrhagic; +/-: presence, absence of contralesional
omissions.

Subject/Group

MMSE RAVEN
(Cut(Cutoff: 24)
off:
18.96)

Rey-Osterrieth
complex figureCopy/Recall
(Cut-off:
28.87/9.46)

1/LHD
2/LHD
3/LHD
4/LHD
5/LHD
6/LHD
7/LHD
8/LHD
9/LHD
10/LHD

30
27.9
27.5
n.a.
n.a.
24.9
n.a.
25.9
n.a.
20.7*

30.8
34.75/16
31.8 35.25/19.75
29.8 27.25*/13.75
25.3 26.75*/12.75
32.8 35.25/14.75
26.3
33/6.5*
22.6
32/22.75
31.8
32.5/24
30.8
31.5/7*
19
7.75*/8.75*

1/MCI
2/MCI
3/MCI
4/MCI
5/MCI
6/MCI
7/MCI
8/MCI

27
27
26.7
25.4
25.4
25.3
21.7*
26.2

31.6
33.1
29.1
27.3
34.6
27.2
33
33.4

BIT
(Cut-off:
<130)

BITBarrageLeft/Right
Targets
cancelled
(max
18/18)

BIT-Star
Cancellation
Task-Left/Right
Targets
cancelled (max
27/27)

BIT-Letters
Cancellation
Task-Left/Right
Targets
cancelled (max
20/20)

AAT Comprehension

142
146
138
144
140
136
145
145
145
132

18/18
18/18
18/18
18/18
18/16
18/18
18/18
18/18
18/18
17/18

27/27
27/27
25/26
27/27
27/27
26/27
27/27
27/27
27/27
27/27

20/18
20/20
20/20
20/20
19/18
16/16
20/20
20/19
20/20
16/18

9
9
8
6
4
2*
7
9
4
-

36/2.75*
38.75/14.75
26.75*/8.75*
26.25*/15.25
38/18.75
28.75*/15.75
28.75*/13.25
34.75/11

Tab. 2. Neuropsychological assessment. MMSE (Mini Mental State Examination, Magni et al., 1996),
Raven’s progressive matrices (Carlesimo et al., 1996), and Rey-Osterrieth complex figure (Copy and Recall,
Caffarra, Vezzadini, Dieci, Zonato, & Venneri, 2014). Across all tasks, age and education corrected scores
are reported. *: performance below cut-off. BIT (Behavioural Inattention Test, Wilson, Cockburn, & Halligan,
1987): global scores and raw scores at cancellation subtests are reported separately for left and right
hemispace. AAT (Aachener Aphasie Test, Luzzatti, Willmes & De Bleser, 1996): results from the
comprehension subtest are reported, classified according to a standard nine points scale (lower values index
a more severe deficit). -: data not available. n.a.: unable to assess.

Fig. 2. Cancellation tasks. The mean number of target items correctly detected is shown for each
BIT cancellation subtest as a function of their side on the testing sheet. Dashed lines represent the
total number of targets for the specific subtest. Error bars represent SEM.

2.3 Apparatus, stimuli, and procedures
Patients were individually tested in a quiet room, sitting comfortably at a distance of about 60cm
from a 19-inch computer monitor. There were three experimental conditions: the single-task
condition and two dual-task conditions (visual vs. auditory). Each trial started with a black screen
(1000 ms), followed by a white fixation cross (about 1cm wide) that was presented in the center of
the screen for 800 ms. The fixation cross flickered for 200 ms before target presentation as a
warning signal and to redirect overt attention to the screen center. The lateralized visuospatial
target was a white disk (diameter: 8mm) presented against a black background for a duration of
100ms. The target could appear unilaterally, on the left or the right side of the display (lateral
distance from fixation: 170mm), or bilaterally (both on the left- and on the right side). “Catch” trials,
in which no target was actually displayed on the screen, were also included to assess a potential
spatial bias in responses. The three target locations (left, right, bilateral) and the catch trials were
equiprobable (i.e., 25% of each type) and presented in random order. Simultaneously with the
lateralized target(s) and for the same duration (100 ms), a visual shape (a line drawing chosen
randomly among triangle, square and circle) was shown at fixation and a sound (an environmental

