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Introduction
Real world navigation is guided by visual information that enables 

the locomotor pattern to be adjusted in accordance to environmental 
constraints and to the intended goal. Optic flow, which is a pattern 
of visual motion at the retina, can provide critical information to 
the perception and control of heading [1]. When provided with rich 
visual cues, healthy adults are able to adjust their gait in response to 
changes in optic flow [2,3], even with old age [4]. It has been reported 
that a staggering 86% of individuals post stroke have some sort of 
oculomotor dysfunction [5] that can impact on gaze control [6] and 
in establishing a stable frame of reference [7] during locomotion. 
There is also evidence to suggest that optic flow perception can be 
impaired after stroke. Vaina et al. [8] reported that stroke patients 
with occipital-parietal or rostral-dorsal-parietal lesions had deficits 
for visual motion processing. Others [9] showed that approximately 
50% of the stroke patients tested had some level of motion processing 
deficit, Interestingly, only one of the 21 subjects tested reported higher 
discrimination thresholds for radial flow direction, the type of flow 
pattern experienced while walking. While psychophysical evidence 
indicates that visual motion processing impairments can be present 
after stroke, it is unclear how these deficits translate into locomotor 
impairments. Our previous research has shown that stroke patients 
were not able to automatically adjust their walking speed in response to 
changing speeds of visual flow [10]. More recently, we have shown that 
some people after stroke have difficulty responding to translations of 
optic flow cues [11]. In this single-subject design study, we investigated 
the ability of 9 individual chronic stroke patients to steer their walking 
when exposed to a horizontal rotation of optic flow focus of expansion 
(FOE). Possible determinants of visuomotor control deficits were 
examined using cognitive, visuospatial and functional gait measures as 
well as by analyzing the history and location of the stroke. 

Methods
Subjects

Nine patients with stroke participated in the study (Table 1). The 
subjects tested ranged in ages from 41-71 years and comprised of six 
men and three women. Four of the patients tested had experienced 
hemorrhagic strokes, while the other 5 patients had had ischemic 
strokes. The patients recruited had a variety of confirmed lesion 
locations, including cortical regions supplied by the middle cerebral 
artery and sub-cortical structures such as the thalamus and basal 
ganglia. The inclusion criteria for the study were: 1) the ability to walk 
independently for more than 10 meters, with or without a walking 
aid; 2) absence of dementia or cognitive impairments (scoring ≥ 
27 on the Mini-Mental State Examination [12]); 3) residual motor 
deficits of the lower limb (≤ 6 on the Chedoke-McMaster impairment 
scale [13] for both the paretic leg and foot; 4) normal or corrected 
to normal visual acuity (≥ 20/40). We also ensured that the patients 
were currently not demonstrate any evidence of visuospatial neglect 
as indicated by a normal performance on two pen-and-paper neglect 
tests: the star cancelation and line bisection tasks [13,14]. Despite not 
currently exhibiting spatial neglect, five of the subjects had a clinical 
history of visual neglect. In order to characterize the participants, 
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we also performed the following assessments: Montreal Cognitive 
Assessment (MoCA), Trail Making Test A & B (TMT-AB) and 
Functional Gait Assessment (FGA). MoCA is a neuro-cognitive test 
designed to detect mild cognitive impairments. While similar to the 
MMSE, the MoCA has better sensitivity. Scores <26 are suggestive of 
mild cognitive impairment [15]. TMT is a measure of visual attention, 
visual scanning, sequencing and cognitive flexibility [16]. We recorded 
the time to complete part A and B and compared them to age-matched 
norms [17]. The FGA evaluates postural stability during a variety of 
dynamic gait activities [18]. Lesion location and details concerning 
the vascular incidents were obtained through the patient’s medical 
record. All subjects consented to their participation in accordance 
to the declaration of Helsinki and the project was approved by the 
institutional research ethics board.

