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deficits in tasks of varying perceptual and
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Abstract

Background: Unilateral spatial neglect (USN), a highly prevalent and disabling post-stroke impairment, has been
shown to affect the recovery of locomotor and navigation skills needed for community mobility. We recently found
that USN alters goal-directed locomotion in conditions of different cognitive/perceptual demands. However,
sensorimotor post-stroke dysfunction (e.g. decreased walking speed) could have influenced the results.

Analogous to a previously used goal-directed locomotor paradigm, a seated, joystick-driven navigation experiment,
minimizing locomotor demands, was employed in individuals with and without post-stroke USN (USN+ and USN-,
respectively) and healthy controls (HC).

Methods: Participants (n=15 per group) performed a seated, joystick-driven navigation and detection time
task to targets 7 m away at 0°, £15°/30° in actual (visually-guided), remembered (memory-guided) and shifting
(visually-guided with representational updating component) conditions while immersed in a 3D virtual reality
environment.

Results: Greater end-point mediolateral errors to left-sided targets (remembered and shifting conditions) and
overall lengthier onsets in reorientation strategy (shifting condition) were found for USN+ vs. USN- and vs. HC
(p < 0.05). USN+ individuals mostly overshot left targets (— 15°/— 30°). Greater delays in detection time for target
locations across the visual spectrum (left, middle and right) were found in USN+ vs. USN- and HC groups (p < 0.05).

Conclusion: USN-related attentional-perceptual deficits alter navigation abilities in memory-guided and shifting
conditions, independently of post-stroke locomotor deficits. Lateralized and non-lateralized deficits in object
detection are found. The employed paradigm could be considered in the design and development of sensitive
and functional assessment methods for neglect; thereby addressing the drawbacks of currently used traditional
paper-and-pencil tools.
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Background

Unilateral spatial neglect (USN) is a highly disabling dis-
order, that is present in at least 30% of all stroke survi-
vors [1] and in nearly 50% of individuals with right
hemisphere lesions following a stroke [2]. USN is char-
acterized by a decrease in orientation and/or response
time to contralesionally located stimuli [3]. It is known
to persist into the chronic stages of stroke recovery,
poorly respond to available treatment methods, and sig-
nificantly contribute to functional deterioration
(reviewed in [4]) and reduced quality of life [5] of the af-
fected individuals.

One of the most sought rehabilitation goals among
stroke survivors is to regain independent mobility within
the community environments [6], as safe and efficient
locomotion and/or navigation in space is necessary for
numerous self-care and instrumental activities of daily
life. Alas, less than 40% of individuals with post-stroke
USN regain independent walking abilities [7]. Conse-
quently, it is paramount to investigate the role of spatial
cognition on locomotion and navigation in individuals
with post-stroke USN, with a general aim to improve re-
habilitation practice in that field and ameliorate patient-
related health outcomes. Yet, the literature addressing
the effects of USN on walking and/or navigation abilities
remains limited and necessitates further investigation
before practice recommendations can be implemented
(e.g. [8-13]). Up to now, studies reported deviations of
walking/navigation trajectories in patients with post-
stroke USN [8-11, 14, 15], as well as collisions with sta-
tionary [11, 14, 15] and moving obstacles [12, 16]. Our
team has recently demonstrated that individuals with
post-stroke USN vs. stroke individuals without USN
show defective goal-directed walking abilities when
heading towards left located (contralesional/ “neglected”)
and right located (ipsilesional/“non-neglected”) targets
in conditions of variable cognitive/perceptual demands:
where the visual target could remain stationary, dis-
appear or shift position during walking. Nevertheless,
participants with USN walked considerably slower com-
pared to those without USN, making walking speed a
potential confounding factor when comparing the per-
formance of the two groups. Therefore, whether goal-
directed walking deficits result from perceptual-
attentional deficits caused by USN or are also mediated
by post-stroke sensorimotor dysfunctions which affects
gait, balance and posture, remains unresolved and war-
rants investigation. To further our understanding of the
role of post-stroke USN in the control of goal-directed
walking, we propose to examine its effects in a joystick-
driven goal-directed navigation task which is analogous
to the goal-directed walking tested earlier [13]. The main
premise behind this paradigm is that the use of a joystick
for navigation with the non-paretic hand, performed in
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sitting, minimizes the biomechanical demands of loco-
motion and its concurrent sensorimotor aspects. Thus,
it permits to essentially examine the role of attentional-
perceptual abilities involved by eliminating potential
confounding factors related to gait capacity, such as
walking speed. In addition, the proposed joystick-driven
seated task represents a more feasible approach (to as-
sess certain aspects of mobility in post-stroke individuals
in comparison to a goal-directed locomotion task, that
requires more resources (in terms of equipment, space/
setup and timing). Therefore, the joystick-driven task
could potentially be more suitable to be implemented in
the clinical setting.

The navigation scene and conditions employed in this
study were analogous to a previously conducted goal-
directed locomotor experiment [13] and included three
conditions: navigation to an actual target (always present
and visible to the participant, online condition); naviga-
tion to a remembered target (present at first then disap-
pears during navigation, offline condition); and
navigation to a shifting target (changes location follow-
ing forward displacement of the participant, online con-
dition). The primary objective of this study was to
estimate the extent to which post-stroke USN affects
goal-directed navigation abilities in online and offline
conditions. Secondary objectives were to estimate the
extent to which post-stroke USN affects target detection
abilities, what is the relationship of navigation abilities
with measures of detection abilities and clinical mea-
sures of USN, and whether the navigation task can de-
tect USN-related deficits that were otherwise left
undetected using conventional methods. We hypothe-
sized that post-stroke USN would affect navigation and
detection abilities, such that greater end-point accuracy
errors, longer re-orientation of navigation trajectories and
greater detection times would be observed for the group
with USN vs. those without USN and healthy controls,
possibly in all conditions. We also hypothesized that
clinical USN measures and target detection abilities would
be minimally associated with navigation outcomes. In
addition, we speculated that the navigation task in more
cognitively/perceptually demanding conditions (ie. re-
membered and shifting vs. actual) would be sensitive in
detecting deficits that were otherwise left undetected using
conventional paper and pencil USN assessment tools.

Methods

Participants

Fifteen individuals (7 =15) per group were recruited,
tested and analyzed for the study. Individuals with stroke
were included based on the following criteria: (1) pres-
ence of a first-time right hemisphere stroke (as per
computer tomography (CT) report, neurological exam-
ination, and medical chart), (2) with or without left USN
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(as per one or more of the following tests: Line Bisec-
tion Test (LBT) [17], Star Cancellation Test (SCT)
[18], and/or Apples Test (APT) [19] on testing, or his-
tory of USN as per medical chart); (3) age between 40
and 85 years old; (4) right handedness (as per interview
and/or medical chart containing Edinburgh Handedness
Inventory scores [20]). Given that participants were also
involved in a walking experiment, they were all walking
independently with or without a walking aid over a min-
imal distance of 5 m. Individuals were excluded based
on the following criteria: (1) presence of primary visual
impairment that impedes normal or corrected-to-normal
binocular visual acuity (score <20/20 on the Early Treat-
ment Diabetic Retinopathy Study Chart [21]); (2) pres-
ence of moderate cognitive impairment (score <22/30
the Montreal Cognitive Assessment [22]); (3) presence
of a documented visual field deficits (Goldmann perim-
etry or computerized equivalent, as per medical chart);
and (4) any premorbid neurological and/or orthopedic
condition that can impede locomotion. Age—matched
(5 years) healthy controls were also recruited, following
the same inclusion/exclusion criteria (where applicable).

