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ABSTRACT
Unilateral spatial neglect is a neuropsychological syndrome
commonly observed after stroke and defined by the inability to
attend or respond to contralesional stimuli. Typically,
symptoms are assessed using clinical tests that rely upon
visual/perceptual abilities. However, neglect may affect high-
level representations controlling attention in other modalities
as well. Here we developed a novel manual exploration test
using a touch screen computer to quantify spatial search
behaviour without visual input. Twelve chronic stroke patients
with left neglect and 27 patients without neglect (based on
clinical tests) completed our task. Four of the 12 “neglect”
patients exhibited clear signs of neglect on our task as
compared to “non-neglect” patients and healthy controls, and
six other patients (from both groups) also demonstrated signs
of neglect compared to healthy controls only. While some
patients made asymmetrical responses on only one task,
generally, patients with the strongest neglect performed poorly
onmultiple tasks. This suggests that representations associated
with different modalities may be affected separately, but that
severe forms of neglect are more likely related to damage in a
common underlying representation. Our manual exploration
task is easy to administer and can be added to standard neglect
screenings to better measure symptom severity.
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Introduction

Unilateral spatial neglect is a neuropsychological syndrome defined as the
inability to attend or respond to contralesional stimuli, despite intact
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sensory input or motor output abilities. This multi-componential syndrome
frequently occurs following right-sided stroke or brain injury, resulting in
left-sided neglect (Vallar, 1998; Mort et al., 2003; Corbetta & Shulman, 2011;
Karnath & Rorden, 2012; Vuilleumier, 2013; Vallar & Calzolari, 2018; Pierce &
Saj, 2019). During the acute phase following a right hemisphere stroke, up
to 80% of patients may experience some neglect symptoms, with around
30% of patients having persistent long term symptoms (Buxbaum et al.,
2004; Vuilleumier & Saj, 2013), greatly impacting the patients’ and caregivers’
quality of life (Vossel et al., 2013).

Estimates of the frequency of neglect, however, are highly variable (range
13-82%) and depend upon the method of clinical definition and assessment,
with traditional procedures often exhibiting suboptimal sensitivity for this het-
erogeneous syndrome (Barrett & Houston, 2019; Bowen et al., 1999; Buxbaum
et al., 2004; Saj et al., 2012; Verdon et al., 2010). A wide array of tests is used for
either clinical evaluation or research with high heterogeneity between centers
(Checketts et al., 2020). Many standard tests assess the visuo-perceptual or
visuo-motor components of neglect, such as the patient’s ability to detect
visual targets or copy simple drawings, since neglect is possibly more severe
and frequent in the visual modality (Gainotti, 2010). However, spatial
neglect impacts more than the visual modality, with some patients exhibiting
auditory, haptic, or motor symptoms (Laplane & Degos, 1983; De Renzi et al.,
1989; Beschin et al., 1996; Gainotti, 2010; Utz et al., 2011; Jacobs et al., 2012;
Tissieres et al., 2018). These symptoms may occur in combination with each
other or be dissociated in individual patients (Liu et al., 1992; Schindler
et al., 2006; Marsh & Hillis, 2008; Mancini et al., 2011; Cattaneo et al., 2012).
Interestingly, treatment approaches that target one modality (e.g., prism
adaptation) may alleviate symptoms in another modality (e.g., auditory extinc-
tion; Maravita et al., 2003; Jacquin-Courtois et al., 2010), suggesting that a
common underlying spatial representation is affected across neglect patients
or that interactions are preserved across discrete spatial representations (e.g.,
Cattaneo et al., 2012; Làdavas et al., 2020).