Experimental setup

Subjects walked overground in a large, open-space laboratory 
(12m x 8m walking area) while wearing a helmet-mounted display 
unit (HMD; NVisor with 60° diagonal field of view and 1280 x 1084 
pixels resolution) displaying a virtual room with the same dimensions. 
Details of the setup and paradigm have been reported previously 
[4]. Subjects were outfitted with 39 passive reflective markers on 
anatomical landmarks as defined in the Vicon Plug-In-Gait model. 
Kinematic data were captured at 120 Hz with a 12-camera Vicon-512™ 
system. Movements of the head were tracked in real-time via three 
markers placed on the HMD and used by the CAREN-3 system 
(Computer Assisted Rehabilitation Environments, MOTEK BV) to 
update the subject’s position and orientation in the virtual scene. As 
such, movements of the head were synchronized and displayed in the 
HMD in real time, with a negligible delay of 25 ms. 

Protocol	

Prior to any data collection, subjects were given the opportunity 
to walk in the virtual environment to habituate to the task. All subjects 
indicated that they were comfortable in the virtual environment and 
appeared to walk similarly to their normal behaviour in the physical 
environment. Walking data were collected in four phases. We used a 
single-subject design of A1-B1-A2-B2 such that each participant received 
the same order of stimulus manipulation. The A phases were to collect 
a stable baseline and to measure the subjects’ performance without any 
perturbation of the flow. Subjects were instructed to “walk straight in 
the virtual world”, i.e. walking straight with respect to the scene that was 
displayed in the HMD. Since there was no visual perturbation in phase 
A, this corresponded to simply walking straight for 5 meters. In the B 
phases, subjects were again instructed “to walk straight in the virtual 
world”, but after they had walked 1.5 m, the scene would gradually 
rotate to the right or the left so that the total rotation was 40° to the left 
or right over the remaining 3.5 meters of forward displacement. This 
type of visual disturbance is very similar to what one might experience 
if they where to make a head or eye rotation to the left or right while 
walking forward with the head straight. In the first perturbation phase 
(B1) the FOE was rotated towards the paretic (contra-lesional) side and 
in the second perturbation phase (B2) the FOE was rotated toward the 
non-paretic (ipsi-lesional) side. Each subject completed 3-7 trials per 
phase, depending on their endurance and level of fatigue. Subjects took 
mandatory breaks between blocks of trials, but were also permitted to 
rest at any point if they felt fatigued. At all times, a therapist followed 
close to the patient should they become unstable or need assistance 
during walking. No falls or near-falls were observed. 

Data analysis

Head orientation and body’s centre of mass (CoM) positions were 

Subject Gender

Time 
Since
Stroke 
(yrs)

Age 
(yrs)

Side of 
Lesion Etiology Lesion Location FGAa

(/30)

CMb

 foot, 
leg
(/7)

MoCAc

(/30)
MMSE
(/30)

Trail A/B
(s)

History of 
Neglect

Gait 
Speedd

(m/s)
Type

S1 M 1.2 58 L Ischemia
Thalamus and internal 

capsule at the temporo-
occipital junction

23 6,6 22 29 60/246 No 0.75 1

S2 M 1.7 72 R Hemorrhage Thalamus and right internal 
capsule 30 6,6 23 30 56/162 No 0.62 1

S3 M 3.7 41 R Ischemia Basal ganglia and parietal 
cortex 24 3,6 24 30 27/120 Yes 0.66 2

S4 M 0.5 57 R Hemorrhage Thalamus 15 3,3 26 30 29/44 No 0.27 1

S5 M 3.1 42 R Hemorrhage Basal ganglia 24 3,5 19 30 85/330 Yes 0.55 3

S6 F 15.3 43 R Ischemia Middle cerebral artery 
territory 25 3,5 24 29 25/55 Yes 0.79 3

S7 M 6.7 64 L Hemorrhage Sylvian fissure and lentiform 
nucleus 19 5,6 23 29 32/157 Yes 0.28 3

S8 F 2.1 71 L Ischemia Corona radiata and frontal 
lobe 16 3,5 29 29 64/320 No 0.50 1

S9 F 0.8 51 R Ischemia Sylvian fissure 15 3,5 29 29 50/120 Yes 0.35 2

aFunctional Gait Assessment
bChedoke-McMaster
cMontreal Cognitive Assessment
dAverage of actual walking speeds during testing

Table 1:  Characteristics of participants.
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calculated in three dimensions with the Vicon Plug-In-Gait model 
using marker positions and anthropometric measurements. Data 
were exported to Matlab and low-pass filtered at 10Hz (Butterworth 
dual-pass filter). In this study we included people with either right 
or left cortical strokes. By convention, the polarity of the data was 
adjusted such that a leftward rotating FOE was towards the paretic side 

and a FOE rotating to the right was towards the non-paretic for all 
participants.