Participants with (USN+) and without (USN-) post-
stroke USN were recruited from the inpatient discharge
lists of three clinical sites of Centre de Recherche Inter-
disciplinaire en Réadaptation du Montreal Métropolitain
(CRIR), including the Jewish Rehabilitation Hospital
(JRH), Centre de Réadaptation Lucie Bruneau and the
Institut de Réadaptation Gingras-Lindsay de Montréal.
These sites provide inpatient and outpatient post-stroke
rehabilitation for patients living in the Greater Montreal
area, Quebec, Canada. Healthy controls (HC) were
recruited from the research database of the JRH and
word-of-mouth using snowball sampling technique. Pre-
authorized advertisement in form of wall-mounted
notice was also used to recruit participants. All study
participants provided their informed consent before en-
rolling in the study, as approved by the CRIR Institu-
tional Review Board (CRIR-935-0214).

Data collection

The process of data collection consisted of (1) clinical
USN evaluation followed by the (2) virtual reality (VR)-
based goal-directed navigation and detection time tasks.
Experiments were carried out in a single session of ap-
proximately 30-45 min (including set-up time). In
addition, prior to experimental data collection, each par-
ticipant also completed a set of clinical measures of
walking speed (10-Meter Walk Test (1I0MWT) [23-25]),
mobility (Rivermead Mobility Index (RMI) [26]), and
post-stroke recovery of lower extremities motor function
(Chedoke McMaster Stroke Assessment (CMSA) - Leg
and Foot [27]).
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Clinical USN evaluation

Apparatus and stimuli

Presence, severity and type of USN were determined
using the LBT, SCT, and the APT which all show excel-
lent psychometric properties [19, 28, 29]. The LBT and
SCT were repeated in the near and far extrapersonal
space, using a procedure previously employed, where
participants were positioned 40 cm and 320 cm away
from the screen for near and far USN testing, respect-
ively. [8, 30]. Both tests were projected on the screen
with appropriate sizes (near space: 21 x 28 cm; far space:
168 x 224 cm) to keep the visual angle of each array and
the retinal size image constant during the two testing
conditions. Responses were provided with a laser. The
APT was presented on a sheet of paper on a steady table,
aligned with the participant’s midline (i.e. sternum) and
fixed on the table with tape to prevent possible shifts.

Procedure
In the LBT, participants were asked to find the midline
of each presented line (n=18), starting from the top
line. In the SCT, participants were instructed to find all
the small stars (n=52) among the distractors. In the
APT, participants were instructed to find all the whole
apples (n=50). An absolute mean deviation of more
than 6.0 mm [17], and 4.8 c¢cm to the right is indicative
of left near-space and far-space USN, respectively. An
average percentage of deviation from midline was also
computed for near and far-space LBT to estimate the
difference in severity between near and far space USN.
Scores between 0 and 0.46 are indicative of left near-
space USN on the SCT, computed as the number of
crossed out small start over the total number of small
stars [17]. In the APT, the total number of crossed out
complete and incomplete apples was computed, and an
asymmetry scores for egocentric (i.e. difference between
the numbers of complete shape targets crossed out on
the right versus left side of the page) and allocentric (i.e.
difference between the numbers of incomplete shape tar-
gets crossed out with a right and with a left opening)
USN were calculated [19]. The overall cutoff of < 42/50
is indicative of near-space USN. Asymmetry cutoff score
across the page of <-2 or>2 (difference between right
side and left-sided targets cancelled) is indicative of ego-
centric near-space USN. Asymmetry cutoff score across
the cancelled distractors on the page with left vs right
sided openings of <—1 or>1 is indicative of allocentric
near-space USN. All cancellation tests were timed.
Severity of USN was characterized by a positive result
on 1 to 3 (mild), 4 (moderate), and 5 or more (severe)
clinical test scores out of 7. This classification was modi-
fied from Lindell et al. (2007) for mild (positive result on
1-3) vs. moderate/severe USN (positive result on 4 or
more tests) [31] to distinguish moderate vs. severe cases.
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Outcomes

Outcomes retained for analysis included: overall USN se-
verity (history, mild, moderate or severe), (2) USN range
of space severity (near and/or far-space), and (3) USN
spatial representation type (allocentric vs egocentric).
Participants were included in the USN+ group if they
had USN on one or several of the aforementioned tests,
or if they had a history of USN as per their medical
chart. Subjects with a history of neglect are individuals
who had neglect on clinical USN measures in the acute
and/or subacute phases of stroke recovery but who no
longer show neglect on clinical measures when in the
chronic phase, that is at the time when they were re-
cruited in the study. The reasoning behind this inclusion
criteria is that previous studies showed deficits consist-
ent with USN presentation among individuals with his-
tory of USN [15, 16, 32-35], possibly due to a poor
sensitivity of clinical USN tests and/or because deficits
may become more apparent when executing more func-
tional and complex activities.

VR-based goal-directed navigation and detection time
tasks

Apparatus and stimuli

The VR-based navigation and detection tasks were per-
formed while seated and immersed in a 3-D virtual en-
vironment (VE) representing a symmetrical and richly-
textured room (9 m x 15 m) including a visual display of
walls and ceiling (i.e. giving an impression of indoor
space with appropriate depth cues [36]). The target, a
red ball, was presented 7 m away from the starting pos-
ition (i.e. far-space) and at the following 5 possible loca-
tions: +15°/30°, 0° (Fig. 1la). The target appeared at the
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same height and size in the visual field to avoid differ-
ences in distance perception [37, 38]. The VE scene was
created in Softimage XSI°. During the experiments, the
real-time CAREN-3" (Computer Assisted Rehabilitation
Environment; Motek BV, Amsterdam) software was
employed to control the scene. The viewing media was a
helmet mounted display (HMD - NVisor™, NVIS Inc,
Reston, VA, USA) with a binocular field of view of 60°
diagonal, 30° vertical by 40° horizontal, Extended Graph-
ics Array resolution (1024 x 1280 pixels), refresh fre-
quency of 60 Hz, 1 kg in weight, and blocking all
peripheral vision with only the VE visible to the partici-
pant. Responses were provided with the dominant, non-
paretic right hand using a joystick (Attack3™, Logitech,
Newark, CA, USA), securely fixed on a table at a com-
fortable height, adjusted for each participant. The joy-
stick controlled a pointer (not visible to the participant)
that represented the position of the individual in first-
person view. The VE scene was viewer-centered and the
HMD real time tracking was disabled, allowing the
scene to remain stable and viewer-centered, regardless
of head orientation. Navigation in the scene, when re-
quired, was possible using the joystick in the mediolat-
eral (left/right) planes at constant and pre-set speed of
0.75 m/s, being the average speed of ambulatory stroke
population [10].