It is therefore important to characterize this condition fully and broadly test
for the presence of potential multi-modal (or supra-modal) symptoms in
patients to avoid a misclassification of patients (e.g., as not affected by
neglect) when neglect symptoms affect a different, unassessed modality that
may still strongly impact daily life. Additionally, patients with unilateral
neglect may also experience sensory visual defects (e.g., hemianopia), that
make it difficult to assess the degree to which behavioural responses derive
from spatial, attentional, or visual impairments. Nonetheless, in most neglect
paper-and-pencil tasks, visual exploration is allowed via movement of the
head and eyes that partly compensate or minimize the impact of hemianopia
on spatial neglect performance. To explore neglect symptoms outside of the
visual domain, some pioneering studies have investigated spatial neglect
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during tactile exploration (De Renzi et al., 1970; Cubelli et al., 1991), for example
by asking the patient to close their eyes and manually search for a marble
placed in one of the four arms of a tactile maze (De Renzi et al., 1970) or a phys-
ical target on a table (Karnath & Perenin, 1998). This type of manual exploration
task assesses the patient’s representation of peri-personal space without the use
of visual cues. This also eliminates spatial biases resulting from exaggerated
attentional capture by right-sided visual stimuli (Gainotti et al., 1991; Di Pelle-
grino, 1995; Toba et al., 2018), commonly observed in classic cancellation
tasks (Wojciulik et al., 2004). In early studies, the patient‘s performance was
quantified by measuring the time spent in the two sides of the maze (De
Renzi et al., 1970). In more recent previous studies, quantification of manual
exploration patterns involved tracking of the patient’s finger position using a
specialized sensor (Karnath & Perenin, 1998) or video recording (Thareja et al.,
2012), or used indirect tracking via keyboard presses (Cubelli et al., 1991).
These methods, thus, were limited by the difficulty or time needed to collect
and analyze the data, making them unlikely to be widely adopted by clinicians,
or by the range of possible inputs, making them unrepresentative of natural
exploration.

In the current study, a new method of assessing manual spatial exploration
was developed to overcome these limitations via the use of a touch screen
tablet computer. The objective of this new method was to assess neglect symp-
toms in the peri-personal spatial frame without relying on the visual modality,
possibly offering a more sensitive probe of internal space representation, and
exploiting current technology to optimize data measurement in an efficient
and clinically useful manner. Furthermore, the current analysis aimed to
explore the relationship between the new exploration task and existing
paper-and-pencils tests of unilateral spatial neglect. Chronic stroke patients,
with and without spatial neglect (as assessed with standard visuo-motor or
purely perceptual tasks), were asked to close their eyes and search for a
virtual target by tapping their finger on the screen. It was hypothesized that
our new exploration task would show greater sensitivity to neglect symptoms
for some patients than the traditional visual tasks by allowing spatial or pre-
motor biases to be expressed independent of any visual and perceptual
deficits. This new task provides a quick but detailed and quantitative measure-
ment of the patient’s exploration pattern that can reveal neglect in manual
exploration of contralesional space in patients.

Methods

Participants

Forty-four patients who had experienced a first-event focal ischemic or hemor-
rhagic stroke were recruited from the University Hospital of Geneva (HUG,
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Switzerland) and the Istituto Auxologico Italiano of Milano (Italy). The lesion was
identified by an MRI or CT scan in the acute phase, but patients underwent the
neglect assessment during the chronic phase (i.e., at least three months after
the stroke; mean duration of disease = 8.9 months). None of the participants
had history or evidence of previous neurological or psychiatric diseases,
motor impairment of the upper limbs, or global cognitive impairment on a stan-
dard neuropsychological exam (see below). The study utilized a cross-sectional
design and also included a group of 14 neurologically unimpaired healthy con-
trols that were age-matched with the stroke patients.

Patients were classified as showing left unilateral spatial neglect if they
presented with defective left-right spatial scores in at least one of the clinical
paper-and-pencil tasks. Four patients were unable to complete the manual
exploration task due to a technical malfunction and one patient was
excluded due to a general attention deficit. Thus, data from 27 stroke
patients (17 right- and 10 left-hemisphere lesions) without clinical neglect
(N-), 12 stroke patients (right-hemisphere lesions) with clinical neglect (N+),
and 14 healthy controls (HC) were analyzed in the current study. Two non-
neglect patients and one healthy control were left-handed, while all other
participants were right-handed (as assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971)). All procedures were approved by the respective
local ethics committee and each participant provided written informed
consent for the study.

Paper-and-Pencil tasks

As part of a larger study, all patients completed a standard battery of clinical
assessments to test for the presence of unilateral spatial neglect, including
target cancellation, line bisection, drawing by copy, clock drawing, reading
tests, and a task assessing personal neglect (see Appendix A). Moreover, a full
neurological assessment and a screening for anosognosia for neurological
deficits were included in the protocol (Bisiach et al., 1986; Azouvi et al., 2002;
Marcel et al., 2004). For the current analysis within the scope of this study,
three classic paper-and-pencil tasks are reported here.

- Bells cancellation task (Gauthier et al., 1989): patients had to mark all 35 bells
scattered randomly among other distractor shapes on an A4 size sheet. This
test assesses egocentric neglect for targets located on the right or left part
of the sheet.

