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Abstract

Background: Augmented Reality (AR)-based interventions are applied in neurorehabilitation with increasing fre-
quency. Depth perception is required for the intended interaction within AR environments. Until now, however, it is
unclear whether patients after stroke with impaired visuospatial perception (VSP) are able to perceive depth in the AR
environment.

Methods: Different aspects of VSP (stereovision and spatial localization/visuoconstruction) were assessed in 20
patients after stroke (mean age: 64 & 14 years) and 20 healthy subjects (HS, mean age: 28 48 years) using clinical tests.
The group of HS was recruited to assess the validity of the developed AR tasks in testing stereovision. To measure
perception of holographic objects, three distance judgment tasks and one three-dimensionality task were designed.
The effect of impaired stereovision on performance in each AR task was analyzed. AR task performance was modeled
by aspects of VSP using separate regression analyses for HS and for patients.

Results: In HS, stereovision had a significant effect on the performance in all AR distance judgment tasks (p=0.021,
p=0.002, p=0.046) and in the three-dimensionality task (p =0.003). Individual quality of stereovision significantly
predicted the accuracy in each distance judgment task and was highly related to the ability to perceive holograms

as three-dimensional (p =0.001). In stroke-survivors, impaired stereovision had a specific deterioration effect on only
one distance judgment task (p =0.042), whereas the three-dimensionality task was unaffected (p=0.317). Regression
analyses confirmed a lacking impact of patients’ quality of stereovision on AR task performance, while spatial localiza-
tion/visuoconstruction significantly prognosticated the accuracy in distance estimation of geometric objects in two
AR tasks.

Conclusion: Impairments in VSP reduce the ability to estimate distance and to perceive three-dimensionality in an
AR environment. While stereovision is key for task performance in HS, spatial localization/visuoconstruction is pre-
dominant in patients. Since impairments in VSP are present after stroke, these findings might be crucial when AR is
applied for neurorehabilitative treatment. In order to maximize the therapy outcome, the design of AR games should
be adapted to patients'impaired VSP.
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Trial registration: The trial was not registered, as it was an observational study.
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Background

Visuospatial perception (VSP) is the ability to appro-
priately perceive the physical location of an object in
relation to the own body and to identify the physical
relationship between different objects. Concretely, VSP
describes the interpretation of size, shape, position and
motion of objects [1]. Visuospatial abilities are manda-
tory for functional tasks in everyday life [2], such as but-
toning a shirt, assembling furniture [3], grasping objects
and evaluating distances in road traffic [4]. VSP involves
several aspects, such as visuoconstruction, binocular ste-
reopsis and spatial localization [5]. Visuoconstruction is
the ability to see a picture in its single elements and to re-
arrange them to the original picture with respect to their
spatial relationships [3]. Binocular stereovision describes
the perception of depth. It is defined as the ability to visu-
ally perceive the world as three-dimensional (3D) and to
estimate the distance of an object [6]. Although the retina
of our eyes perceives the world as a flat and two-dimen-
sional (2D) image, the fusion of both retinal images leads
to the generation of a 3D image in the occipital cortex [7].
Spatial localization abilities are involved in the discrimi-
nation of shapes and their localization in space [5].

The processing pathway of visuospatial information
starts with the projection of the visual field on the reti-
nas of both eyes. Photoreceptors of both retinas transfer
the images of each eye separately as neural signals via the
optic nerves. Both optic nerves meet each other at the
optic chiasm, where the nasal fibers cross over. Visual
information is further transmitted over the corpus genic-
ulatum laterale to the occipital cortex [8]. This is the first
cortical area that receives and fuses visual input from
both eyes. Corresponding retinal points are interpreted
in the occipital cortex, for which intact communication
of the right and left brain hemisphere through the corpus
callosum is essential [9]. Cortical information process-
ing continues in higher areas of the cortical visual sys-
tem over two separate processing streams: the dorsal and
the ventral occipital pathways [10]. Specifically, neurons
of the dorsal pathway, which proceeds from the occipi-
tal cortex over V2 and MT/V5 to the intraparietal area of
the brain [10], process visuospatial information and are
sensitive for disparity. On a high visual processing level,
the neurons of the dorsal pathway are involved in the
evaluation of depth, motion and location of objects [11],
as well as in the decision on how to use, manipulate and
interpret objects [12]. The path of the ventral occipital
stream starts in V1, proceeds over V2 and V4, and ends

in the inferiortemporal area [10]. In the ventral pathway,
neurons are sensitive for the detection of object proper-
ties. Neurons in the inferiortemporal area are for exam-
ple responsible for size constancy. The size of a familiar
object is interpreted as being the same, independent of
the object’s distance. Even though the object projects dif-
ferent absolute sizes on the retina with varying distance,
the perception of the object’s size remains stable [8].