Procedure

Goal-directed navigation Practice trials were per-
formed (1 =5-10) prior the actual experiment until the
participant felt comfortable in executing the task. For
each condition (actual, remembered and shifting), five
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trials per target location (£30 +15, 0°) were performed,
for a total of 75 navigation trials or 25 trials per condi-
tion. Condition and target location were randomized.
Prior to each trial, a “GET READY” sign appeared. At
the end of each navigation trial, a “STOP” sign appeared;
following which, the scene was recalibrated to the start-
ing position for the beginning of a new trial. While the
target was at 7 m away from the starting position, the
navigation trial ended at 5 m of forward displacement,
to avoid the cursor hitting the target (Fig. 1b).

In all conditions, a single target first appeared on the
screen for 2000 ms. This was followed by a beep sound,
signalling participants to navigate towards the target
using the joystick. In the actual condition, the target
remained visible during movement while in the remem-
bered condition, it disappeared after the beep. Finally, in
the shifting condition, the target remained visible after
the beep but following 1.5 m of forward displacement, it
could either shift its location to the right or left (+ 15°/
30 or — 15°/30) or remain in the middle. If the shift oc-
curred, participants were instructed to re-orient their
navigation towards the new target location as soon as
possible.

Detection task The target appeared at the following 5
possible angles (+30, +15, 0°) with randomized onset
times. Participants were instructed to press the front joy-
stick button with their index finger of the non-paretic,
dominant, right hand as soon as they perceived the tar-
get. Catch trials (n=10 within each condition) lasting
2500 ms, with no target, were introduced to minimize
response bias. Five trials per location were performed
for total of 75 trials. Target location was randomized be-
tween trials.

Outcomes Outcomes related to the goal-directed navi-
gation and detection tasks included the following: (1)
Endpoint mediolateral displacement (MLD) error (i.e. ac-
curacy measure, m), defined as the difference in meters
between the mediolateral position of the target and that
of the individual at 5 m of forward displacement; (2)
Direction of trajectory deviation, defined as the side (left
or right) from the target where the individual was lo-
cated at the end of the trial; (3) Onset of reorientation
strategy (for shifting condition only, i.e. temporal meas-
ure, sec), was determined using a variation of the ex-
trapolation method [39], based on the extrapolation of
trajectory segments. First, movement trajectory seg-
ments before (i.e. control movement) and after (i.e. ad-
justed movement) the shift were outlined and fitted
using linear regression. Following, a line between 15 and
85% of the fitted trajectory was outlined and extrapo-
lated. The onset of reorientation strategy is thus defined
by the time at which the target was shifted (i.e. at 1.5 m
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of forward displacement) minus the time at which the
extrapolated lines for pre- and post-shift crossed each
other (Additional file 1); and (4) Detection time (tem-
poral measure, sec), defined as the time difference be-
tween target appearance and its detection by the
participant.

Data and statistical analyses

All data were recorded at 120 Hz in CAREN-3™ and
stored for off-line analyses in Matlab 2016a (The Math-
works, USA). Participants’ responses on goal-directed
navigation and target detection tasks were averaged
across conditions (navigation task) and target locations
(navigation and detection tasks), such that mean values
could later be compared across groups and between
conditions. All statistical analyses were performed using
SAS 9.4 (SAS Institute Inc). Significance was accepted at
p <0.05.

The effects of post-stroke USN, target condition and
target location on goal-directed navigation performances
were examined using repeated measures mixed-model
analysis, with ‘Group’ [USN+, USN-, HC] as between
subject factor x ‘Target Condition’ [actual vs. remem-
bered vs. shifting] x ‘Target Location’ [£15°/30°, 0°] as
within subject factors. In the event of significant 3-way
interaction effect of Group x Target Condition x Target
Location, post-hoc comparisons of simple effects were
elaborated on using previously identified relevant pair-
wise comparisons and included 1) within USN+/USN-/
HC groups comparisons with target condition and target
location factors (e.g. responses to — 30° target in actual
vs. -30° target in remembered condition within the USN
+ group); and 2) between USN+/USN-/HC group com-
parisons for each angle and condition (e.g. responses to
-30° target in actual condition for USN+ vs. USN-
groups).

Further, to estimate the effect of post-stroke USN on
the delay in re-orientation strategy to the left [-15°/-
30° target shift] and to the right [+ 15°/+ 30° target shift]
sides were examined separately for each side using the
repeated-measures mixed-model analysis, with ‘Group’
[USN+ vs. USN- vs. HC] as the between-subject factor.

Following, the effects of USN and target location on
detection times were examined using repeated-measures
mixed-model analysis, with ‘Group’ [USN+ vs. USN- vs.
HC] as a between subject factor x ‘Target Location’
[£15°/30°, 0°] as a within subject factor.

Kendall rank correlation coefficients were used to
quantify the relationship of goal-directed navigation per-
formances to the left (- 30°) target with clinical assess-
ments of neglect within near and far spaces (LBT, SCT,
APT) and detection time outcome to the left-sided tar-
get (- 30°) given that the data was not normally distrib-
uted in the USN+ group. The size of the correlation
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coefficient was interpreted as per established guidelines:
very high (0.90-1.00), high (0.70-0.90), moderate (0.50—
0.70), low (0.30—0.50) or negligible (0.00—0.30) [40].

To determine whether the navigation task can detect
deficits otherwise not identified using traditional tests,
single case analyses were used to compare the perform-
ance of each participant with history of USN as well as
to compare the performance of each USN- participant
with respect to the average performance of the HC
group. Precisely, the Crawford and Garthwaite (2002)
approach (Singlims.exe, University of Aberdee, Aber-
deen, UK) [41], implementing classical methods for
comparison of a single case’s score to scores obtained in
a control sample, was used. This approach tests whether
an individual’s score is significantly different from a con-
trol or normative sample. Results provide a point
estimate of the effect size for the difference between the
case and controls with an accompanying 95% confidence
interval, and a point and interval estimate of the abnor-
mality of the case’s score, where it estimates the percent-
age of the population that would obtain a lower score.

Results

Fifteen individuals with post-stroke USN (USN+, n =15,
60.2 + 8.8 years old, 1.6 + 1 year post-stroke, 11/15 ische-
mic stroke, 12 males), fifteen individuals post-stroke
without USN (USN-, n =15, 58.5 + 13.2 years old, 2.0 +
2.1 years post-stroke, 13/15 ischemic stroke, 13 males),
and fifteen age-matched healthy control individuals (HC,
n=15, 61.0 + 11.8 years old, 7 males) were recruited in
the period between December 2014 and March 2016
(Table 1). Each participant successfully completed all the
experimental trials. Both the USN+ and USN- groups
predominantly consisted of male participants and were
statistically similar in terms of stroke chronicity. No sig-
nificant between-group differences were found on all
baseline characteristics across the 3 study groups; with
exception of walking speed where USN+ individuals
were slower walkers vs. USN- and HC groups (p < 0.05)
Table 1.