sound chosen randomly among train whistle, doorbell, and hammer) was presented through
binaural earphones. Once the 100ms time window elapsed, a noisy screenshot was presented until
the beginning of the following trial, as to minimize retinal after-image.
Patients always had to report the position of the target(s) (i.e., “no target”, “right”, “left”, or
“both” sides) as first response. This was the only request for the single task condition, whereas in
the dual-visual or dual-auditory conditions they also had to report the central shape or the
presented sound, respectively. It is worth to emphasize that the sensory stimulation was identical
across the three conditions. The manipulation was therefore purely top-down, based on the
presence/absence of concurrent task demands. In order to facilitate patients with difficulties in
naming, responses were provided either verbally and/or by pointing to an ad-hoc cardboard
depicting all possible answers. Patients’ responses were then coded by the experimenter using a
computer keyboard.
Participants were allowed to rest after each trial, if necessary. The experimenter monitored
eye movements and started each trial only when fixation was maintained. Trials affected by eye
movements were marked and discarded offline in the data analyses. The experiment was divided
in 6 blocks, each condition (single, auditory, or visual) being repeated twice (i.e., two blocks per
condition). The single task condition was administered in the first and in the last block in order to
assess the potential effects of fatigue or sustained attention problems. Accordingly, the dual task
conditions were performed in blocks 2 to 5 – with a fixed alternating order (i.e., visual-auditoryvisual-auditory). A practice phase, consisting of 21 trials, was carried out before starting the
experiment to allow patients familiarizing with the primary task. During this phase the experimenter
repeatedly ensured that the patient fully understood task requirements. Each block comprised 36
trials (9 trials for each type of lateral target). All possible combinations of shapes (3) and sounds
(3) were presented within each block, balanced in frequency and with randomized order. Overall,
the experiment consisted of 216 trials (3 load conditions x 4 types of target x 18 trials per cell).
2.4 Statistical analyses
Data were analyzed with the open-source software R (R Core Team, 2015). Practice trials and
experimental trials invalidated by eye movements (<0.1%) were discarded. When appropriate, we
analyzed the data at the single-trial level with mixed-effects multiple regression models (Baayen,
Davidson, & Bates, 2008) using the lme4 package for R (Bates, Maechler, Bolker, & Walker,
2014). A main advantage of mixed models, in addition to the use of single trial (rather than
averaged) data, is that they do not assume independence amongst observations, and the model
fitting procedure takes into account the covariance structure of the data, including random effects
(i.e., individual variability). This approach is particularly interesting for the analysis of clinical data,
which are typically more noisy than the data of healthy participants (see Zorzi et al., 2012, for a

previous application of mixed models to neglect patients’ data; also see Goedert, Boston, &
Barrett, 2013).
All mixed-effects models had a logistic link-function, which is appropriate for a dependent
variable with binary distribution (i.e., accuracy). As a first step we defined a model containing the
random effects. Linear mixed models generalize best by including the maximum random structure
that does not prevent model convergence (Bates, Kliegl, Vasishth, & Baayen, 2015). Random
intercepts and random slopes were introduced sequentially and their effect on model fit was
assessed using a log-likelihood test (that is, we compared the residuals of each model and choose
the one with significantly lower deviance as assessed by a chi squared test). The model with the
final random effects structure was then used to introduce the fixed effects. We used a stepwise
approach, adding main effects before interactions, and used the same log-likelihood tests to
assess whether the improvements in the model fit were statistically significant.

3.0 RESULTS
The Results section is organized as follows. First, we report analyses of spatial monitoring
accuracy to assess whether performance is modulated by target position and by attentional load.
Second, we report in-depth analyses of spatial bias, which was assessed for LHD patients both at
the group and at the single-case levels. Finally, we report additional analyses of spatial monitoring
accuracy that assessed potential effects of fatigue, or deficit in sustained attention.
3.1 Effects of Attentional load on spatial monitoring
As a preliminary analysis we ran an omnibus ANOVA with Target Type (Left, Right, Bilateral,
Catch) and Load condition (i.e., Single Task, Visual Dual Task, Auditory Dual Task) as withinsubjects factors and Group (LHD, Controls, MCI) as between-subjects factor. The accuracy was
arcsine transformed. This analysis showed a significant three-way interaction Group by Type by
Load (F(12,150)= 2.2, p= 0.026, Greenhouse-Geisser corrected, ηp2= 0.15). The accuracy data,
plotted in Figure 3, suggest that the multitasking conditions selectively affected performance for
bilateral and right-sided targets, but only for LHD patients. We therefore fitted mixed-effects models
to the (non-transformed, single-trial) accuracy data of each group to assess the interactive effects
of Target Type and Load. The random structure included Participant as random intercept and the
random slopes for Load and Target type. In other words, individual variability was accounted for
both in terms of overall accuracy (intercept) and across the different experimental conditions
(random slopes).
LHD. Neither of the fixed main effects was found to significantly improve the model fit (Load: χ²=
2.27, p= 0.32; Target type: χ²= 3.35, p= 0.34). Crucially for our hypotheses, however, the Load by
Target type interaction improved model fit (χ²= 26.38, p< 0.001). Notably, for bilateral trials

