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Spatial neglect has been shown to occur in 17–65% of patients after acute left-
hemispheric stroke. One reason for this varying incidence values might be that
left-hemispheric stroke is often accompanied by aphasia, which raises difficulties in
assessing attention deficits with conventional neuropsychological tests entailing verbal
instructions. Video-oculography during free visual exploration (FVE) requires only little
understanding of simple non-verbal instruction and has been shown to be a sensitive
and reliable tool to detect spatial neglect in patients with right-hemispheric stroke. In
the present study, we aimed to investigate the feasibility of FVE to detect neglect in
10 left-hemispheric stroke patients with mild to severe aphasia as assessed by means
of the Token Test, Boston Naming Test and Aachener Aphasie Test. The patient’s
individual deviation between eye movement calibration and validation was recorded and
compared to 20 age-matched healthy controls. Furthermore, typical FVE parameters
such as the landing point of the first fixation, the mean gaze position (in ◦ of visual
angle), the number and duration of visual fixations and the mean visual exploration
area were compared between groups. In addition, to evaluate for neglect, the Bells
cancellation test was performed and neglect severity in daily living was measured by
means of the Catherine Bergego Scale (CBS). Our results showed that the deviation
between calibration and validation did not differ between aphasia patients and healthy
controls highlighting its feasibility. Furthermore, FVE revealed the typical neglect pattern
with a significant leftward shift in visual exploration bahaviour, which highly correlated
with neglect severity as assessed with CBS. The present study provides evidence
that FVE has the potential to be used as a neglect screening tool in left-hemispheric
stroke patients with aphasia in which compliance with verbal test instructions may be
compromised by language deficits.

Keywords: left-hemispheric stroke, right spatial visual neglect, aphasia, video-oculography, free visual
exploration, mean gaze position, visual exploration behaviour
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INTRODUCTION

Spatial neglect, as assessed with classic neuropsychological
paper-pencil tests, has been reported to occur in 17–65% of
patients after left-hemispheric stroke (Stone et al., 1993; Beis
et al., 2004; Ringman et al., 2004; Beume et al., 2017). One
important reason for this varying incidence values might be
that testing for neglect in left-hemispheric stroke patients is
often hindered by aphasia. Indeed, impaired understanding of
verbal instructions may already limit the administration of
relatively simple neuropsychological paper-pencil tests, such as
cancellation and line bisections tests (Bowen et al., 1999), and
even more considerably for more complex testing procedures.
In addition, language deficits are often an exclusion criterion in
studies investigating neglect after left-hemispheric stroke (e.g.,
Stapleton et al., 2000; Chung et al., 2016), leading to a very
limited knowledge about visuospatial attentional deficits in this
particularly vulnerable patient group.

In patients with right-hemispheric stroke, video-oculography
during free visual exploration (FVE) has increasingly become a
valuable screening tool to detect left-sided neglect after a right-
hemispheric lesion. In this context, the assessment of the spatial
distribution of visual fixations along the horizontal axis during
FVE, reflecting the spatial allocation of visual attention, has
proved as a particularly suitable indicator (e.g., Pflugshaupt et al.,
2004; Nyffeler et al., 2008; Ptak et al., 2009; Cazzoli et al., 2011;
Osandón et al., 2012; Müri et al., 2013; Fellrath and Ptak, 2015;
Paladini et al., 2019; Kaufmann et al., 2020a,b). Visual exploration
is a spontaneous behaviour; hence, the calibration of an eye-
tracking system and its validation, as well as the measurement of
eye movements during an FVE task, require only few and simple
verbal task instructions. It seems thus reasonable to assume that
eye-tracking during FVE can be successfully applied in patients
with aphasia after a left-hemispheric lesion in order to detect
right-sided neglect.

The aim of the present study was to test this hypothesis, i.e.,
administer a commonly used FVE paradigm (Delazer et al., 2018;
Paladini et al., 2019; Kaufmann et al., 2020a) in order to assess
the feasibility of applying video-oculography to detect right-sided
neglect in left-hemispheric stroke patients with aphasia.