- Apples cancellation task (Bickerton et al., 2011): patients had to mark all 50 full
apple outlines, scattered among distractors of incomplete apple outlines on
an A4 size sheet. This test assesses allocentric neglect symptoms (i.e., cross-
ing out of an apple that is incomplete on the left side) as well as egocentric
neglect (i.e., missing a full apple located on the left vs. right side).
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- Line bisection task (Schenkenberg et al., 1980; Azouvi et al., 2002): patients had
to mark the midpoint of four lines (two 5 cm and two 20 cm long), each
printed in the center of an A4 sheet. This test assesses neglect for the per-
ceived length of the line.

Participants (patients and healthy controls) also completed the Montreal
Cognitive Assessment (MOCA; Nasreddine et al., 2005) to screen for general cog-
nitive impairment (two controls did not complete this assessment).

Manual exploration task design

The new task developed for the current study examined manual exploration by
asking participants to search for virtual targets on a touch screen tablet computer
(Microsoft Surface Pro 4; 26 × 17 cm screen area; 2736 × 1824 pixel resolution)
running a custom MATLAB (Mathworks, Natick, MA) script. The researcher
placed the tablet flat on a tabletop in front of the participant and centered it on
their midline. The participant was instructed to tap on the screen using their
index finger with their eyes closed until they found the target, which was a rec-
tangular area 1/8 by 1/5 of the screen size that appeared in a random location
on each trial. When the participant tapped within the area of the target, a chime
soundplayed, and the targetmoved immediately to anew location,with no inter-
trial intervalor interruptionof theparticipant’sexplorationby the researcher. Each
trialwas limited to 40 s to prevent theparticipant from feeling frustrationduring a
failedsearch,afterwhichthechimeplayedas if thetargethadbeenfound.Thetotal
task consisted of ten targets and lasted around three minutes. The script for the
manual exploration task is available fromthecorrespondingauthorupon request.

Procedure and analysis

The patients’ lesions were delineated using a semi-automatic pipeline in the SPM
Clusterize toolbox (Clas et al., 2012; de Haan et al., 2015), normalized to the MNI
template, and displayed using MRIcron software (Rorden & Brett, 2000). Acute
radiological images from two neglect patients were not available for analysis (37
total lesion maps). A t-test between the two patient groups was conducted on
lesion size, with adjusted degrees of freedom due to unequal variance.

In the cancellation tasks, performance was scored as the difference in target
omissions on the left versus right side of the sheet. Additionally, the center of
cancellation (CoC) measure (Rorden & Karnath, 2010) was scored using those
authors’ software (https://github.com/neurolabusc/Cancel) to analyze the
average horizontal position of marked targets on a normalized scale from -1
to 1. In the line bisection task, the average deviation of the bisection mark
from the objective midpoint of the lines was measured in millimeters for the
5 and 20 cm lines separately.
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In the manual exploration task, the x and y screen position tapped by the par-
ticipant was sampled every 500 ms. Dependent measures included the percen-
tage of time spent exploring the left versus right half of the screen, and the
percentage of taps within each of five columns (far left, near left, center, near
right, far right) across the screen. Dividing the screen into five columns allowed
a more detailed analysis of whether neglect patients were biased to the extreme
right of the space (Kinsbourne, 1977) or shifted more moderately away from the
midline (Karnath & Perenin, 1998). To compare responses in the manual explora-
tion task to the CoCmetric from the paper-and-pencil tasks, the mean horizontal
tapping position was calculated and converted to a−1 to 1 scale.

Shapiro–Wilk tests of normality were performed on each dependent measure
to check normal distribution of the data, as well as Levene’s tests to check equal-
ity of variance across groups. Due to a violation of these assumptions in some
conditions, non-parametric Kruskal-Willis tests were conducted to compare the
three groups on the percentage of time spent exploring the left half of the
screen, the percentage of taps in each of the five columns, and the normalized
mean horizontal position. Additionally, Kendall’s tau rank correlations were cal-
culated between the paper-and-pencil tests and the manual exploration mean
horizontal position. Finally, single cases analyses were performed using the Sin-
glims_ES.exe program (Crawford & Garthwaite, 2002; Crawford et al., 2010) for
each patient (N+ and N-) versus the HC group average to assess the sensitivity
of the manual exploration task to detect neglect and investigate the possibility
of undetected neglect in patients classified as non-neglect on traditional tests
(Ogourtsova et al., 2020). All other statistical analyses were performed in SPSS
(version 25, IBM) and significance thresholds were set to .05.