Outcome variables 

The scene as viewed in the HMD is a function of head rotation and 
heading, the latter being the angular displacement of the CoM trajectory 

Figure 1: Representative data from a healthy young subject (age 23): A) Sample trials of CoM displacements under different FOE conditions. B) Net heading correction 
at the end of the walking trial. Each point indicates the magnitude of reoriention in the physical world at the end of the trial (when the FOE was rotated 40° for perturbation 
conditions). Data are plotted sequentially in the order of data collection, grouped by perturbation condition. C) Heading error, i.e. the degrees (virtually) off from the 
midline of the room at the end of the trial.
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from the initial position in the horizontal plane (or from the onset of 
optic flow perturbation in the B phases). The combined response of 
head rotation plus heading most accurately reflects the camera view of 
the scene in the HMD. Therefore, steering performance at the end of 
the trial was assessed using a ‘net heading correction’ variable based on 
the sum of head rotation and heading. We also calculated the error of 
performance by subtracting the magnitude of perturbation from the 
net heading correction. An over-correction is depicted by a positive 
error, i.e. the participant adjusted by more than 40°. Likewise, under-
correction is depicted by a negative error, i.e. failing to reach 40° of net 
heading correction. Head angle, heading and net heading correction 
data at 5m of forward walking (3.5m after perturbation onset) were 
averaged separately for each A and B phase.

Statistical analysis

The data for each subject were examined by visual inspection and 
quantitative comparisons with non-parametric statistical analyses. 
Kruskal-Wallis tests were used to detect any differences between optic 
flow conditions. Where significant effects existed, Mann-Whitney 
U tests with Bonferroni correction were used to identify differences 

between conditions. Statistics were calculated using PASW Statistic 18. 
Significance level was set to p=0.05.

Results
Before the behaviour of stroke subjects can be described, it is 

useful to understand the healthy subjects’ response to rotational flow. 
When exposed to a rotation of the FOE, healthy subjects adjust their 
walking trajectory in a direction opposite to the FOE perturbation 
(Figure 1A). When the FOE is rotated towards the right, the walking 
trajectory is adjusted in the physical environment towards the left. 
This CoM displacement contributes to a shift towards the midline, 
perceived as staying straight in the virtual environment, as viewed in 
the HMD. Subjects also compensate by rotating their head opposite 
to FOE direction (not shown), which is in the same direction as the 
physical trajectory adjustment. The combined sum of head angle and 
CoM angular displacement (heading) gives the net heading correction 
in the HMD. Figure 1B shows the net correction of each trial for the 
sample data participant. When the FOE is rotating left, the subject 
responds with approximately 40° of net heading correction to the right 
and vice versa for the other direction of rotation. The subject can thus 

Figure 2: CoM trajectories for 3 participants (S4=type 1, S3=type 2, S5=type 3), each displaying typical profiles for their respective classification. Type-1 patients 
typically responded similarly to healthy young subjects. Type-2 and -3 patients showed irregular CoM trajectories. B) Angular displacement of the CoM (heading) as a 
function of forward displacement. C) Head yaw as a function of forward displacement. Type-1 patients show large reorientations of the head in the direction opposite to 
the FOE rotation. Type-2 patients show smaller head rotations in the direction opposite to the FOE. Type-3 show little or no head reorientations.
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correct fully for the perturbations, resulting in small net heading errors 
in all conditions (Figure 1C). The stroke patients showed a variety of 
responses, which were classified into three distinct types, based on 
visual inspection and quantitative comparisons. Figure 2 shows traces 
of the CoM, heading and head angle for representative individuals from 
each type. The first type of behaviour (type 1) resembled that of healthy 
individuals and was exhibited by 4 subjects (S1,S2,S4,S8). Their CoM 
displacements showed the typical v-shaped pattern of CoM trajectories 
with the CoM orienting away from the FOE shift in the perturbation 
conditions (Figure 2A). Accordingly, small angular displacements of the 
CoM could be observed in the same direction as the linear displacement 