detection accuracy under load dropped from 80.4% to 65% for auditory load (z= -2.67, p= 0.007)
and to 58.9% for visual load (z= -4, p< 0.001), with a significant difference also emerging between
visual and auditory (z= -2.16, p= 0.03). For contralesional (i.e., right only) targets accuracy dropped
from 92.2% to 69.1% for auditory load (z= -3.3, p< 0.001) and to 62% for visual load (z= -4.6, p<
0.001), with a significant difference emerging also between the two dual task conditions (z= -2.24,
p= 0.025). All the contrasts above report the Wald z value with uncorrected p value. Performance
for ipsilesional targets and catch trials remained high (> 96.1%) and it was not modulated by load
condition. The parameters of the random and fixed effects of the final model are reported in Tab. 3.
Healthy Controls. Neither of the fixed main effects improved the model fit (Load: χ²= 5.32, p= 0.07;
Target type: χ²= 2.9, p= 0.4). The fit did not improve when adding the two-way interaction (χ²=
6.63, p= 0.36). Indeed, accuracy remained high across conditions.
MCI. Neither of the fixed main effects improved the model fit (Load: χ²= 2.39, p= 0.3; Target type:
χ²= 2.65, p= 0.45). Moreover, the fit did not improve when adding the two-way interaction (χ²=
4.04, p= 0.67) indexing that accuracy remained high across load conditions.
To summarize, we found that multitasking induced a selective impairment in detecting
bilateral and contralesional targets in LHD, whereas the performance of healthy controls and MCI
patients was unaffected. We therefore proceeded to investigate how errors were spatially
distributed across conditions.

Fig. 3. Spatial monitoring task: global accuracy. Accuracy in the spatial monitoring task is
depicted for each Load condition (single task, visual dual task, auditory dual task) as a function of
Target type (left, right, bilateral, catch) and Group (LHD: filled red circles; MCI: black squares;
Healthy Controls: green circles). Error bars represent SEM. Individual performance of LHD patients
is shown using red empty circles.

Random effects:
Groups

Name

Variance

SD.

Subject

(Intercept)

2.46

1.57

Side - Bilateral

7.15

2.6

0.01

Side - Catch

0.25

0.5

0.22

-0.3

Side - Right

2.6

1.6

-0.33

0.72

-0.82

Load - Auditory

0.76

0.88

0.16

0.25

-0.92

0.66

Load - Visual

1

1

-0.33

0.33

-0.99

0.86

Estimate

SE

z value

p

(intercept)

5.52

1

5.36

<0.001***

Single -Bilateral

-2.38

1.3

-1.83

0.07

Single - catch

-1.55

1

-1.53

0.12

Single - Right

-1.8

1.1

-1.64

0.1

Auditory - Bilateral

-4.3

1.4

-3.13

<0.01**

Auditory - Catch

-1.14

1.1

-1

0.31

Auditory - Right

-3.92

1.2

-3.3

<0.001***

Auditory - Left

013

1.1

0.12

0.9

Visual - Bilateral

-5.23

1.4

-3.78

<0.001***

Visual - Catch

-0.86

1.2

-0.73

0.46

Visual - Right

-4.81

1.2

-3.9

<0.001***

Visual - Left

-1.29

1

-1.33

0.18

Fixed effects:

Corr.

0.86

Tab. 3. Details of the final mixed-effects model for LHD patients. Factors were dummy coded
with left targets in the single task as reference level. The parameters of the random effects are
reported in the top panel. The parameters of the fixed effects are reported in the bottom panel.
Note that the b coefficient (Estimate) represents the adjustment with respect to the reference level.
SD = standard deviation, SE = standard error.