USN characteristics

The USN+ group included five (n=5) individuals with
history of USN, and ten (n = 10) individuals with actual
USN on testing (Table 2). All USN-related measures,
both in the near and far space (p <0.05), demonstrated
deficits in patients with post-stroke USN. By contrast,
none of the USN- individuals scored positive in any of
the USN assessments. The deviation percentages on the
LBT (near space: 6.6 +4.9; far space: 6.6 +6.2) and lat-
erality indices on the SCT (near space: 0.9+0.11; far
space: 0.9 + 0.09) in the USN+ group were also found to
be similar between the near and far space (p = 0.50 to 1.00).
Participants with history of USN (S1-S5) were significantly
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different from USN- group only on two temporal measures
(timing of SCT and APT) (p < 0.05).

When considering individuals’ scores on USN-
related measures in the 10 participants with actual
neglect, however, some variability in the expression of
USN was observed. Four (n =4) participants had more
severe far- than near-space USN, two (n=2) had
more severe near- than far-space USN, and four (n =
4) had only near-space USN. Allocentric (object-cen-
tered) USN was more common and found in 7 out of
10 participants. Egocentric (viewer-centered) USN was
found in 2 out of 10 individuals, and 2 participants
presented with both allocentric and egocentric USN.
Mild, moderate and severe USN was present in six
(n =6/10), two (1 =2/10), and two (n =2/10) participants,
respectively.

Goal-directed navigation and detection

Figure 2 depicts typical MLD traces during the goal-
directed navigation task performance of a USN- and a
USN+ participant with stroke in the remembered condi-
tion. It can be observed that the USN- participant’s
MLD was tightly modulated as a function of the remem-
bered target location, leading to small errors approxi-
mating 0° (MLD errors from -30° to +30° are: 0.40,
0.38, 0.03, 0.53, 0.50 m). A similar behaviour was observed
in a HC participant (MLD errors from - 30° to + 30° are:
0.82, 091, 0.14, 0.67, 0.62 m). By contrast, the USN+
participant demonstrated a large variability in perform-
ance, with larger deviations in the navigation trajectories
to all targets which led to larger MLD errors, especially
for the left-sided target (-30° and - 15°) (MLD errors
from -30° to + 30° are: 2.73, 1.99, 1.04, 0.91, 1.53 m). It
emerges that the USN+ participant overshot most left-
sided targets to arrive on their left side at the end of the
trial.

Mean MLD errors and the direction of deviation for
the 3 study groups during the joystick navigation task
performance are shown in Fig. 3. A significant 3-way
interaction of Group x Condition x Target Location was
found (F (16, 326, N = 45) = 2.64, p < 0.0006). Within the
USN+ group, worse performance was noted for the left
and right most eccentric targets (+30°) in the shifting vs.
actual condition (p < 0.05); and for the left target (- 15°)
and right eccentric target (+ 30°) in the remembered vs.
shift condition (p < 0.01). Subsequent pairwise compari-
sons showed that USN+ demonstrated greater MLD er-
rors only for the left most eccentric target (- 30°) in the
remembered (mean+SD: 1.12+0.72 m) and shifting
(mean + SD:1.10 + 1.49 m) conditions compared to the
USN- (mean + SD: 0.96 +0.57; 0.48 +0.61, effect size:
d=0.24 and 0.54, respectively) and HC groups (mean +
SD: 0.63 +0.24; 0.27 £ 0.13, effect size: d =0.91; 0.78, re-
spectively) (p<0.05). No significant between-group
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Table 1 Descriptive variables of study groups

Participant ~ Sex Age Stroke Type of Stroke Location 10 MWT Fast/ CMSA RMmI

Chronicity ~ Stroke Comfortable
(M/F)  (years) (years) (m/s) Leg/Foot

USN+ (n=15)

1 M 535 4.1 Ischemic P-T 1.5/1.0 6/6 14

2 M 723 2.7 Ischemic Sylvian 1.2/0.9 6/6 13

3 M 45.7 16 Hemorrhagic P 21/15 7/7 15

4 M 572 35 Hemorrhagic ~ P-T 1.7/14 7/7 14

5 M 69.2 13 Ischemic P-O 1.7/1.1 7/6 14

6 M 51.5 1.6 Hemorrhagic  P-T 1.8/13 7/7 15

7 M 543 0.8 Ischemic Periventricular and cerebral 1.3/0.5 6/6 14
peduncle

8 F 69.0 09 Hemorrhagic  Subarachnoid hemorrhage 16/1.2 7/7 15
grade 3, common right artery

9 M 67.7 13 Ischemic Pontocerebellar fibers 21/14 7/7 15

10 F 50.8 25 Ischemic P-T 0.7/0.6 5/5 12

" M 61.6 0.9 Ischemic P-O 1.5/1.2 6/6 15

12 M 73.1 03 Ischemic P-O + midline shift 1.5/1.2 6/6 14

13 M 67.6 1.5 Ischemic F-P 0.9/0.7 6/6 13

14 M 537 09 Ischemic F-T-Ins 03/0.3 5/1 10

15 F 56.5 13 Ischemic Sylvian 0.3/0.3 6/5° 12

Mean+SD 123  602+88 1610 11:4 NA 13+05*§/09+04* 5-7/1-7 10-15

Range (-)

Ratio ()

USN- (n=15)

16 M 50.6 0.5 Ischemic P-O 1.6/13 7/7 15

17 F 81.1 1.7 Ischemic F-P 1.3/1.0 7/7 14

18 F 430 1.7 Ischemic Globus palladus, putamen, 12/10 7/7 15
anterior limb of internal capsule,
caudate nucleus, cortical F-P-T

19 M 580 14 Ischemic Lateral medulla 20/16 6/6 15

20 M 57.0 0.6 Ischemic Sylvian: corona radiate, internal 19/1.2 7/7 15
capsule, subcortical center

21 M 408 40 Hemorrhagic ~ Basal ganglia and external capsule 16/1.2 6/6 14

22 M 68.2 8.8 Ischemic MCA territory 1.4/1.1 6/6 15

23 M 515 13 Ischemic Cerebellar, right lateral medullary 1.9/1.5 7/7 15

24 M 54.0 12 Ischemic Internal capsule, globus palladus, 1.9/1.5 7/7 15
lacunar corona radiata, F

25 M 755 0.8 Ischemic F + MCA territory 1.5/1.1 7/7 15

26 M 46.7 1.1 Ischemic Sylvian 1.1/09 7/7 15

27 M 521 23 Ischemic Posterior limb of right internal capsule  2.3/1.3 7/7 15

28 M 738 0.7 Ischemic Internal capsule 1.5/1.1 7/7 14

29 M 773 29 Ischemic MCA territory 1.3/10 7/6 15

30 M 483 13 Hemorrhagic  Brainstem, periaqueductal 1.9/1.8 7/7 15

Mean+SD 132 585132 20£21 13:2 NA 16+03/12+02 6-7/6-7 14-15

Range (-)

Ratio ()

HC (h=15)

Mean+SD 78 61.0£113 NA NA NA 21+£10/14+£03 NA NA
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Table 1 Descriptive variables of study groups (Continued)
Participant ~ Sex Age Stroke Type of Stroke Location 10 MWT Fast/ CMSA RMI
Chronicity ~ Stroke Comfortable
(M/F)  (years) (years) (m/s) Leg/Foot
Range (-)
Ratio ()