(Figure 2B). These individuals also showed very large head rotations 
in directions opposite to the FOE rotations (Figure 2C). Heading and 
head yaw data were summed to compute the net heading correction, 
which revealed how much the participant corrected in the virtual 
environment (Figure 3A). These type 1 individuals displayed very small 
errors (Figure 3B) in each phase, generally less than 10°. Table 2 shows 
the mean net heading error of all participants. There were no significant 
differences in net heading error between the phases with or without 
perturbations for any individuals classified as type 1. Two individuals 
exhibited mild to moderate impairments in heading corrections and 
were classified as type 2 (S3,S9). They did make locomotor adjustments 

Figure 3: A) Net correction of representative subjects from each of the three groups of participant. B) Net errors from representative subjects.
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in response to the flows presented, but they were not able to fully 
correct for the perturbation, resulting in a marked under-correction of 
net heading. The CoM trajectories for these subjects did not follow the 
typical pattern shown by healthy subjects and were variable in terms 
of the magnitude and direction of CoM displacements that were also 
slightly asymmetrical (Figure 2A). These individuals did respond with 
a head rotation opposite to the flow direction (Figure 2C), but the 
magnitude was smaller than that shown by type 1 individuals, resulting 
in a markedly smaller total net heading correction (Figure 3A). The 
errors were significantly higher in the perturbation conditions as 
compared to those in the baseline, ranging from 10° to 20° of under-
correction. There were no statistical differences in net heading error 
between FOE shifts to the paretic or non-paretic side (Table 2). Three 
individuals exhibited moderate to severe impairments in heading 
correction (S5,S6,S7). The CoM trajectory direction and deviations were 
generally inconsistent and highly variable, even when no perturbation 
occurred. The CoM adjustments were asymmetric, with smaller or 
misaligned headings when the FOE was rotating towards the paretic 
or contra-lesional side (Figure 2B). The head rotations were notably 
smaller for this third group (Figure 2C). The net heading responses for 
these individuals were also asymmetrical. There were virtually no net 
heading corrections when the FOE was rotating towards the paretic 
side and only moderate responses when the FOE was rotating towards 
the non-paretic side (Figure 3). The heading errors displayed this 
asymmetry, with very large errors in the 30°-40° range when the FOE 
was rotating toward the paretic or contra-lesional side. The errors for 
the ipsi-lesional rotations of the FOE were mild to moderate, ranging 
from 7° to 22°. Evidence for asymmetry was also supported by the net 
heading errors that were significantly larger for contra-lesional FOE 
rotations as compared to ipsi-lesional ones (Table 2). Individual net 
headings, errors and CoM trajectories for each subject are included in 
the supplementary material.

Discussion
Using optic flow to guide heading is central to locomotor adaptation 

and steering behaviour. In the present study, visually guided steering 
is disrupted after stroke in some but not all subjects. Considering the 
heterogeneous nature of stroke and multifaceted interactions of an 
individual with the environment and task goals, it is not surprising to 
find variable responses. Almost half (4/9) of our participants performed 
the task very well, exhibiting small errors and resembling the typical 
response trajectories seen in healthy individuals, whereas the others 
(5/9) showed large heading errors and a wide range of CoM deviations.

Performance related to psychometrics

The cognitive function of processing speed and visuomotor skills 
was generally impaired, as revealed by the results of the psychometric 
tests, but the severity of the impairment did not reliably predict the 
subject’s performance during the walking task. Seven of the nine 
subjects fell below the 10th percentile for their age group in the time 
required to complete Trail Making Test (TMT) B, including all 4 
individuals in the normal response group (type 1). The two who 
did not show major impairments in the TMT were S4 (type 1; 90th 
percentile) and S7 (type 3; 60th percentile). This is surprising, as S7 
had the second largest errors when walking with a contralesional FOE 
rotation and yet obtained the second best score for TMTB among all 
subjects. The MoCA scores were 26 or less for all but two subjects (S8 
and S9), suggesting the presence of some cognitive impairment in the 
other 7 individuals [15]. The worst score belonged to S5 (Type 3) who 
obtained only 19 on the MoCA and the same individual also had the 
highest error scores overall (Table 2). However, other than this extreme 
case, there seems to be little or no association between MoCA scores 
and net correction errors. For instance, the second lowest score on the 
MoCA was S1 with a score of 22, who performed normally and was 
categorized as type 1 in their steering response; and S4 who might be 