3.2 Asymmetry Indices
We computed Asymmetry Indices (AI) for unilateral, bilateral and catch trials to investigate whether
and how omissions were spatially distributed. The AIs for bilateral and catch trials were

(separately) computed by subtracting, for each individual, the proportion of “left” responses from
the proportion of “right” responses. A negative AI indexes that “left” responses prevailed among
errors while positive AI reveals prevalence of “right” responses. For unilateral trials AIs were
obtained by subtracting the proportion of omissions for right-sided targets from the proportion of
omissions for left-sided targets. The resulting index is similar to the previous one, with negative
values representing a leftward bias and positive values representing a rightward bias. Note that all
AI values express the asymmetry in terms of proportion of errors. That is, a value of -1 indicates
that all (100%) of the right targets but none (0%) of the left targets were missed, whereas a value
of 0 indicates that an equal number of left and right targets were missed (or that no targets were
missed). For each AI, we first assessed whether it significantly differed from 0 (thereby indexing
spatial bias) by means of a one-sample t-test (across all Load conditions). If that was the case, we
proceeded with assessing the modulatory effect of attentional Load. Comparisons between groups
could not be performed due to striking differences in variance and violation of normality. All results
are depicted in Fig. 4.

Unilateral targets. AIs significantly differed from 0 in LHD (t(9)= -2.65, p= 0.026). One-way repeated
measures ANOVA showed an effect of Load (F(2,18)= 5.06, p= 0.018, ηp2= 0.359), with AI
decreasing from -0.06 in the single task to -0.29 in the auditory and -0.3 in the visual task (t(9)>2.43,
p< 0.037), but with no differences between the two dual tasks (t(9)= 0.24, p= 0.82).
In contrast, AIs did not significantly differ from 0 both in the MCI group (t(7)= -0.84, p= 0.43) and in
the Healthy Controls group (t(9)= 0.61, p= 0.56).
Bilateral targets. AI were overall negative in LHD (t(9)= -2.6, p= 0.029). One-way repeated
measures ANOVA showed an effect of Load (F(2,18)= 5.46, p= 0.033, Greenhouse-Geisser
corrected, ηp2= 0.378), with AI decreasing from -0.2 in the single task to -0.34 in the auditory (t(9)=
2, p= 0.071) and -0.41 in the visual task (t(9)= 2.56, p= 0.03). Auditory and visual dual tasks did not
differ (t(9)= 2.05, p= 0.07). AIs were not significantly different from 0 both in the MCI group (t(7)= 1.5,
p= 0.178) and in the Healthy Controls group (t(9)= -1, p= 0.34)
Catch trials. AIs did not significantly differ from 0 in all groups: LHD (t(9)= -0.8, p= 0.47); MCI (t(7)=
1.87, p= 0.1); Controls (t(9)= 0.04, p= 0.97). This shows that LHD patients were able to correctly
report the absence of lateral targets and it allows to exclude that the asymmetry of responses in
unilateral and bilateral trials was due to a response bias (i.e., an overall tendency to respond “left”).

Fig. 4. Lateralized biases. The Asymmetry Index is depicted for each type of target (unilateral,
bilateral, catch) as a function of Load condition (single task, visual dual task, auditory dual task)
and Group (LHD: red circles; MCI: black squares; Healthy Controls: green circles). Note that the
asymmetry is expressed in terms of proportion of errors: negative values index a leftward bias
(e.g., a value of -1 means that all of the right but none of the left targets were neglected), whereas
a value of 0 indicates even distribution of omissions (or the absence of omissions). Individual
values for LHD patients are shown as red empty circles. Error bars represent SEM.

Individual analysis. The group of healthy controls showed ceiling performance in the spatial
monitoring task, thereby showing that our paradigm is well-suited to detecting spatial asymmetries
caused by unilateral brain damage. However, when controls’ data are used to assess the presence
of deficit in individual patients, ceiling effects can produce unacceptably high false positive rates
(see Laws, 2005). In contrast, the group of MCI patients is characterized by a much higher
variability in performance than the healthy controls. Indeed, Redel et al. (2012) observed subtle
spatial bias in individual MCI patients, though at the group level the direction of bias is inconsistent.
Therefore, the MCI group provides a baseline that is statistically more appropriate as well as more
stringent than the one provided by healthy participants (against which almost all LHD patients
would have resulted as having a pathological performance).
To determine how many LHD patients presented with a pattern of right neglect in the unilateral
trials or extinction in the bilateral trials, we assessed the individual AI against the MCI group as
control sample using the method proposed by Crawford and Howell (1998). This method uses the
control sample statistics (rather than the estimated population parameters), and a t (instead of z),
wider-tailed distribution to estimate probabilities. Note that this approach is robust even in the
presence of severe violations of normality (Crawford et al, 2006).