After a stroke, where the brain tissue is damaged due to
a lack in oxygen supply [13], the above-mentioned neu-
ral structures are commonly impaired in survivors, which
has an impact on VSP. The most prevalent impairment in
VSP in patients after stroke is spatial neglect [14], where
the patient shows difficulties in orientation and attention
in the contralesional space [15]. Secondly, hemianopia
which is the loss of visual perception in one hemifield is
a common symptom after stroke leading to impairments
in VSP [9]. Thirdly, every fifth patient after stroke is clas-
sified as being stereoblind [16]. Besides perceptual dif-
ficulties, stroke survivors are affected by eye movement
disorders, like gaze palsy, heterotropia (in the reference
paper [17] the term strabismus is used) and nystagmus
[17]. Eye movement disorders hinder the eyes in giving
an adequate input to the occipital cortex and lead to defi-
cits in stereopsis and to visuospatial impairments, since
the integration of binocular information in the occipital
cortex is impaired [9, 18].

Independent of the fact that patients after a stroke
show deficits in VSP, Augmented Reality (AR), Virtual
Reality (VR) and active video games are used as tech-
nological interventions in the setting of neuroreha-
bilitation [19-23]. These technological interventions
have the potential to positively affect motor learning,
as patients enjoy the training sessions, show engage-
ment in the therapy and are motivated [19, 20]. Some
patients are additionally encouraged by the challeng-
ing character of the games and the possibility of receiv-
ing real-time feedback on their performance [21].
AR, VR and gaming devices provide the opportunity
to easily adapt the task difficulty to the patient’s indi-
vidual capabilities and thus make individualized treat-
ment possible [22]. Furthermore, these technological
interventions can address cognitive functions such as
memory [21] and also support patients with cognitive
impairments in the performance of Activities of Daily
Living (ADL [24]). Another advantage of AR systems in
particular, where the real environment is augmented in
real-time by interactive, virtual 3D holographic objects
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[25], is the possibility to perform ADL in a more func-
tional way that is similar to typical daily activities [26].
Intervention studies, which investigate the effectiveness
of AR applications in combination with robotic devices
for the upper limb (UL) rehabilitation in patients after
stroke, have found improvements in the UL functions
after the intervention [23]. However, in interventions
like these, the patient reaches and moves holographic
objects that are placed at different distances from the
user. This indicates that the individual’s VSP is crucial
for the intended interaction in the AR environment and
thus for benefitting from the AR intervention [27].

Previous findings from literature including healthy
participants indicate that AR devices are able to provide
stereoscopic images to the user and conclusively give
an instant understanding of depth in the AR environ-
ment [27-29]. According to the subjective perception
of holographic objects of patients after stroke, their
responses are inconsistent regarding the appearance of
holograms as (1) placed in the room, (2) touchable and
reachable, and (3) as real or natural objects [30]. Never-
theless, it has not been investigated whether deficits in
VSP after stroke are associated with the perception of
holographic objects. Still, it is unclear if patients with
impairments in VSP are able to perceive virtual holo-
grams as 3D and to adequately judge distance in the AR
environment.

To address this gap in literature, the ‘SPiAR—Spatial
Perception in Augmented Reality’ study was initiated.
To compare impairments in VSP with depth perception
during an AR application, stereoscopic vision and spatial
perception in a real surrounding and in an AR environ-
ment were assessed in patients post stroke and in healthy
subjects (HS). The primary aim was to compare the per-
ception of holographic objects between subjects with and
without impairments in stereovision. The secondary aim
was to investigate the relationship between VSP in the
real environment and VSP perception of virtual holo-
grams in the AR environment.

Methods

Study design

The purpose of this study was to investigate the impact
of impairments in VSP on the ability to perceive depth
during an AR application in patients after stroke. In the
design of an exploratory study, stereovision and spatial
perception in the real and the AR environment were
assessed. In the first step, a group of HS served to test the
validity of the newly developed AR tasks in assessing ste-
reovision. In the second step, patients after stroke were
tested. Every participant performed the testing proce-
dure once in a 40-min session. Patients with attentional
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or cognitive deficits participated in two separate sessions
with a duration of 20 min each.