Results

Lesion location

The mapping of lesioned brain regions in the acute radiological images of
neglect and non-neglect patients is shown in Figure 1. Neglect patients had
larger lesions than non-neglect patients (t(10.56) = 3.12, p=.01), with the
highest degree of overlap within the neglect group (N=10) occuring near the
right temporal-parietal junction. Non-neglect patients included individuals
with right-sided (N=17) and left-sided (N=10) lesions with the highest degree
of overlap around the right insula and basal ganglia.

Paper-and-Pencil tasks

Bells and Apples cancellation tasks were scored for the left versus right differ-
ence in omitted targets and the center of cancellation (i.e., average horizontal
position of correctly marked targets), while the line bisection tasks were
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scored for deviation from the true midpoint of the line (Table 2). Six patients
were classified as exhibiting neglect symptoms on the cancellation tasks, four
patients on the line bisection task, and two patients on both tasks. Most of
the patients who exhibited spatial neglect in the cancellation tasks had ego-
centric symptoms, while 4 neglect patients showed a spatial allocentric bias
in the Apple Cancellation test; but only one patient (P07) showed a pure allo-
centric neglect bias. Complete data from the full evaluation for all N+ patients
are provided in Appendix A. Data for non-neglect patients is reported in Table 2
separately for patients with left versus right hemisphere damage, but as these
subgroups did not significantly differ on any measure (all t < 2, p = n.s.) they
are combined in subsequent analyses.

Manual exploration task

Responses in the manual exploration task were scored for percentage of time
spent on the left versus right half of the screen, percentage of taps within five
columns, and normalized mean horizontal position (comparable to the CoC).
Healthy controls showed a generally balanced exploration of both sides of the
screen (Table 2), with around 20% of time spent in each of the five horizontal
columns (Figure 3), often moving in a systematic manner across the entire
screen (forming a grid-like exploration pattern). Figure 2 shows two exploration
patterns from a healthy control and a neglect patient, demonstrating a strong
difference in the distribution of taps across the screen. Several neglect and non-

Figure 1. Lesion overlap maps for neglect and non-neglect patient groups.

Table 1. Demographic information of study participants. MOCA values are out of a total
possible score of 30. Values are given as mean (SD). L/RHD = left/right hemisphere damage.

Group Age Sex Handedness MOCA
Lesion size

(cc)
Time since stroke

(months)

N+ (RHD) 62.00 (11.33) 10 M/2 F 12 R 23.08 (3.42) 80.59 (58.89) 9.47 (5.79)
N- (LHD) 59.7 (12.26) 5 M/5 F 10 R 25.4 (3.10) 10.83 (10.81) 4.65 (1.94)
N- (RHD) 60.06 (8.81) 12 M/5 F 15 R/2 L 25.65 (2.26) 25.57 (33.63) 11.03 (8.69)
HC 66.14 (7.87) 6 M/8 F 13 R/1 L 28.00 (1.71) – –
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Table 2. Behavioural results from the Bells and Apples cancellation tasks, line bisection, and manual exploration task. L-R refers to the difference in omission counts
on the left minus the right half of the sheet, with positive values indicating left-sided neglect. CoC refers to the center of cancellation metric representing the
average horizontal position of correctly identified targets, on a scale from −1 (right neglect) to 1 (left neglect). Manual mean x position refers to a similar
metric based on the average horizontal location of all taps during the manual exploration task. Manual left percent refers to the amount of time spent
exploring the left half of the screen, with values below 50% indicating a left-sided neglect. Values are given as mean (SD). L/RHD = left/right hemisphere damage
Group Bells L-R Apples L-R Bells CoC Apples CoC Line Bisection 20 cm Line Bisection 5 cm Manual Mean X Position Manual Left %

N+ (RHD) 1.00 (1.48) 2.18 (6.40) .026 (.036) .055 (.145) 4.75 (7.64) .083 (3.53) .086 (.234) 39.59 (19.13)
N- (LHD) -.400 (1.07) .500 (1.08) -.003 (.022) .004 (.016) −1.39 (2.93) -.165 (1.27) -.014 (.121) 51.98 (9.86)
N- (RHD) .177 (1.01) -.118 (.992) .000 (.031) .000 (.12) -.188 (3.92) -.365 (.987) .009 (.089) 52.14 (7.52)
HC – – – – – – -.048 (.108) 51.23 (8.09)
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neglectpatients, however, exhibitedexplorationpatternsmore similar to controls
(with grid-like or spiral exploration paths covering most of the screen). We also
examined the location of thefirst tapon the screenwhen starting the exploration.
While three N+ patients’ first taps were located in the far right part of the screen,
suggesting an atypical exploration strategy, overall there was no significant
group difference from N- and HC (p>.05).