Unilateral trials. Patients 4, 7 and 9 showed significant asymmetry in the single task (t(7)≤ -2.7, p≤
0.03), which persisted in the auditory dual task (t(7)≤ -2.75, p≤ 0.029) and in the visual dual task
(t(7)≤ -6.62, p< 0.001). Strikingly, the visual dual task induced a spatial bias in four patients with
symmetric performance in the single task [patients 2, 5, 6, and 8 (t(7)≤ -3.25, p≤ 0.014)]. In
summary, while only three patients out of ten presented contralesional omissions at baseline,
multi-tasking revealed contralesional deficits in additional four cases in the visual dual task
condition.

Bilateral targets. Patients 4, 5, 7 and 9 showed a significant asymmetry in the single task (t(7)≤ 3.12, p≤ 0.017). The same patients consistently showed a spatial bias in both the visual (t(7)≤ -

9.44, p(s)< 0.001) and the auditory (t(7)≤ -3.45, p(s)≤ 0.01) dual tasks. Finally, patient 2 presented
extinction in the visual dual task only (t(7)= -5.89, p< 0.001).
Correlations between AI and lesional volume. We performed an explorative correlational
analysis between AIs and lesion volume, though the results must be taken with caution due to the
small sample size. When AI for unilateral trials (collapsed across Tasks) were correlated with
lesional volume, no significant correlation was found (r=-0.4, t(8)=1.1, p=0.24). When AI for
bilateral trials were analyzed, on the other hand, a significant negative association emerged (r=0.72, t(8)=2.96, p=0.018). This was due to significant correlations for AI in Visual (r=-0.75,
t(8)=3.22, p=0.012) and Auditory (r=-0.79, t(8)=3.7, p=0.006) dual-task conditions, as opposed to a
lack of correlation in the Single task (r=-0.496, t(8)=1.61, p=0.14). All correlations were two-tailed,
uncorrected, and overall suggest that more severe damage (wider lesion) within the left
hemisphere results in stronger extinction under attentional load.
3.3 Fatigue and sustained attention
We then assessed whether fatigue, or deficit in sustained attention, could partially account for the
impaired spatial monitoring performance of LHD patients. Note that the single task was performed
both at the beginning (i.e., first block of trials) and at the end (i.e., last block of trials) of the
experiment. Therefore, a significant drop in performance between the first and last block would
suggest that the effect of multitasking is somewhat confounded with fatigue. A mixed-effects model
was fitted to the accuracy data from the single task trials. The random effects matrix included
random slopes for Block (first or last) and Target type, in addition to the random intercept for
Participant. Note that the group of Healthy Controls was not included in the analysis because their
performance in the single task was errorless (100% accuracy in both blocks).
Notably, Block did not improve model fit when it was entered as fixed main effect (χ²= 2.82, p=
0.09) or in the two-way interaction with Group (χ²= 1.52, p= 0.22). This shows that fatigue (or,
conversely, learning) had no effect (see Fig. 5 for a graphical representation). Note that accuracy
(collapsed across Target type) slightly dropped in MCI patients (from 99.3% to 96.2%), but it
slightly improved (89.6% to 93.3%) in LHD patients.

Fig. 5. Fatigue. Performance of LHD (top panel) and MCI (bottom panel) patients in the first block
(four bars on the left) and in the last (i.e., sixth) block of the spatial monitoring task (four bars on
the right). In both blocks patients only had to report target side. Error bars represent SEM.

3.4 Secondary task
As a final analysis we assessed whether accuracy in the secondary task differed as a function of
Type of load (visual vs. auditory) or Group (LHD vs. MCI). Again, note that we did not include the
Healthy Controls group because of ceiling performance (97.5% accuracy in both secondary tasks).
A mixed-effects model was fitted to the accuracy data. The random effects structure included
random intercept and slope for Type of load, in addition to a random intercept for Participant. When
the main effects of Type of load and Group were entered as fixed effects, only the former
significantly improved model fit (χ²= 4.18, p=0.04 vs. χ²= 0.52, p= 0.47). The Group by Type of load
interaction did not improve the fit (χ²= 0.83, p= 0.36). The visual (secondary) task was overall more
difficult (β= -1.12, OR= 0.325, z= -2.7, p= 0.007), resulting in about 76.12% of correct responses