MATERIALS AND METHODS

Patients and Healthy Controls
The anonymised data of 10 patients with aphasia after left-
hemispheric sub-acute stroke was included in this study (4
females; mean age = 66.70, SD = 13.03; mean time since
stroke = 34.3 days, SD = 27.66). A lesion overlay plot is shown
in Figure 1, individual demographic and clinical patient data are
shown in Table 1. All patients showed mild to severe aphasia at
the time-point of measurement.

All patients signed a written informed general consent
allowing the retrospective use of their anonymised health
related data for research purposes. Additional ethical review
and approval was not required for the study on human
participants in accordance with the local legislation and

institutional requirements. Additionally, video-oculography data
of 20 healthy, age-matched control participants (described below
in the paragraph Data Pre-processing and Statistical Analyses),
was used to investigate the feasibility of video-oculography. The
data of healthy control participants has been previously included
in a methodological paper, which was reviewed and approved
by the Ethics Committee Nordwest and Zentralschweiz (EKNZ),
Switzerland. Written informed consent to participate in this
study was provided by all healthy participants.

Linguistic and Neuropsychological
Assessments
For the linguistic assessments in left-hemispheric stroke patients,
we identified patients as having aphasia if they presented with
pathological performance in the Token Test (Lang et al., 1999)
and/or the short version of the Boston Naming Test (Morris et al.,
1988) and/or the Aachener Aphasia Test (Huber et al., 1983).

Aphasia was defined according to current, established cut-off
scores: for the Token Test (number of correct stimuli), 0–4 severe
aphasia, 5–7 mild aphasia, 8–10 no aphasia (Lang et al., 1999);
for the Boston Naming Test (short version including 15 items,
number of correct stimuli), cut-off values were corrected for age
and education according to Morris et al. (1988); for the different
subtests of the Aachener Aphasia Test, normative values were
based on Huber et al., 1983).

A systematic, ecological observation questionnaire during
everyday behaviour, i.e., the Catherine Bergego Scale (CBS),
was used to diagnose neglect (Azouvi et al., 2003). Neglect
in daily living was defined according to current, established
cut-offs scores (CBS score 1–10 mild neglect, 11–20 moderate
neglect, 21–30 severe neglect). Furthermore, Cancellation tasks
[e.g., the Bells Cancellation Test (Gauthier et al., 1989)] are
also commonly applied in order to identify spatial neglect in
both clinical and experimental settings (Azouvi et al., 2002; Beis
et al., 2004; Rorden and Karnath, 2010). Cancellation tasks have
also been shown to be a valuable tool to diagnose neglect in
left-hemispheric stroke patients (Suchan et al., 2012). Therefore,
in the present study, neglect was additionally characterised
according to current, established cut-off scores for the Bells
Cancellation test, i.e., centre of cancellation (CoC) < −0.086
(Suchan et al., 2012).

Practical Aspects of Video-Oculography
Video-Oculography Set-Up
The eye-tracking system consists of three parts: (1) a remote,
infrared-based, video eye-tracking system (EyeLink 1000 Plus
System, SR Research, Ottawa, Canada); (2) a stimulus screen,
in front of the participant, on which all the stimuli were
presented; and, (3) a monitoring screen for the investigator, on
which the participants’ eye movements are shown in real-time
(Figure 2, top).

During video-oculography, caution needs to be exercised
in the correct positioning of the patients, in order to obtain
qualitatively high-standard data. Hereby, a chin-forehead-rest
was used to both ensure that the patients’ mid-sagittal plane was
aligned with the middle of the stimulus screen at a constant
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FIGURE 1 | Lesion overlay plot. Brain lesions of all 10 patients with left-hemisphere stroke. The color-coded legend is determined by the number of patients with
damage to a specific brain region. Lesion overlap maps are plotted on the CH2bet template available in MRIcron (https://www.nitrc.org/projects/mricron). Axial slices
are oriented according to the neurological convention. The z-position of each axial slice, in MNI coordinates, is indicated by the numbers at the top of the respective
slices, and also depicted by the blue lines on the sagittal slice (top, left-hand side of the figure).

distance and to minimise head movements. A height-adjustable
table was used to optimally adapt the height of the experimental
set-up for each patient. Furthermore, a height-adjustable table
allows to examine patients in a wheel-chair, wherefore usually
additional table height is needed to fit the armrests of the latter.