The group level non-parametric Kruskal–Wallis test on exploration time of the
left half of the screen showed no significant between-group differences (H(2) =
4.03, p=.133), although the neglect group tended to spend less time exploring
the left half of the screen than the two other groups (Table 2). The analysis of
single patient cases vs. HC normative data, however, revealed that 5 patients
(N+07, N+13, N+511, N+513, N-23) showed reduced exploration time of the
left half of the screen (Table 3; HC range: 41.2–70.0%).

In order to look at this exploration bias more closely and gauge whether the
spatial behaviour of neglect patients may be distributed along a gradient
towards theextremeright, or instead reflecta rightwardshiftof theirmidline refer-
ence coordinates, the participants’ taps on the screen were divided horizontally
into five columns (where balanced exploration would yield 20% of taps in each
column). Kruskal–Wallis tests indicated that the groups had a significantly
different percentage of taps only in the far left column (H(2) = 6.31, p=.043), with
a post-hoc Dunn test showing that this difference was driven by the N+ patients
tapping less in this column thanhealthy controls (adj.p=.037; Figure 3). The analy-
sis of single patient cases vs. HCnormative data further revealed that 8 patients (N
+07, N+13, N+511, N+512, N+513, N-01, N-16, N-25)made significantly fewer taps
in the far left column than controls (Table 3; HC range: 14.3–29.6).

The group level Kruskal–Wallis test on the normalized mean horizontal pos-
ition of taps showed no significant between-group differences (H(2) = 3.14,

Figure 2. Example of manual exploration patterns for a healthy control and a neglect patient
exhibiting a strong rightward bias. The blue trace shows the path made by the participant
based on the position of each recorded tap. Hidden targets were randomly distributed one
at a time across the screen, and search time was limited to 40 sec per target before positive
feedback was given and the target moved to a new location.
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p=.208), although the neglect group showed somewhat larger positive values
(i.e., farther to the right). The analysis of single patient cases vs. HC normative
data revealed that five patients (N+07, N+13, N+511, N+513, N-14) did have
exploration patterns with a significant rightward bias in the mean horizontal
position (Table 3; HC range: -.26 to .16).

Across both patients’ groups (N=39), there was no significant correlation
between the Bells (rt=.18, p = n.s.) or Apples (rt=-.02, p = n.s.) CoC metric and
the manual exploration mean horizontal position. Only one patient (N+13)
expressed very high values (strong neglect) on both the Bells and manual
exploration tasks (Figure 4), suggesting that these two measures may probe
different facets of neglect, which often are dissociated in individual patients
but can be jointly affected in cases with severe neglect following damage to
multiple spatial representation components. Similarly, for the line bisection
tasks, there was no significant correlation between deviation on the 5 cm
(rt=.18, p = n.s.) or 20 cm (rt=.11, p = n.s.) lines and the manual exploration
mean horizontal position. Nonetheless, three (N+13, N+511, N+513) of the
four patients with the largest manual exploration rightward biases also had
large rightward biases on the 5 cm and/or 20 cm line bisection task.

Discussion

In this study, we developed and validated a new manual exploration task using
a portable touch screen computer to assess neglect symptoms, spatial

Figure 3. Percentage of taps located within each of five columns across the horizontal span of
the screen for each of the three groups. * indicates a significant between-group difference
(p<.05).
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Table 3. Statistical values from patients with significant differences in the single case analyses compared to healthy controls for the percent of time exploring the
left half of the screen, the percentage of taps in the far left column, and the normalized mean horizontal position on the manual exploration task. The z-score
corresponds to an effect size estimate for a case control study (Crawford et al., 2010) and p-values are based on one-tailed tests.