USN Unilateral spatial neglect, CMSA Chedoke McMaster Stroke Assessment, SD Standard Deviation; F Frontal, P Parietal, MCA Middle cerebral artery, T Temporal, O
Occipital, Ins Insular, 10 MWT 10-Meter Walk Test, USN+ Participants with post-stroke USN, USN- Participants without post-stroke USN, HC Healthy Controls, N/A

Not applicable, RMI Rivermead Mobility Index
“refers to the use of walker during goal-directed locomotor experiments

*refers to significant between-group differences in USN+ vs. USN - group (p < 0.05)

Srefers to significant between-group differences in USN+ vs. HC group (p < 0.05)

differences were found for USN- vs. HC groups. It can
also be noted that most of the USN+ individuals over-
shot the left-sided targets in the actual and remem-
bered conditions, ending their navigation trial to the
left of the target. For the middle and right sided tar-
gets, no such delineated performance was observed,
where some participants overshot and others under-
shot the target at endpoint.

A comparison of onset times of reorientation strat-
egy across the 3 groups for the shifting target condi-
tion (Fig. 4) revealed a significant Group effect (F (2,
N =45)=3.68, p=0.03). Pairwise comparisons further
indicated that the USN+ group presented with longer
onsets of reorientation strategies compared to the
USN- and HC groups for all target locations (p < 0.05).

Table 2 USN descriptive variables

No significant differences were found between USN- vs.
HC groups.

As illustrated in Fig. 5, a significant 2-way interaction
of Group x Target Location was also found for the detec-
tion time on the target detection task (F (8, N=45) =4.
15, p =0.0002). The USN+ group showed longer detec-
tion times for the left target (- 30°) compared to the
right target (+ 30°), as well as longer detection times for
left and right targets (+15°/+30°) compared to the mid-
dle target (0°) (p <0.05). The USN+ group further dem-
onstrated longer detection times for all target locations
(detection times from -30° to +30° are: 0.47 +0.15;
0.52+0.17; 0.43 £0.11; 0.50+0.17; 0.57 £0.23 s) com-
pared to USN- (detection times from - 30° to + 30° are:
0.35+0.11; 0.35+0.10; 0.34+0.11; 0.36+0.12; 0.38+

" LBT near  LBTnear  LBTfar  LBTfar gy gy, SCT far AP time AP AP USN USN
Earteipant d d near time (min) ECl Gy time (min) ghatl (min) allocentric  egocentric type severity
(cm) (%) (cm) (%)
USN+ (n=15)
1 0.5 35 3l 3.1 1.0 2.1 1.0 14 0.92 2.5 0 1 Hx Hx
2 0.3 22 2.0 20 1.0 1.5 1.0 1.3 0.92 23 0 2 Hx Hx
3 0.2 1.6 2.0 1.9 1.0 2.1 1.0 2.1 0.98 34 0 1 Hx Hx
4 0.4 2.7 1.6 1.6 1.0 12 1.0 1.0 0.98 22 0 1 Hx Hx
5 0.5 38 22 22 1.0 1.5 1.0 2.1 1 33 0 0 Hx Hx
All;anr;j :)D 041().{ 2.8+0.9 2.2+0.6 2.2+0.6 1.0£0.0 1.7+0.4 * 1.0£0.0 1.6£0.5 0.9£0.0 2.6+0.6* 0.0£0.0 1.0£0.7 NA NA
P (0.2-0.5) (1.6-38)  (1.6:31)  (1631)  (L0-1.0)  (1.2-21) (1.0-1.0) (1.0-2.1)  (0.2-0.98)  (2.2-3.4) (0-0) (1-2)
6 13 9.3 122 12.1 0.9 16 10 12 0.90 43 6 0 HERIETS Mild
allocentric
7 0.2 1.7 2.0 2.0 1.0 12 1.0 11 0.92 il 0 4 Near, egocentric Mild
8 1.2 8.4 3.6 35 1.0 1.1 1.0 13 0.88 13 0 4 Near, egocentric Mild
9 2.6 182 21.0 20.8 1.0 2.0 1.0 21 1 33 1 0 Far > near Mild
10 0.8 59 3.7 3.6 1.0 12 1.0 1.1 1 32 3 0 Near, allocentric Mild
11 1.1 7.8 4.4 4.3 1.0 2.5 0.9 4.5 0.88 8.1 10 2 Near, allocentric Mild
Far > near,
12 22 15.3 179 17.7 0.9 32 0.9 25 0.94 14.6 7 3 allocentric, Moderate
egocentric
13 12 86 131 13.0 10 15 10 22 0.78 4.4 3 2 Near>fan, 1o derate
allocentric
14 04 28 53 53 0.6 15 0.7 14 0.76 30 7 1 HIRET Severe
allocentric
Near > far,
15 1.1 7.8 6.6 6.6 0.7 2.0 0.9 23 0.82 3.5 35 7 allocentric, Severe
egocentric
Mean £ SD 09+0.7 6.6+4.9 6.7+6.2 6.6+6.2 0.9+£0.11 1.7+0.5 0.9 £0.09 1.8+09 0.9+ 0.08 4.0+3.3 4.8+8.9 1.8+1.9
Range (-) 0.2-2.6 1.7-18.2 1.6-21.0 1.6-20.8 0.7-1.0 1.1-3.2 0.7-1.0 1.0-4.5 0.7-1.0 1.2-14.6 0-35 0-7 NA NA
S1-SI5 sk sk e e s e * s o s o o
USN- (n=15)
Mean £SD 02+0.1 1.4+08 2.0+0.6 20+08 0.9+0.0 1.1+04 0.9+0.0 1.1+0.6 0.9+0.0 1.9+0.6 0.06+0.2 0.6+0.7 NA NA
Range (-) 0.03-0.4 0.2-3.2 0.9-3.5 1.2-4.3 0.9-1.0 0.4-2.3 0.9-1.0 0.3-3.1 0.9-1.0 1.1-3.5 0-1 0-2

USN Unilateral spatial neglect, USN+ Participants with post-stroke USN, USN- Participants without post-stroke USN, NA Not applicable, LBT Line bisection test, SCT
Star Cancellation Test, AP Apples Test, minutes (min); Hx History of USN, SD Standard deviation, Numbers in bold correspond to values above or below (where

applicable) cut-off values

*, ¥x *** p-value < 0.05, 0.01, 0.001, respectively between USN+ and USN- group; USN severity is delineated by shades ranging from light (those with history of

USN) to dark grey (those with severe USN)
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Traces of navigation trials in the Remembered condition
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Fig. 2 Displacement traces. Birds eye view of mediolateral displacement (MLD), as performed by one HC participant, one individual without post-
stroke neglect (USN-) and one individual with post-stroke neglect (USN+) for the 5 target positions during the remembered condition. The
anterior-posterior (AP) displacement is on the y-axis. Target position is shown with the black dot
J

014 s) and HC (detection times from - 30° to + 30° are:
0.32 £0.05; 0.31+0.04; 0.35+0.07; 0.33+£0.06; 0.34 +
0.07 s) groups (p<0.05), with the latter two groups
showed no significant differences.