Subject No Perturbation 1
Mean ± SD

FOE Paretic
Mean ± SD

No Perturbation 1
Mean ± SD

FOE Non-Paretic
Mean ± SD

Visual Inspection of 
Performance Type

S1 0.7 ± 6.7 -7.6 ± 4.3 -2.5 ± 4.1 -1.7 ± 5.8 none 1

S2 -3.8 ± 8 -8.5 ± 7.2 -3.2 ± 7.3 5.6 ± 3.8 none 1

S3 -0.2 ± 4.2 -20.4 ± 5.0* -1.4 ± 6.2 -13.7 ± 7.8* mild to moderate 2

S4 1.6 ± 3.4 2.3 ± 2.0 -3.8 ± 1.5 -0.5 ± 3.8 mild to moderate 1

S5 -8.4  ± 6.9 -39.0 ± 4.2* ⊥ -10.5 ± 4.2 -21.4 ± 4.0* ⊥ moderate to severe 3

S6 -10.7 ± 7.2 -31.2 ± 6.4* ⊥ -6.7 ± 5.2 -21.9 ± 1.8* ⊥ moderate to severe 3

S7 -1.9 ± 6.4 -37.7 ± 8.5* ⊥ -3.0 ± 8.2 -7.1 ± 1.7* ⊥ moderate to severe 3

S8 2.6 ± 1.9 -5.47 ± 2.7 -1.5 ± 3.9 -7.0 ± 2.5 none 1

S9 -4.79 ± 1.9 -10.49 ± 3.27* -0.47 ± 3.9 -18.52 ± 6.65* mild to moderate 2

*denotes significant difference from no perturbation conditions
⊥denotes significant difference between paretic and non-paretic sides
type 1: normal Response
type 2: mild to moderate impairments
type 3 moderate to severe asymmetric responses

Table 2: Average Net Heading Responses at the end of the trial for each subject in each phase of testing. Negative values indicate undershooting.
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considered one of the better performers with very small errors had a 
mildly impaired score of 26. The results from the psychometric tests 
we performed in this study would clearly indicate the general presence 
of mild cognitive impairment post stroke, but given the distribution 
of scores across individuals and steering behaviour types, it does not 
appear that there is any direct association between these assessments 
and the ability to use optic flow for locomotor adjustments. 

Performance related to physical impairments

Individual steering performance does not appear to relate to the 
underlying motor impairments, such as motor recovery post stroke, 
slow gait speed or impaired gait functions. In each type of steering 
response, there was a mix of high and low functioning individuals, 
as reflected by the FGA and Chedoke McMaster Stroke Assessment 
scores. If the ability to reorient in response to optic flow was limited 
solely by motor and biomechanical factors, we would expect the worst 
performance from our most impaired subject. S4 was one of the most 
severely affected subjects in terms of motor function and gait ability 
(lowest FGA score and slowest walking speed) and yet performed 
virtually identical to healthy subjects in terms of the steering task. 
Similarly, S6 (type 3), who had very mild locomotor impairments 
and had the second highest FGA score, showed large heading errors 
while steering. It is clear from our data that motor or gait impairment 
alone cannot explain altered steering strategies and that other factors 
contributed. 

Visuospatial neglect

As discussed above, it is evident that the performance differences 
between groups are not related to the general cognitive capacity or 
mobility of our subjects. However, what could explain our findings 
are differences in the ability to process and/or integrate visual motion. 
We excluded subjects with current visuospatial neglect (as screened 
by the line bisection test and the star cancelation task), but not those 
with a history of visual neglect. Remarkably, all individuals classified 
as type 2 or 3 in this study all had a history of visual neglect. This was 
an unexpected finding, as most of the subjects tested were chronic, 
living with a stroke for several years. Others have shown that deficits 
that arise from a damage to visual processing areas can be enduring 
[19-21]. Our findings seem to support this notion, though the everyday 
behaviour of these subjects would indicate that they have learned ways 
to compensate for their underlying deficit. For locomotor tasks, both 
optic flow and egocentric cues can be used to guide heading [3,22,23]. 
Subjects who have experienced visuospatial neglect may have adapted 
their locomotor behaviour to selectively use external references as cues 
(egomotion strategy), while not heavily relying on visual motion.