Due to the variably impaired verbal language comprehension
abilities of aphasia patients, we adapted the task instructions
to the patients’ individual needs. We therefore used very
simple sentences and/or gestures to explain the investigation
on a step-by-step basis. Furthermore, it is often of advantage
to demonstrate the procedure in a non-verbal way, i.e., the
examiner concretely performs the actions that the patient
is then asked to perform him/herself. In the following, we
present how the examination can be explained to patients with
language impairments.

Video-Oculography Instruction and Paradigm
After welcoming the patient, the investigator first communicates
him/her that eye-movements are going to be measured, also
pointing to the eye-tracking camera and the eyes. Then, the
investigator shows how the FVE will be performed. First, the
investigator takes a seat in front of the eye-tracking camera and
positions the head on the chin-forehead-rest, the arms lying
comfortably on the table, as expected to be done by the patient
later on. Then, the investigator shows how the height-adjustable
table is operated in order to find the optimal height of the
experimental set-up. After describing verbally the process in
simple sentences, as well as providing a concrete example of the
seating position, the patient is invited to copy the position showed
by the investigator. By means of this procedure, all patients in this
study were able to understand how to position themselves.

After an optimal seating position was reached, video-
oculography was started and the patients were guided through
the 5 min task, during which eye movements were recorded.

In order to correctly measure eye movements, the eye-
tracking system needs to be individually calibrated; moreover,
in order to guarantee data quality, this calibration needs to
be validated. The calibration procedure started by a black dot
with a white centre, presented in the middle of the stimulus
screen on a light grey background. If the patient steadily
looked at the dot, the investigator manually confirmed this
position to the system. Afterward, 9 further dots were presented,
one after the other, at different positions corresponding to an
invisible 9-point grid (3 × 3; see Figure 2, bottom). If, at
any time, a patient did not automatically fixate the suddenly
appearing points (i.e., the patients gaze was wandering around),
his/her attention was drawn to the corresponding point by
simply pointing at it with the finger. The advantage of this
procedure is that the suddenly appearing black dots, individually
presented on a grey background, tend to spontaneously draw
the gaze, usually not needing explicit instructions. Indeed, eight
out of the 10 patients performed the calibration procedure
without external instructions. After calibration, the exactly same
procedure was repeated for the purpose of validation; thereby,
the system computed the mean deviation between gaze position
during calibration and validation. If the mean deviation between
calibration and validation was >1◦, then the computer suggested
to repeat the procedure to improve the values.

The mean deviation values between calibration and validation
indicating high-standard measurement quality (i.e., ≤1◦) were
achieved in all patients. These individual values were included in
the statistical analyses as quality indicators.
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After calibration and validation, the FVE paradigm was
introduced. Six pictures of natural scenes or urban public places,
and their 6 mirrored versions (mirrored along the central,
vertical axis), were presented on the stimulus screen (Paladini
et al., 2019; Kaufmann et al., 2020a,b). The pictures were
presented for 7 s each. Between the pictures, a central, black
fixation-cross on a grey background was displayed for 3 s, in
order to enforce a common central starting point of visual
exploration for all participants. Because visual exploration occurs
spontaneously, this task did not need any particular instruction
(Figure 2, bottom).

Data Pre-processing and Statistical
Analyses
Feasibility Characteristics
To evaluate the feasibility of video-oculography, the patients’
individual deviation between calibration and validation was
recorded and compared to the one of 20 healthy, age-matched
control participants [9 women; no significant age difference
between groups: Patients mean = 66.70 (SD = 13.03), Healthy
mean = 66.60 (SD = 10.10); t(28) = 0.0230, p > 0.05; healthy
controls have been previously included in a methodological paper
(Kaufmann et al., 2020b)] using a t-test for independent groups.
Furthermore, the spontaneous feedback of the patients and, if
available, of their relatives was documented.