against 88.35% of correct responses for the auditory task, but the two groups of patients did not
show reliable differences.
4.0 DISCUSSION
We investigated the effects of attentional load (i.e., multitasking) on a spatial monitoring task in a
sample of chronic left hemisphere stroke patients, a clinical population in which impaired spatial
processing is thought to be uncommon. Concurrent task demands, regardless of the sensory
modality of attentional load (visual or auditory), revealed a pattern of contralesional targets
omission (right neglect and/or right extinction) despite the absence of any spatial deficit at
neuropsychological testing. In contrast, no spatial biases were found in two groups of control
participants: healthy elderly participants showed ceiling performance, while patients with Mild
Cognitive Impairment performed less well but showed even (unbiased) spatial distribuition of
errors.
Overall, the present findings confirm that our multitasking paradigm is well-suited to detect
asymmetries in spatial monitoring caused by lateralized bran damage, as previously observed in
chronic RHD patients (Bonato et al., 2010). It is worth noting, however, that several changes to the
original paradigm of Bonato et al. (2010) have been introduced in the present study to further
improve its design and to make it more suitable for testing LHD patients, which are often
characterized by linguistic deficits. First, all alphanumerical stimuli were removed, whereas in
Bonato and colleagues a letter was visually presented at fixation (to be reported in the visual dual
task) and a number-word was auditorily presented (for the auditory dual task). Moreover, the
previous version of the auditory dual task required counting forward twice by two from the
presented digit, whereas in the present version the request to merely report the auditory stimulus
minimized the demands on working memory. Second, the spatial monitoring task was prioritized
over the concurrent task by asking patients to always report the lateralized target first (unlike in
Bonato et al., 2010). This allows to exclude that spatial omissions were caused by the delayed
response or by interference from the concurrent task. Third, catch trials were introduced to exclude
the presence of any response bias. Fourth, the single task was re-administered in the last block of
the experiment, thereby allowing to exclude that lateralized deficits in spatial monitoring emerge
during the task as a result of fatigue or drop in sustained attention. As a result of these changes,
any direct comparison with previous data on RHD patients is problematic.
Though all LHD patients showed normal performance in a classic paper-and-pencil
assessment battery for neglect, few of them (4 patients out of 10) showed extinction at baseline
(“left” responses to bilateral targets in the single task), thereby revealing the high sensitivity of a
test employing briefly presented targets which compete for awareness (Bonato & Deouell, 2013).
When a secondary visual task was introduced, one more patient showed extinction (for a total of
5/10 cases with extinction). As expected, the dual-task paradigm also allowed to conclude with

relatively high confidence that extinction was not present in some LHD patients. While this absence
might be veridical, it is also possible that in some patients non-spatial attentional resources
successfully compensated spatial deficits (Bonato, 2015).
While the finding of an extinction pattern seems consistent with the hypothesis of betweenhemifield competition in conditions of double simultaneous stimulation (Driver & Vuilleumier, 2001;
Kinsbourne, 1987; Miller, Gochin, & Gross, 1993), the emergence of a pattern of right neglect
under multitasking is particularly striking. Indeed, unilateral right targets are not subject to the
bottom-up competition that characterizes bilateral targets. A significant asymmetry in the detection
of unilateral targets in the single task was found only in three patients, whereas under visual load it
was present in seven patients out of 10. These results clearly show that subtracting non-spatial
attentional resources to perform a concurrent task hinders visuospatial processing revealing
attentional imbalances caused by the unilateral brain damage.
We propose that the effect of multitasking is best understood as an interaction between
spatial and non-spatial components of attention. More specifically, our data converge in suggesting
that concurrent task demands recruit non-spatial, supramodal attentional resources which are
otherwise recruited to perform spatial monitoring. In the ERP study on healthy participants by
Bonato et al. (2015), a load manipulation very similar to the one employed in the present study
modulated the amplitude of the first positive component (P1) and shifted its neural generators,
suppressing the signal in the early visual areas during both visual and auditory dual tasks. Later in
stimulus processing, N2 contralateral components were particularly influenced by the concurrent
visual task and were related to increased activation of the right supramarginal gyrus, suggesting a
high sensitivity of the right hemisphere to load manipulations. Lisi, Bonato, and Zorzi, (2015)
showed that the top-down allocation of supramodal attentional resources in a similar multitasking
paradigm modulates pupil dilation. Cognitively-related pupil dilation has been linked to a
neurotransmitter system, the locus coeruleus–noradrenergic neuromodulatory system (AstonJones & Cohen, 2005), which is thought to have a central role in the functional integration of the
attentional networks (Corbetta, Patel, & Shulman, 2008).
The much higher prevalence of spatial neglect after right hemisphere compared to left
hemisphere lesions has been classically attributed to brain asymmetries in spatial processing
(Heilman & Van Den Abell, 1979, Mesulam, 1981) or in interhemispheric inhibition (i.e., stronger
inhibition by the right hemisphere; Kinsbourne, 1987). The pathological leftward bias observed in
LHD patients suggests that the spared right hemisphere is unable to compensate for the left
hemisphere damage, at least under multitasking. The interhemispheric inhibition model seems
better suited to accommodate our findings if we assume that increasing attentional load boosts
non-spatial, right-lateralized mechanisms, thereby increasing the imbalance in interhemispheric
inhibition and causing stronger suppression of left hemisphere activity.