Left half % time Far left % taps Mean X position

Patient t-value z-score p-value t-value z-score p-value t-value z-score p-value
N+07 4.43 4.59 <.001 4.16 4.30 <.001 3.74 3.88 .001
N+13 5.75 5.95 <.001 4.16 4.30 <.001 5.26 5.45 <.001
N+511 1.86 1.93 .041 3.73 3.89 .001 2.47 2.56 .014
N+512 1.77 1.85 .049
N+513 4.39 4.54 <.001 3.53 3.65 .002 3.17 3.28 .004
N-01 3.04 3.14 .005
N-14 1.89 1.96 .041
N-16 1.91 1.97 .042
N-23 1.78 1.85 .049
N-25 3.73 3.86 .001
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representation and manual exploration of contralesional space without the use
of visual cues. This task can be easily and quickly administered and provides
detailed information about patients’ individual exploration patterns. The
current results revealed that among 12 chronic stroke patients that were
classified as exhibiting left neglect symptoms on standard paper-and-pencil
tests, four showed a significant rightward shift of their average horizontal pos-
ition in the manual exploration task as compared to non-neglect patients and
healthy controls, while six other patients (from the “neglect” and “non-
neglect” groups) also demonstrated signs of neglect compared to healthy con-
trols only. The responses of three of the four neglect patients on the paper-and-
pencil tasks also showed a strong rightward bias, indicating that patients with
more severe neglect are more likely to show symptoms in multiple modalities.

Our manual exploration task required participants to search for virtual targets
on a computer screen with their eyes closed, which likely led them to construct
an internal spatial representation to guide motor movements during the task.
Importantly, this also ensures that any visual field deficits (e.g., hemianopia)
patients may have did not impact their exploration pattern. Healthy controls
and most non-neglect patients were able to successfully explore the screen

Figure 4. Normalized mean horizontal position in the manual exploration task by group (left)
and compared to the Bells task center of cancellation for both patient groups (right).

Figure 5. Association between the deviations from midline in the line bisection task (5 and
20 cm versions) and the manual exploration normalized mean horizontal position in both
patient groups.
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with similar time spent in the left and right halves, and a balanced distribution
of taps across five columns from far left to far right. Conversely, neglect patients,
on average, spent more time exploring the right half of the screen, although
they tended to explore the near right column more than the far right column
(see Fig. 3). This pattern is in line with previous work (Karnath & Perenin,
1998; Schindler et al., 2006; Karnath, 2015) showing a rightward shift in per-
ceived midline and not a continuous attentional gradient increasing towards
the most extreme ipsilesional locations (Kinsbourne, 1977).

Performance differences of individual patients were also observed in a
measure of mean horizontal position in the manual exploration task, with
neglect patients’ responses shifted rightward compared to controls. This
measure was derived from a similar metric developed for cancellation tasks
(Rorden & Karnath, 2010), the center of cancellation, which indexes the
average horizontal position of correctly marked targets. However, in our
patient groups, these measures were not correlated between the manual
exploration task and the cancellation tests (or line bisection errors), with only
a few neglect patients showing strong biases on multiple tasks and others
showing biases in only one task. Some previous studies have shown dis-
sociations between visual/perceptual and tactile/motor tasks, suggesting
modality-specific neglect symptoms (Bisiach et al., 1990; Vallar et al., 1991; Mat-
tingley et al., 1992; Mancini et al., 2011), while others reported at least partial
overlap of visual and motor symptoms (Schindler et al., 2006; Marsh & Hillis,
2008; Utz et al., 2011), suggesting a disruption of higher order spatial represen-
tations. These conflicting findings may reflect differences in task demands
across modalities and experiments as well as the means by which neglect
patients were identified (Verdon et al., 2010), since the use of standard visual
tests could bias the type of patients included. Taken together, it is evident
that individual neglect patients can exhibit stronger or selective symptoms in
one modality versus another, and that, depending on the lesion location or
extent, patients also can present with multimodal deficits (Verdon et al., 2010;
Jacobs et al., 2012; Vallar & Bolognini, 2014).