Video-Oculography Data
Pearson’s correlations were computed (p-values 2-tailed)
between the mean gaze position and neglect severity in everyday
behaviour, as assessed by means of the CBS, in left-hemispheric
stroke patients. Additionally, Pearson’s correlations was
computed between the two neglect measures (i.e., the CBS and
the mean gaze position) and the two linguistic assessments,
i.e., the test performance in the Token Test (Lang et al., 1999)
and the short version of the Boston Naming Test (Morris et al.,
1988).To control for multiple testing in the five correlations,
significant levels were Bonferroni-corrected resulting in a
threshold of p = 0.01.

For FVE, the presence of neglect was defined according to the
spatial distribution of fixations, i.e., a mean gaze position (in ◦

of visual angle) on the horizontal axis of <−1.359◦, indicating a
leftward-shifted spatial distribution of fixations (Kaufmann et al.,
2020a). The mean gaze position was compared between the 10
patients with aphasia after left-hemispheric stroke and the 20
healthy, age-matched control participants.

Previous studies (e.g., Pflugshaupt et al., 2004; Kaufmann et al.,
2020a) found that early attentional orienting is good predictor
of neglect. Hence, in the present study, the landing point of
the first fixation on each picture (left or right screen half) was
determined, and the percentage of left-ward first fixations was
computed for each participants and compared between groups
using an independent t-test.

Additional response variables concerning video-oculography
(i.e., number of fixations per screen half, fixation time spent
within each screen half, and visual exploration area within each
screen half) were compared between the two groups and the
screen halves by means of a 2 × 2 mixed-model ANOVA with
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FIGURE 2 | Experimental set-up of FVE and Participants’/Investigators’ View during FVE. Top Experimental Set-up of the video-oculography equipment, consisting
of a stimulus screen, on which the FVE paradigm is presented, and a Monitoring Screen, on which the investigator can monitor the patients’ individual eye
movements during testing. Eye movements are recorded using an infrared-based camera (e.g., Eyelink 1000 Plus by SR research). A height-adjustable table can be
adapted to find the optimal configuration of the experimental set-up for each patient. Furthermore, a height-adjustable table allows examining patients in a
wheel-chair, wherefore usually additional table height is needed to fit the armrests. A chin-and-forehead-rest was used to both ensure that the mid-sagittal plane of
the patients was aligned with the middle of the screen at a constant distance, and to minimise head movements. Bottom Left shows the participants’ view of the
stimulus screen during Calibration (top), Validation (middle), and during the Free Visual exploration (FVE) Paradigm (bottom). Bottom Right shows the Investigator’s
View on the monitoring screen during Calibration, Validation, and during FVE.

the between factor group (2 levels: healthy controls, neglect
patients) and the within factor screen half (2 levels: left and right).
Bonferroni-corrected post hoc t-tests were used to compare the
results between the different combinations of factor levels.

The significance level for all statistical tests was set to
alpha = 0.05. All fixations with duration between 100 and 2,000
ms were included in the off-line data analyses (Salthouse and
Ellis, 1980; Carpenter, 1988; Kaufmann et al., 2020a,b), which
resulted in the exclusion of 4.89% of all fixations.

RESULTS

Linguistic and Neuropsychological
Assessments
The linguistic assessments (Token Test, Boston Naming Test,
and Aachener Aphasie Test), showed mild to severe aphasia

in all 10 patients (Token Test mean = 4.20, SD = 3.74, range
0–8 out of 10; Boston Naming Test mean = 5.00, SD = 5.81,
range 0–14 out of 15). In 6 out of 10 patients, the Catherine
Bergego Scale revealed mild right-sided neglect in daily living
(CBS mean = 3.20, SD = 3.49; range 0–10). The Bells cancellation
test revealed right-sided neglect in 1 out of 10 patients (mean
CoC = −0.019, SD = 0.064). Individual test scores for each patient
are shown in Table 1.