Participants

As the incentive behind this study was to improve the
applicability of AR treatment in neurorehabilitation,
potential users of AR therapy were addressed. Conse-
quently, patients who received either robotic or AR treat-
ment were screened for eligibility to participate (n=42).
Inclusion criteria was the diagnosis of a stroke, without
restriction of the location of the lesion, since it is unclear
whether or not the site of the stroke affects depth per-
ception [31]. HS were recruited by word of mouth. Ten
subjects with normal or corrected to normal vision and
ten individuals showing problems in stereovision were
recruited. These two subgroups of HS were matched for
sex and age (£ 2 years). Exclusion criteria for patients and
HS are presented in Fig. 1.

The study was approved by the Ethics Commission
of the Medical Faculty of the Technical University of
Munich (registration number: 175/17 S) and conducted
according to the principles of good clinical practice. All
participants provided written informed consent prior to
the testing procedure.

Clinical tests
Different aspects of VSP were assessed: stereovision and
spatial localization/visuoconstruction.

Stereovision in real world was tested using two stand-
ard clinical assessments: the Titmus-Test (Stereo Optical
Co., Chicago, IL) and the Lang II Stereotest (LANG-STE-
REOTEST AG, Kiisnacht, Switzerland). The Titmus-Test
consists of two subtests measuring the presence of ste-
reovision (Stereo-Fly Test) and the quality of stereovision
(Circles test). Both subtests are performed at a distance
of 40 cm away from the subject, while wearing polarized
glasses (45°/135°) that produce vectograph images. In
the Stereo-Fly Test, a fly is presented to the subject with
a disparity of 3552 s of arc (”). Participants were asked
to touch the fly’s wings with a pinch movement of the
index finger and the thumb. Correct test performance
and thus intact stereovision is given when the subject
pinches the wings, which are floating in the air above the
board. Quality of stereovision was measured by means
of the Circles test, where different levels of stereoacuity
are presented. Nine diamond shaped clusters consisting
of a set of four vectographic circles were presented to
the participant. In every diamond one circle is depicted
with a disparity ranging from 800” to 40” and thus gives
the impression of standing in front of the other circles,
when wearing the polarized glasses [32]. The difficulty
increases with progressing from one cluster to the next,
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Fig. 1 The study population of the SPIAR study

as the degree of disparity decreases. The outcome vari-
able of the Circles test was the detected stereoacuity level
in seconds of arc in the last correctly named cluster. For
statistical analysis, the stereoacuity level was transformed
to categories from zero to ten (0 = no stereoacuity level
was detected; 1 = 5335”; 2 = 800”; 3 = 400", 4 = 200",
5=140"; 6 = 100"; 7 = 80"; 8 = 60”; 9 = 50”; 10 = 40").

The Lang II Stereotest requires the subject to identify
an object that is concealed in a Random Dot Stereogram
(RDS). One stimulus card, presenting four different dis-
parity-defined objects, is presented at a distance of 40 cm
to the person. Three of these concealed objects (elephant,
truck and moon) are presented at different disparity lev-
els (600”, 400” and 200”) in a RDS. The fourth object
(star) can be detected with monocular vision. Tests that
are based on a RDS, like the Lang II Stereotest, assess
global stereopsis. The outcome of the Lang II Stereotest
was either ‘pass’ or ‘failure’ There were three scenarios
in which the subject passed the test: (1) all three binocu-
lar objects were named correctly, (2) depth was appreci-
ated in all three binocular objects, but the shape was not
named, or (3) two out of three binocular objects were
correctly named and the negative response was at low-
est stereoacuity level (moon). All other scenarios were
recorded as ‘failure’ [33].

Spatial localization/visuoconstruction was tested using
the Visual Object and Space Perception (VOSP) test bat-
tery [34]. This test battery includes four validated and
standardized tasks, namely (1) Dot Counting, (2) Posi-
tion Discrimination, (3) Number Location, and (4) Cube
Analysis [34, 35]. For a successful performance of the

VOSP test battery, intact spatial processing and visuo-
constructional abilities are required in order to scan the
stimulus card, localize objects, and interpret their relative
position [36]. In the Dot Counting task the participant
named the number of randomly arranged dots on ten
stimulus cards. Twenty stimulus cards were presented
in the Position Discrimination task, each showing two
squares next to each other, one with a centered and one
with an not-centered dot. Participants were instructed to
name the square, in which the dot is centered. The Num-
ber Location task consisted of ten cards presenting two
squares above each other. The upper square showed ran-
domly placed numbers, the lower one a dot which was
located in the same position as one of the numbers above.
The instruction of this test was to name the number in
the upper square that is located in the same position as
the dot. Ten stimulus cards, which show 2D drawings of
a 3D configuration of cubes were presented in the Cube
Analysis. Subjects interpreted how many cubes the draw-
ing on the stimulus card contains. Outcome of the VOSP
test battery was the number of correctly answered stimu-
lus cards with a maximum score of 50 points.