The brain lesions that lead to neglect symptoms typically involve damage to
spatial representations that govern selective attention and rely on a wide-
spread network within the right hemisphere, including the parietal and
frontal lobes, as well as parts of the temporal lobe, insula, and subcortical
structures (Mesulam, 1999; Mort et al., 2003; Corbetta & Shulman, 2011;
Karnath & Rorden, 2012). Spatial attention processes can be disrupted by
focal damage to gray matter, loss of connecting white matter fibers, or inter-
rupted functional input to healthy downstream areas (Verdon et al., 2010; Vuil-
leumier, 2013; Baldassarre et al., 2014; Vaessen et al., 2016). It also has been
proposed that some deficits in neglect may result from difficulty in disenga-
ging attention from stimuli in ipsilesional space (Posner et al., 1984; Karnath,
2015). The current manual exploration task, however, would not be impacted
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by such competition because there are no physical targets or competing visual
stimuli to capture attention, which, instead, should be deployed endogen-
ously across the entire screen. Some neglect patients nonetheless explored
the near right portion of the screen more frequently, indicating that their
attention system tends to direct the motor exploration output based on a dis-
torted spatial representation. This distortion of mental representations of
motor (or visual) space may be affected in different ways by different lesion
locations (e.g., parietal vs. frontal cortex), leading to different neglect symp-
toms (Bisiach et al., 1990; Verdon et al., 2010). The current sample size,
however, was too small and several N+ patients had extensive lesions,
which makes it difficult to determine which areas impacted modality-
specific performance in these patients.

In addition to lesion location, the patients’ performance in our new manual
exploration task may differ according to the strategy they used to represent
space because no specific guidance was provided by the researcher. Some indi-
viduals may have relied more upon a remembered visual representation of the
exploration space, and others more upon a sensorimotor representation of their
finger movements or positions. Another possibility is that some patients may
have had an intact mental representation of contralateral space, yet been
unable to correctly execute the intended contralateral movements (directional
hypometria, Meador et al., 1986; Mattingley et al., 1992). In keeping with this,
Loetscher and colleagues asked neglect patients to complete a line bisection
task and subsequently judge the accuracy of their own marks. (Loetscher
et al., 2012). They concluded that most of the patients’ bisection deviations
were due primarily to visual/perceptual deficits and not motor output errors.
On the other hand, some studies attributed neglect deficits (and subsequent
improvements following treatment) to visuo-motor output rather than percep-
tual input on line bisection and landmark tests (Striemer & Danckert, 2010; Fortis
et al., 2011), so the relative contribution of perceptual versus motor biases may
depend on the patient sample and specific task demands. It is important to
note, however, that all patients performed the current exploration task with
their ipsilesional hand, avoiding any motor deficits that may have been
present if they had used their contralesional hand.

Other limitations of the current study that must be considered are the rela-
tively small sample size, the fact that all patients were in the chronic phase of
the illness, and the restricted size of the tablet screen that the patients explored.
With a larger number of patients, associations across tasks may become more
apparent, with subgroups of neglect patients exhibiting a stronger rightward
bias on the manual exploration task, visual paper-and-pencil tasks, or both.
Additionally, the inclusion of acute patients could impact the range of
responses measured, as many of our chronic patients had fairly mild residual
neglect symptoms. Conversely, the selection of chronic neglect patients
allowed us to assess persistent deficits that reflect long-term changes to
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neural spatial representations, using a novel task that patients had not per-
formed previously. Interestingly, our single case analyses identified several
patients classified as “non-neglect” during the standard assessment who exhib-
ited minor or residual neglect on our new manual exploration task, and it is
possible that a broader sample might identify other such patients whose symp-
toms are no longer detected by the traditional perceptual tests. Future studies
should address the presence and remission of motor and visuo-motor neglect
components in the different phases after stroke (i.e., acute, subacute and
chronic), and in relation to different lesion sites. Moreover, follow-up studies
also should compare performance in different reference frames and include a
more extensive evaluation of the spatial bodily representation of patients, for
example the so-called subjective straight-ahead assessment, as the relationship
between the straight-ahead bias, spatial representations, and neglect symp-
toms is still debated (Rousseaux et al., 2014). Finally, the use of a tablet compu-
ter may have limited the range of exploration, as compared to studies that used
a large table or maze (Beschin et al., 1996; Karnath & Perenin, 1998), but the
tablet size is comparable to the area of standard paper-and-pencil tasks,
reflects normal demands on one’s range of movement for many everyday
tasks, and allows for easy testing at the bedside.

Despite these limitations, we feel the current task may also be valuable clini-
cally in the assessment of the effectiveness of neglect rehabilitation protocols in
the recovery of perceptual andmotor symptoms. For example, prism adaptation
is one of the most widely used rehabilitation techniques for spatial neglect, even
in the chronic phase (Fortis et al., 2020), and some evidence pointed at a stron-
ger effectiveness of this technique on the motor-intentional vs. perceptual
neglect components (Fortis et al., 2011). Consequently, it would be interesting
to check if a greater recovery can be observed in performance on our manual
exploration test after a prism adaptation protocol. Finally, clinical impact
needs to be assessed in ecological activities after hospital discharge on patients
with a combination of various (visual-perceptive and manual-tactile) symptoms
as well as in patients with mild symptoms affecting only one modality, to fully
measure their functional outcome in daily life.