Feasibility Characteristics
In all patients, the mean deviation between calibration and
validation was within the range of good quality, as indicated
by the device manufacturer (Mean = 0.448, SD = 0.232;
no significant difference between patients with mild aphasia
(mean = 0.503, SD = 0.332) and patients with moderate/sever
aphasia [mean = 0.412, SD = 0.163; unpaired t(8) = 0.586,
p = 0.574]. None of the measures had to be repeated.
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FIGURE 3 | (A) Depiction of the Pearson’s correlation between the mean gaze position during FVE and the CBS total scores in left-hemispheric stroke patients. The
regression line is shown in blue. Grey dots represent the patients’ individual CBS total scores (y-axis) and the corresponding mean gaze position during FVE in ◦ of
visual angle (x-axis; negative values representing a left-ward shift in exploration behaviour). (B) Box-and-Whisker plots of the Mean Horizontal Gaze Position (in ◦ of
visual angle) in left-hemispheric stroke patients (n = 10, top) and healthy controls (n = 20, bottom). Each box represents the lower (Q1) to the upper (Q3) quartiles,
with whiskers extending to the minimum and maximum of 1.5 times the interquartile range; the grey vertical lines represent the median. Additionally, mean values of
the two groups are indicated by the endpoints of the orange line, and individual values by grey dots. The red, dashed line indicates the cut-off for neglect,
i.e., <–1.359◦ (Kaufmann et al., 2020a). An exemplary picture, used in the FVE paradigm, is shown in the background.
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FIGURE 4 | Mean Number of Fixations, Mean Cumulative Fixation Duration, and Mean Visual Exploration Area, per Group and Screen half. Box-and-Whisker plots of
(A) mean number of fixations, (B) mean cumulative fixation duration, and (C) mean visual exploration area, per Group and Screen half. Results of left-hemispheric
stroke patients (n = 10) are depicted in light blue, those of healthy controls (n = 20) in grey. Significant post hoc differences, as evidence by Bonferroni-corrected
t-test, between the different combinations of factor levels are depicted by asterisks (∗∗∗p < 0.001). Median values per group are indicated by the horizontal black line
in each box. Each box represents the lower (Q1) to the upper (Q3) quartiles, with whiskers extending to the minimum and maximum of 1.5 times the interquartile
range. Outliers are indicated by black dots.

Furthermore, the spontaneous feedback of the patients and their
relatives was very positive. While the patients seemed relaxed and
calm, the patients’ relatives reported that they had the feeling that
the patients had felt comfortable during the measurements.

A t-test for independent groups, comparing the deviation
between calibration and validation between healthy participants
and left-hemispheric stroke patients, revealed no significant
difference between groups (mean in healthy control
participants = 0.449, SD = 0.194, mean in patients = 0.473
(SD = 0.251); t(28) = −0.296, p = 0.770).

Video-Oculography Data
Pearson’s correlations in left-hemispheric stroke patients showed
a significant, strong relationship between mean gaze position
during FVE and CBS scores (r = −0.856, p = 0.002,
Bonferroni-corrected; Figure 3A). Overall, patients with more
pronounced leftward shift in FVE (i.e., lower values in the
FVE) showed more severe neglect signs during everyday
behaviour (i.e., higher CBS scores). Pearson’s correlations
between the CBS score and the linguistic assessments did
not reveal significant (Token Test; r = −0.140, p = 0.700;
Boston Naming Test; r = −0.153. p = 0.672). Also, Pearson’s

correlations between mean gaze position during FVE and the
linguistic assessments did not show any significant results
(Token Test; r = 0.092, p = 0.800; Boston Naming Test;
r = 0.207. p = 0.566).

Comparing the mean gaze position (in ◦ of visual angle)
between groups, a significant leftward shift, indicating a
neglect toward the right, was found in left-hemispheric stroke
patients (t-test for independent groups: t(10.994) = 3.089,
p = 0.010; left-hemispheric stroke patients mean = −1.141,
SD = 1.334; healthy control participants mean = 0.231,
SD = 0.621, Figure 3B).

Comparing the percentage of left-ward first fixations between
groups, a significant leftward shift, indicating a neglect toward
the right, was found in left-hemispheric stroke patients (t-test for
independent groups: t(28) = 3.927, p = 0.001; left-hemispheric
stroke patients mean = 78.338%, SD = 18.510%; healthy control
participants mean = 54.579%, SD = 14.040%).