We believe that this is the first study to show persistent deficits on 
the steering control of locomotion even after the clinical signs of neglect 
could no longer be detected. However, it is well known that people with 
neglect often show altered gait strategies. People with neglect often veer 
to one side [24-27], though there is some debate as to the direction of 
bias. Some studies have reported veering towards the ipsilesional or 
non-paretic side [25,26], whereas others have reported veering on both 
sides [27,28]. As well, the direction of steering appears to be modality-
specific [24] such that it has been shown that some individuals veer to 
the left when navigating in a wheelchair while one of the same subjects 
veered to the right while walking. In the present study, two of the 
subjects with a history of neglect (S5 and S6) showed a veering bias in 

the no perturbation conditions. Both subjects tended to veer towards 
the paretic side, even in the absence of any visual manipulation. This 
is consistent with the observations reported by Tromp [27] where 
individuals with mild neglect tended to veer in the paretic direction. 
The association between poor steering performance in the perturbation 
conditions and previous history of neglect also highlights the problems 
in proper screening for visuospatial neglect. Conventional paper and 
pencil tests do not capture the capacity for attending to dynamic visual 
cues or for far space [29]. Some have reported that neglect is worse for 
far space than near [30,31]. Recently, others have shown that subjects 
with a history of neglect have deficiencies in identifying static cues in 
a 3D environment, despite having no difficulties with standard pen-
and-paper tests [32]. It seems that for some of subjects had resolved the 
neglect for personal space but their neglect for far space lingers.

Brain lesions

The classification of the subjects, which was based on the ability 
to make heading corrections, could not be related to location or cause 
(ischemic vs. hemorrhagic) of the lesion. The attempt to characterize 
individual lesions was performed posthoc by reviewing CT-scan reports 
provided in the medical charts. Unfortunately, the extent of details 
provided in the reports was judged not sufficiently detailed to provide a 
precise picture of the brain structures that were involved in the stroke, 
nor did they allow us to assess the extent of damage in a particular 
region. Despite limited specificity, of or lesion data, we were able to 
make the broad observation that subjects who showed impairments in 
heading control had lesion sites generally consistent with anatomical 
correlates of spatial neglect. Others have proposed a perisylvian 
network including the superior/middle temporal gyri, inferior parietal 
and ventrolateral frontal cortices which are responsible for spatial 
orientation [33]. Lesions in these areas may give rise to spatial neglect. 
Four of the subjects who showed some level of impairment in heading 
control (type 2 or 3) indeed had lesions involved in this perisylvian 
network (S3, S6, S7 and S9). In addition, it has also been reported 
recently that lesions of the basal ganglia are associated with spatial 
neglect, particularly in the chronic phase, which is also consistent with 
the altered performance of 3 of our subjects (S3, S5, S7) whose lesions 
were reported to involve structures of the basal ganglia [34].

Limitations

The purpose of this study was exploratory in nature and we sought 
to investigate the relationship between stroke and the ability to visually 
navigate with changing optic flows. While subjects were assessed on 
various cognitive and visuospatial tasks, perception of visual motion 
alone was not examined. Thus it cannot be concluded whether the 
poor heading performances were related to changes in perception 
of motion or if they were rather the result of altered sensorimotor 
integration. Moreover, if post-stroke visuospatial neglect of far space 
is an important factor, as suggested by the present findings, it will be 
important to investigate the ability to process visual motion in far space 
as compared to near personal space. 

Conclusions
Results from this study show that the ability to use optic flow 

during locomotion can be preserved in some individuals after stroke. 
However, profound steering errors can also be found in certain 
individuals with a history of visuospatial neglect when exposed to an 
FOE rotating away from the midline, particularly in the contralesional 
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direction. Persistent visuospatial neglect, especially for far space and/or 
dynamic visual cues may not be detected through conventional static 
pen and paper tests and could be an important factor underlying post-
stroke steering deficits.
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