Toconclude, inthisstudywedesignedandvalidatedanovelmeasureofmanual
spatial exploration in patientswith unilateral spatial neglect using a touch-screen
tablet computer. We identified select patients who exhibited a strong rightward
bias in theirmanualexplorationpattern thatwas largelyunrelated toperformance
on visually basedpaper-and-pencil tests. Adding this simple assessment ofmotor
exploration to clinical screeningcanhelpbetter identifydeficits beyond thevisual
domain to formamorecompletepictureofneglect symptomsacrosspatientsand
a better understanding of how sensory input, motor output, and internal spatial
representations are affected in this complex syndrome.

The Matlab scripts for the novel manual exploration task are available from
the authors (patrik.vuilleumier@unige.ch) upon request.
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Table A1. Bold values indicate below threshold performance for Line Bisection, Apples Test L-R Omissions, Apples Test L-R False Positives, Bells Test L-R Omissions,
Scene Copying Score, Clock Drawing Score, Reading L-R Omissions, and Writing Margin.

ID

Line
Bisection
20 cm

Line
Bisection
5 cm

Apples Test
Total

Omissions

Apples
Test
L-R

Omissions

Apples
Test
L-R
False

Positives

Apples
Test
Time

Bells Test
Total

Omissions

Bells Test
L-R

Omissions

Bells
Test
Time

Scene
Copying
Score

Scene
Copying
Time

Clock
Drawing
Score

Clock
Drawing
Time

Reading
L-R

Omissions
Writing
Margin

Writing
Time

07 −0.5 1 0 0 3 265 0 0 290 0 120 0 62 3 1.9 64
08 17 1 3 −1 0 195 2 2 149 0 143 0 99 0 2.8 41
13 −2 8 6 −1 0 313 7 4 139 0 295 0 58 4 8.4 75
19 0 1.5 11 3 0 331 2 0 216 1 218 0 52 2 1.6 125
24 0 2.5 8 −3 4 375 4 3 154 0 96 0 52 0 3 49
30 4 −1.5 3 −1 2 156 2 0 126 1 49 0 32 0 1 41
509 9.0 −3.0 16 −6 0 102 1 −1 199 0 107 0 39 6
510 −4.5 −5.5 22 12 0 135 1 1 113 3 105 0.5 30 0 1 24
511 16.5 2.0 6 0 0 173 3 0 172 0 197 0 33 0 3.7 50.88
512 0.5 −1 6 6 15 56 2 2 354 0 68 0 94 0 2.5 84
513 15 0 9 −1 2 0 0 240 3 200 0 22 11 31
514 2 −4 25 15 5 300 1 1 2 109 0 65 4 8 58

Appendix A. Clinical neglect screening data for all N+ patients
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Table A2. Bold values indicate below threshold performance for the Catherine Bergego Scale, EENC Total (Évaluation écologique de la négligence corporelle Allart
et al., 2016) and Tangled Figures L-R Omissions.

ID

Catherine
Bergego Scale

Patient

Catherine
Bergego Scale
Caregiver

EENC
Total

Tangled
Figures
L-R

Omissions
Visual

Anosognosia
Motor

Anosognosia
Head/Eyes
Deviation

Body Neglect
Eyes Closed

Body Neglect
Eyes Open

Visual
Extinction

Auditory
Extinction

Tactile
Extinction

Motor
Extinction

07 13 15 0 0 0 0 0 0 0 0 0 0 0
08 13 9 0 0 0 0 0 0 0 1 0 0 0
13 9 4 0 0 0 0 2 2 0 0
19 0 0 6 0 0 0 0 0 0 0 0 0 0
24 1 5 2 0 0 0 0 0 0 1 0 0 0
30 0 4 0 0 0 0 0 0 1 0 0 0
509 4 1 1 0 0 0 1 1 1
510 3 10 1 0 0 0 1 1 0 1
511 3 12 0 0 0 0 0 0 0 0 0 1
512 5 23 0 0 0 0 0 0 0 0 0 0
513 10 8 0 0 2 0 0 0 0 1 0 0 0
514 1 6 2 1 0 1 1 1
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