Relationship and deficits’ detection ability analyses

Relationship and deficits’ detection ability analyses were
performed between USN clinical tests and goal-directed
navigation performances (MLD error and onset of re-
orientation outcomes) to the left eccentric target (- 30°)
in the remembered and shifting conditions, as these
specific conditions showed the largest alteration in the
USN+ individuals. No significant correlations were

found between any USN clinical tests and detection time
outcome with the MLD error in the remembered and
shifting condition (p >0.05). Significant, but negligible
to low magnitude, correlations were found between
the onset time of reorientation strategy and scores on
the LBT/SCT in near space (r=0.29/r=-0.33) and
LBT in far space (r=0.34) (p<0.05), indicating that a
poor performance on USN tests was somewhat associ-
ated with a poor performance on the goal-directed
navigation task in the shifting condition. No significant
correlations were found between the detection time
outcome and the onset time of reorientation strategy
outcome (p > 0.05).
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Endpoint mediolateral (MLD) error
Group*Condition*Target Location, F (16, 326, N = 45) = 2.64, p<0.0006
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Target Position

Fig. 3 Mediolateral displacement endpoint error results. Mediolateral displacement (MLD) endpoint error results for the 3 study groups

(USN+, USN-, HC ranging from dark grey to white, respectively) in actual, remembered and shifting conditions to the five target locations. Box
and whiskers description: minimal and maximal values shown by the whiskers, the bottom and top of the box are the first and third quartiles,
and the band inside the box is the second quartile (the median). Significant between-group differences at p-value < 0.05 are indicated for

USN+ vs. USN- groups (1) and USN+ vs. HC groups (¥), respectively. Negative and positive values symbolize, respectively, endpoint positions that
undershoot (to the right of LEFT targets or left of RIGHT target) and overshoot the target (to the left of LEFT target or right of RIGHT target)

J

Further, single case analyses were performed (Table 3)
for two outcomes that were found to be significantly af-
fected in USN+ vs. other two study groups: MLD error
in the remembered and shifting conditions. The naviga-
tion task in these conditions allowed the detection of
significantly higher MLD errors vs. the normative sam-
ple (HC group) in 3 out of 5 individuals with history of
USN (S2, S4, S5) (p<0.05) and in 4 (S16, S17, S22, S24)
out of 15 USN- (p<0.05). In addition, significantly
higher MLD errors vs. the normative sample (USN-
group) were found in 3 out of 5 individuals with history
of USN (S1, S2, S5) (p < 0.05). Further, it is important to
note that most participants with history of USN dis-
played statistically similar performances in comparison
to those with actual USN on testing.

Discussion

The present study investigated the effects of post-stroke
USN on goal-directed navigation and detection abilities.
We employed a joystick-driven navigation task, thereby
eliminating the potential confounding effects of gait-
related abilities which normally differ between individuals

with vs. without USN [9, 13, 14]. Furthermore, such a task
could be easier to implement in the clinical setting, as it
necessitates a fairly easy setup within a compact area and
requires a short administration time approximating
15 min. This is of particular importance for patients with
post-stroke USN, as they are known to have a decreased
sustained attention and alertness over longer periods of
time [42, 43].

Overall, USN-specific deficits in space navigation and
object detection were identified and are in accordance
with prior research, suggesting that a joystick-driven task
may be reflective of actual perceptual motor abilities in
neglect. Recently, Aravind et al. [16] showed USN-
specific deficits in a joystick navigation-based obstacle
avoidance and obstacle detection task. Congruently, the
results of the present study demonstrate that individuals
with post-stroke USN, as they performed the joystick
task, showed greater endpoint mediolateral errors in the
remembered condition. Moreover, the present study pro-
vides evidence for USN deficits in representation updat-
ing during navigation, where affected individuals showed
altered behavior in their ability to detect and adapt to
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Onset of reorientation strategy (shifting condition)
Group, F (2, N=45)=3.68, p=0.03

USN+ (n=15)*

USN- (n=15) HC (n=15)
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Fig. 4 Onset of reorientation results. Onset of reorientation results for the 3 study groups (USN+, USN-, HC ranging from dark grey to white,
respectively) to the 4 target locations. Box and whiskers description: minimal and maximal values shown by the whiskers, the bottom and top of
the box are the first and third quartiles, and the band inside the box is the second quartile (the median). Significant between-group differences at
p-value < 0.05 are indicated for USN+ vs. USN- groups (t) and USN+ vs. HC groups (¥), respectively, next to USN+ group description (given that
only a group effect was found to be significant)

changes in far-space target locations (i.e. shifting condi- locomotor experiments, where individuals with post-

tion). Collectively, these findings propose that post-
stroke USN affects space navigation, even in the absence
of greater sensorimotor demands otherwise present in
locomotion. Another interesting finding is that during
navigation, individuals predominantly overshot left-sided
targets, showing a left-side navigation deviation. This re-
sult is contrary to findings in previously conducted

stroke USN mainly presented with rightward walking
trajectory deviations (i.e. to the “non-neglected” side) [9,
14]. We hypothesize that factors such as the differences
in the mode of displacement in the walking vs. the joy-
stick navigation tasks as well as the influence of walking
dysfunctions could explain this discrepancy. To clarify,
the joystick mode of control allowed the participant to