In left-hemispheric stroke patients, a leftward shift was
also found when analysing the mean number of fixations per
screen half (mixed-model ANOVA with a significant interaction
between factors Group ∗ Screen Half; F(28, 1) = 19.398,
p < 0.001;η2 = 0.271, i.e., large effect; Figure 4A; for a more
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fine-grained scale of the mean number of fixation please see
Supplementary Figure 1), the mean cumulative fixation duration
(mixed-model ANOVA with a significant interaction between
factors Group ∗ Screen Half; F(28, 1) = 24.674, p < 0.00;η2 = 0.435,
i.e., large effect; Figure 4B), and the mean visual exploration area
(mixed-model ANOVA with a significant interaction between
factors Group ∗ Screen Half [F(28, 1) = 23.440, p < 0.001;
η2 = 0.2261, i.e., large effect, Figure 4C).

DISCUSSION

In the present study, we show that video-oculography during
a FVE paradigm is a feasible approach to evaluate right-sided
neglect in left-hemispheric stroke patients with aphasia. We
show that, by combining verbal and non-verbal instructions (i.e.,
including a step-by-step demonstration on how the measurement
is conducted), high quality oculomotor data can be collected even
in patients with severe aphasia.

The calibration of the eye-tracking system and its validation
could be easily performed and showed reliable data quality, i.e.,
there was no difference between healthy participants and left-
hemispheric stroke patients in this respect. Furthermore, the
number of fixations excluded during offline data pre-processing
was comparable to the one of studies including right-hemispheric
stroke patients (e.g., in the present study 4.89%, in Kaufmann
et al., 2020a about 6.25%, in Kaufmann et al., 2020b about 7.89%
of all fixations were excluded).

In contrast to conventional neuropsychological neglect
screenings, which depend on structured and sometimes complex
verbal task instructions (i.e., Cancellation tests), virtually no
explicit instructions are needed to perform FVE. Indeed,
FVE is spontaneous and largely relies on automatic, bottom-
up orienting of attention, similarly to every day behaviour
(Pflugshaupt et al., 2004; Paladini et al., 2019). The generally
positive feedback of our left-hemispheric stroke patients with
aphasia and their relatives showed that the FVE paradigm and the
eye movement measurement was well tolerated, and the patients
felt comfortable during the assessment.

Video-oculography during FVE revealed a significant leftward
shift in mean gaze position, which was highly correlated
with neglect severity in everyday behaviour, as assessed by
means of the CBS. Furthermore, we observed exactly the
mirrored pattern that is usually observed in patients with left-
sided neglect after right-hemispheric stroke, i.e., a rightward
shift in exploration behaviour (e.g., Delazer et al., 2018;
Kaufmann et al., 2020a).

Further indicators of lateral biases in the spatial allocation
of visual attention (i.e., percentage of left-ward first fixations,
mean number of fixations, mean cumulative fixation duration,
and mean visual exploration area) also revealed a typical
neglect pattern: early orientation toward the left and
significantly fewer fixations, less time spent exploring, and
a significantly smaller visual exploration area within the right
half of the screen.

Finally, as an observation, it is interesting to note that
video-oculography during FVE correctly identified more neglect

patients after left-hemispheric stroke (4 patients) than the Bells
Cancellation Test (1 patient). The present study only aimed
to test the feasibility of video-oculography in aphasic patients.
As a next step it might therefore be interesting to investigate
the sensitivity of FVE in detecting neglect after left-hemispheric
stroke in a larger patient sample similarly as it has been done in
right-hemispheric stroke patients (Kaufmann et al., 2020a).

CONCLUSION

In conclusion, our study shows that video-oculography is
a feasible approach to diagnose right-sided neglect in left-
hemispheric stroke patients, in which the compliance with verbal
test instructions is often compromised by language deficits, such
as aphasia. Furthermore, video-oculography during FVE may
have the potential to be applied as a complementary tool for the
longitudinal assessments of neglect severity in aphasic patients,
as well as an outcome measure in visual attention research in
left-hemispheric stroke.
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