It is worth noting, however, that the pathological leftward bias described here is unlikely to
reflect an exacerbation of the subtle leftward bias described in healthy participants (i.e.,
pseudoneglect; Jewell & McCourt, 2000, for a review). Indeed, the leftward bias in healthy
participants turns into a rightward bias following increased cognitive load (Dodds et al., 2008;
Peers, Cusack, & Duncan, 2006). Thus, one viable explanation of the present results is that neural
activity in the bilateral dorsal frontoparietal network, which is symmetrical in the healthy brain
(Corbetta & Shulman, 2011), becomes strongly asymmetrical under the joint influence of left
hemisphere damage and increased left hemisphere inhibition induced by attentional load. Support
to the interhemispheric competition account comes from the recent finding that fMRI-guided TMS
over the left intraparietal sulcus induces a leftward spatial bias in healthy participants (Szczepanski
& Kastner, 2013).
A related, yet alternative, perspective to interpret the present findings can be found by
referring to structural limits in the human brain – such as those hampering peripheral perception in
healthy subjects under visual load (Lavie, 2005) – or amodal networks acting as central information
bottlenecks (Dux et al., 2006; Tombu et al., 2011). These aspects are major determinants in
several cognitive processes, including perception and spatial awareness, but typically their
contribution in healthy participants is mostly detectable in terms of modulation of response times.
The presence of neurological deficits can emphasize these structural limits and produce more
striking behavioral effects, such as the inability to perceive a lateralized target. This is often the
case in patients with USN, where the co-occurrence of core lateralized deficits and of non-spatial
impairments (Husain & Rorden, 2003) determine the complex clinical manifestations of USN.
Attentional disorders in patients with LHD are often considered infrequent, although
previous evidence suggests they are not rare (Peers et al., 2005; Timpert et al., 2015), particularly
in the subacute stage (Ringman et al., 2004). One might object that this difference is a
consequence of excluding from the samples patients with severe linguistic disorders (who may fail
to comply with task instructions), thereby describing only selected and overall less impaired
patients (De Renzi, 1982, Bonato, Sella, Berteletti & Umiltà, 2012). In a study on 80 unselected
LHD patients, Beis and colleagues (2004) observed neglect in less than 15% of cases when
considering either cancellation or drawing tasks alone. However, when the presence of neglect
signs in any test was taken as diagnostic criterion, the percentage of patients presenting some
degree of neglect increased to 40% (Beis et al., 2004). This indicates that lateralized attentional
disorders might be revealed in a substantial proportion of LHD patients using a comprehensive
screening battery and a more lenient diagnostic criterion. Here we showed that multitasking can
reveal marked lateralized spatial deficits in a substantial proportion of LHD patients who do not
show any sign of deficit at paper-and-pencil testing, which is the gold standard for neglect
diagnosis. Given the ubiquity of multitasking in everyday activities, our approach can provide
information that is clinically relevant (see Bonato et al., 2012, for a practical example).

As a next step, a large-scale study should directly compare, using the same tasks, the rate
of occurrence of lateralized disorders in RHD and LHD patients. A larger sample will also help in
establishing the anatomical correlates of the deficits we described. Metaphorically speaking, the
emergence of deficits under multitasking reminds of small icebergs whose real volume is much
larger than the one above the water. Similarly, the full extent of spatial deficits suffered by patients
with left hemisphere damage seems to become visible only when compensation is made
impossible.
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