Detection Time
Group x Target Location, F (8, N =45) =4.15, p=0.0002

USN+ (n=15) USN- (n=15) HC (n=15)
Py
g
=
2
2.
.
A '_;l'_lﬁfl—'ll TN S

-30° -15°  0° +15° +30° -30° -15° 0°  +15° +30°  -30°  -15°  0°  +15°  +430°

Target position

Fig. 5 Detection time results. Detection time results for the 3 study groups (USN+, USN-, HC ranging from dark grey to white, respectively) to the
five target locations. Box and whiskers description: minimal and maximal values shown by the whiskers, the bottom and top of the box are the
first and third quartiles, and the band inside the box is the second quartile (the median). Significant between-group differences at p-value < 0.05
are indicated for USN+ vs. USN- groups (1) and USN+ vs. HC groups (¥), respectively
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Outcome MLD to LEFT target (-30°) MLD to LEFT target (-30°)
REMEMBERED Condition SHIFTING Condition
Z
Z score
Subject t-value (effect 95% CI t-value score 95% CI
size) (effec
t size)
S1 (Hx) -0.78 -0.82 | -1.53--0.08 -0.75 -0.79 | -1.49--0.05
S2 (Hx) 2.99* 3.14 1.57-4.67 0.59 0.63 -0.07-1.29
S3 (Hx) -1.79 -1.88 | -2.92--0.80 -0.68 -0.72 | -1.40- -0.004
S4 (Hx) -0.89 -0.94 | -1.67--0.17 -0.67 -0.70 | -1.39-0.005
S5 (Hx) 0.26 0.27) | -0.36-0.90 0.73 -0.77 | -1.47--0.04
Participants with history of USN vs. USN- group
S1 (Hx) -0.40 -0.42 -0.94-0.11 -2.08* -2.15 | -3.07 --1.20
S2 (Hx) 3.02%* 3.12 1.86-4.36 | 9.44*** | 9.75 6.14-13.35
S3 (Hx) -1.32 -1.36 | -2.06- -0.64 -1.5 -1.55 | -2.29--0.77
S4 (Hx) -0.51 -0.52 -1.06- 0.02 -1.40 -1.45 | -2.17--0.70
S5 (Hx) 0.54 0.56 0.006-1.09 -1.90* -2.00 | -2.87--1.09
Participants with history of USN+ vs. HC
S1 (Hx) 0.22 0.24 -0.28-0.74 -0.68 -0.70 | -1.26--0.12
S2 (Hx) 5.98%** 6.17 3.85-8.48 3.09%* 3.19 1.91-4.46
S3 (Hx) -1.13 -1.35 | -2.04--0.63 -0.37 -0.38 -0.90-0.14
S4 (Hx) 0.05 0.06 -0.44-0.56 2.16* 2.23 1.23-3.18
S5 (Hx) 1.83* 1.88 1.01-2.72 4.5%** 5.15 3.17-7.10
USN- participants vs. HC group
S16 -0.11 -0.12 -0.62-0.39 15.2%%* | 15.6 9.92-21.45
S17 4.39%*** 4.47 2.75-6.17 0.59 0.61 0.051.16
S18 -0.11 -0.12 -0.62-0.39 0.74 0.76 0.17-1.33
S19 -0.13 -0.14 -0.65-0.41 1.17 1.15 0.48-1.80
S20 0.45 0.47 -0.07-0.99 0.81 0.84 0.24-1.42
S21 -0.13 -0.14 -0.65-0.41 -1.17 -1.15 | -1.80--0.48
S22 2.09*** 3.00 1.78-4.20 0.78*** | 9.07 5.71-12.43
S23 -0.65 -0.67 | -1.23--0.10 -1.11 -1.15 | -1.80--0.48
S24 3.67** 3.79 2.30-5.26 -0.74 -0.76 | -1.33-0.17
S25 0.25 0.26 -0.25-0.77 -1.22 -1.30 | -1.99--0.59
S26 1.08 1.11 0.45-1.75 1.41 1.46 0.71-2.18
S27 2.05%* 2.11 1.18-3.03 0.22 0.23 -0.28-0.74
S28 1.16 1.20 0.52-1.86 1.56 1.61 0.82-2.38
S29 -0.79 -0.79 | -1.36--0.20 -0.59 -0.61 | -1.16--0.05
S30 -0.78 -0.79 | -1.35--0.19 -1.86 -1.92 | -2.7--1.04

Single-case analysis of participants with history of USN vs. those with actual USN on testing, vs. USN- group, and vs. HC group (as control data); and single USN-
participants vs. HC group (as control data) on the performance of navigation task in the Remembered and Shifting conditions to the left target at —30°. History
(Hx); Subject (S); Subjects with post-stroke USN (USN+); Subjects post-stroke without USN (USN-); Healthy controls (HC); Unilateral spatial neglect (USN); Light grey
selections represent individual cases whose performance is considerably worse than the comparison group (p < 0.05); Star symbols indicate p-value < 0.05 (¥),

<0.01 (**) and < 0.001(***)

make trajectory adjustments that were not limited in
magnitude and not restricted by one’s walking capacity,
as opposed to what was experienced during locomotion.
For this reason, participants with USN, who also pre-
sented with a reduced walking ability, may have under-
shot the left (neglected) target in the walking task, while
they overshot that same target during joystick naviga-
tion. In relation to that, Huitema et al. [9], in an

experiment that involved walking to a centrally located
target, reported that USN+ individuals who were also
slow walkers (7 =3) deviated to the ipsilesional/right
side, whereas fast walkers (nz =3) deviated to the con-
tralesional/left side. The authors concluded that walking
trajectory deviation in individuals with USN may have
depended on their walking ability. The joystick-driven
task may thus reflect more accurately the perceptual-
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motor abilities of individuals with post-stroke USN, but
falls short in estimating the impact of USN on actual
locomotion. Another difference between joystick naviga-
tion and walking is that the former did not allow bodily
horizontal rotation, such that the only way to align with
a peripheral target is to terminate the trial while being in
front of it. In contrast, locomotor steering is achieved
through both body displacement and reorientation [44],
such that while the endpoint trajectory ‘apparently un-
dershoots’ the target in terms of MLD, participants may
still be ‘on target’ when considering their body orienta-
tion with respect to that target [45].

Furthermore, our team previously conducted a sys-
tematic review examining the effects of post-stroke
USN on goal-directed upper extremity movements
performed within the near-space [46]. The findings
were consistent with the hypothesis that there are
two different types of action control, processed via
distinct visual streams, ventral and dorsal [47]. More
precisely, impairments in upper extremity movements
among individuals with post-stroke USN were found
mostly during perceptual, memory-guided or delayed
tasks (e.g. delayed pointing to remembered target lo-
cation — ventral stream processing/offline move-
ments); but not in immediate tasks (e.g. pointing to
an actual target — dorsal stream processing/online
movements). We propose that the conditions used in
the present experiment could tap into ventral vs. dor-
sal stream hypothesis such that: the actual condition
is visually-guided/online as it requires a quick re-
sponse with the joystick; the remembered condition is
memory-guided/offline; and the shifting condition is
visually-guided, but since it also necessitates represen-
tational updating, it could be party an offline type.
On one hand, what we found is that the proposed
ventral vs. dorsal stream hypothesis does potentially
hold for far-space exploration in navigation, given that
significant between-group differences were shown in
both conditions with offline components (i.e. remem-
bered and shifting), but not in the actual/online con-
dition. On the other hand, we speculate that this
hypothesis does not entirely hold for far-space explor-
ation in locomotion, given that significant between-
group differences were shown in both, actual and re-
membered conditions. We argue that as opposed to
joystick navigation in far space, far space exploration
requiring goal-directed locomotion entails additional
space computation and re-adjustments of self with re-
spect to target location [48] and perceived optic flow
direction [49] to transform perception into action. It
is also a longer task to perform as opposed to joy-
stick navigation, and is more physically demanding.
As a result, the actual condition in the locomotor ex-
periment is potentially no longer a clear-cut “online”
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condition, but rather incorporates both, online and
offline components. These additional demands on the
visual-perceptual, attention, and sensorimotor systems
during walking vs. navigation could account for these
differences in findings between the two experiments.
Overall, rather than fully supporting the ventral
stream hypothesis in USN proposed by Milner and
Goodale [50], our results of the locomotion vs. navi-
gation experiment align with the model proposed by
Rizzollati and Matelli [51] who suggested that a sys-
tem encompassing both ventral and dorsal streams is
underlying USN, such that action control in the dor-
sal system is affected by the disruption of visuospatial
information from ventral regions (temporal-parietal).

Lateralized and non-lateralized USN deficits found in far-

space object detection

The detection task in the present experiment identi-
fied USN-related deficits in the detection time of left-
sided (i.e. contralesional) targets. This is in accord
with previous studies on contralesionally located ob-
ject detection in post-stroke USN individuals [16, 35,
52, 53]. In fact, an ample body of research focused
on lateralized spatial USN deficits occurring in the
neglected/contralesional hemispace. To a large extent,
the attentional theory of USN, namely its hemispheric
imbalance model [53, 54], global/local processing
model [55-58] and the disengagement deficit/atten-
tional shift model [59-61]), could provide explana-
tions into this type of impairment and support our
findings. The attentional theory of USN overall pro-
poses that the right brain hemisphere plays the key
role in directing attention to the left visual hemispace.
It further suggests that lateralized left USN deficits
are observed following the right hemisphere lesion
and: 1. ensuing lack of orientation to left hemispace
due to hypoactive right hemisphere (i.e. hemispheric
imbalance model [53, 54]); or 2. inability to direct
global/local attention (global/local processing model
[55-58]); or 3. inability to disengage attention from
the right visual hemispace and shift attention to the
left visual hemispace (disengagement deficit model
[59-61]). Interestingly, through the detection task, we
also identified deficits that were non-lateralized,
where performances were not solely worse in the
neglected hemifield, but also in the ipsilesional/“non-
affected” hemispace. Previous studies have also re-
ported presence of non-lateralized deficits in individ-
uals with post-stroke USN [62, 63]. Functional
imaging studies reported the intraparietal sulcus and
the frontal cortex to play a role in non-lateralized vis-
ual processing [64, 65]. In relation to that, our sample
of individuals with post-stroke USN was constituted
of nearly 70% of those with parietal and/or frontal
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lesions [13] further indicating that the presence of
non-lateralized deficits could be accounted for by the
lesion areas involved.

Clinical USN measures are not reflective of navigation
abilities, but the navigation task could detect dormant
deficits

Traditionally, post-stroke USN is assessed using paper-
and-pencil tests, such as those used in the present study
(e.g. Line Bisection, Star Cancellation, Apples Tests). In
our participants, the results on these tests did not show
any significant associations with the outcomes of MLD
error in the remembered and shifting conditions; and
only negligible to low magnitude associations with the
outcome of onset of reorientation in shifting condition.
This lack of significant associations could be explained
by the differences in the types of stimuli (e.g. static vs.
dynamic) and the nature of the tasks (cancellation and
bisection vs. navigation). Moreover, despite the conveni-
ence of paper-and-pencil tests, their easy application and
scoring, most of them are designed to assess USN of
near-extrapersonal space only, and do not address essen-
tial everyday activities within the far-extrapersonal space.
In fact, studies have reported participants with recovered
USN based on conventional paper and pencil tests
showing residual altered walking trajectory [66] and
goal-directed reaching impairments [67]. Also, recent
studies identified patients having mild USN, or no USN
on paper-and-pencil tests but showing difficulty and
USN on a VR task involving more challenging and dy-
namic type of tasks within an ecological 3-D environ-
ment [15, 32, 68]. These findings further demonstrate
the lack of conventional evaluation tools’ sensitivity and
help explain the negligible or low associations found in
the present study. Compared to paper-and-pencil tests,
our navigation task likely involved more complex pro-
cesses of representational updating, spatial memory, and
readjustments calculations/adaptability of self as one ap-
proaches the far-space target. Those skills and abilities
are not accounted for in the paper-and-pencil tests, pos-
sibly leading to the lack of association. Therefore, our re-
sults confirm that conventional methods of USN
assessment are not sufficient and sensitive enough to de-
tect functional impairments in daily activities, such as
goal-directed locomotion and/or navigation.

In addition, the performance to the left target (- 30°)
in the remembered and shifting conditions allowed de-
tecting deficits in 3 out of 5 participants with “recov-
ered” USN as per the conventional paper-and-pencil
tests (i.e. having a history of USN) and in 4 individuals of
the USN- group, supporting the observation that conven-
tional USN assessment tools may fail to predict perform-
ance in visually-guided functional tasks [12, 15, 68, 69].
This finding suggests that although individuals with
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“recovered” (or undiagnosed) USN may perform within
the norms in static, 2-D environments, perhaps their
compensatory strategies fall short and deficits emerge
when these individuals are exposed to a moving 3-D
environment and performing a more complex activity.
Our results warrant for the development of novel,
more sensitive evaluation methods that could poten-
tially incorporates the use of VR and tasks requiring
navigation.

Limitations

Only participants with left USN (i.e. right hemisphere
stroke) were included, limiting the generalizability of re-
sults to the left hemisphere stroke population. In
addition, a more detailed description of participants’
lesional patterns would have been informative and valu-
able in explaining the observed findings. Further, the
present study did not examine eye movements during
the experiments that could offer valuable information on
gaze shifts, spatial fixations and re-fixations, possible re-
mapping and gaze shifting impairments underlying USN.
Another limitation is that the task design did not allow
rotations along the vertical axis to mimic head and body
horizontal rotation strategies as used in goal-directed
locomotion [44]; however, the task was designed this
way, so as not to add extra complexities to the control
interface. Moreover, the motor function and recovery of
the non-paretic upper extremity used in the joystick ex-
periment was not objectively evaluated in the present
study using standardized measures and one could argue
that a unilateral hemisphere stroke could possibly result
in impairments of bilateral upper extremities, but to dif-
ferent degrees: “more vs. less affected”. Nevertheless, we
believe that the paradigm used in this study allowed, to
the best possible, to minimize the contribution of post-
stroke sensorimotor impairments. Further, no significant
differences between USN- and HC participants were ob-
served in any of the outcome measures, suggesting that
sensorimotor deficits of the non-paretic upper extremity,
if any, did not affect the joystick task performance.
Lastly, given the challenge of disentangling visual neglect
from visual field deficits in individuals with post-stroke
USN, the Goldmann perimetry or computerized equiva-
lent tests results were often absent from medical charts
of these participants. This could have resulted in the in-
clusion of participants with concurrent visual field defi-
cits and USN in the USN+ group.

Conclusions

The present study demonstrated complementary evi-
dence to a previously conducted goal-directed locomo-
tion experiment. We identified that even in the absence
of biomechanical demands of locomotion, goal-directed
navigation is affected in a memory-guided condition and
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in a task requiring representational updating component
in individuals with USN. In addition, lateralized and
non-lateralized deficits were shown using the detection
task in the individuals with USN. These deficits were not
associated with observed performances with clinical
USN measures; however, the navigation task was sensi-
tive in detecting deficits otherwise left undetected by
conventional assessments. While the joystick navigation
show similarities with goal-directed walking in terms of
the task itself and observed findings in individuals with
USN, discrepancies were also identified in the side of the
endpoint mediolateral deviations, and alterations found
in the actual condition during locomotion, but not dur-
ing navigation, which may be explained by factors such
as the mode of displacement and the influence of walk-
ing ability (or lack of thereof). Taken together, these
findings present preliminary steps towards the develop-
ment of more sensitive evaluation tools and treatment
approaches that incorporate VR-based navigation and
object detection, and that account for lateralized and
non-lateralized deficits, representational updating and
spatial memory.
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