Tests in the AR environment

Regarding VSP in an AR environment, two differ-
ent aspects were assessed: the ability to judge the dis-
tances of holographic objects (three tasks: Perceptual
Matching Task (PMT), Alternative Forced Choice Task
(AFCT), Position Task (PT)) and the ability to per-
ceive holographic objects as 3D (one task: 3D Detection
Task (3DDT); Fig. 2). In order for the participants to



Hohler et al. J NeuroEngineering Rehabil

(2021) 18:127

Page 5 of 17

A3) geometric condition

Al PMT B1) AFCT
Starting position @ End position 1.50m
/ 1.30m 1309 132
v & 5 @ ~©
¢ S g - U
L, 23, o
A2) ADL condition B2) ADL condition

B3) geometric condition

C1)PT

o [

C2) ADL condition

D1) 3DDT

QOO

D2) ADL condition

on a two-dimensional screen

Fig. 2 Tasks assessing the ability to judge distance (A1-C1) and to perceive 3D (D1) in AR. For the distance judgment tasks, either objects of

Activities of Daily Living (ADL) were used (A2-C2) or geometric spheres were presented (A3-C3). A1-D1 show two-dimensional illustrations of the
tasks, A2-C2 and A3-C3 show screenshots from the visual field of the user while wearing the Microsoft HoloLens®. CAVE: Screenshots deviate from
the real projection of objects via the Microsoft HoloLens®. The impression of depth as displayed with the Microsoft HoloLens® cannot be displayed

-
C3) tri di D3) g i diti
actual representationnot
possible

familiarize themselves with interacting with holographic
objects, a familiarization task and two tryouts of each
test were performed directly beforehand. Each test was
then conducted ten times. Participants answered the
tasks verbally. The time needed for task completion was
recorded for each test. In the three distance estimation
tasks, either geometric holograms (i.e., circle or sphere)
or ADL-based holograms (i.e., key, light bulb, watering
can and hammer) were presented to the participant with
randomized constellation of objects via the Microsoft
HoloLens® 1st Generation (Microsoft Corp., Redmond,
USA). These ADL objects have been used in previous AR
applications for neurorehabilitation within the Therapy
Lens project (http://www.therapylens.com/); their pro-
gramming code is available on GitHub (https://github.
com/Ninarohrbach/panto-holo). In the 3D appearance
task, solely geometric objects were used (Fig. 2). With the
intention to test binocular stereoscopic vison, monocular
cues giving information about the distance or 3D appear-
ance of an object were minimized in all four AR tasks.

Perceptual matching task

In the PMT, two objects were presented at different dis-
tances from the participant. Subjects were instructed to
actively adjust the distance of the right object (stimulus
object) to the perceived distance of the fixed object on
the left (target object) using the scroll wheel of a Blue-
tooth mouse. As the outcome parameter, the absolute
deviation between the stimulus object and the fixed

target object was calculated in order to evaluate task per-
formance. The distance between observer and the closest
point of each hologram was compared.

Alternative forced choice task

During the AFCT, participants were asked to identify
which out of four holograms, randomly projected with
different distances to the observer, was perceived to
be the closest. The difference in distance between the
closest and second closest object was between 7 mm
and 4 cm, based on the distance detection threshold of
healthy subjects in a virtual surrounding [38]. As out-
come variable, the proportion of correctly performed
test runs was calculated. To evaluate task difficulty, the
distance between the closest and the second closest
object was given as output for each subtest.

Position task

In the PT, the user was asked to name the position of
a holographic object that was presented either in front
of, in the middle of or behind a translucent cube. The
outcome variable was the proportion of correctly per-
formed tasks.

3D detection task

In the 3DDT, four spheres were presented to the user.
Three of them were presented at the same depth plane
and in two dimensions, while one was projected as pop-
ping out, which should be detected by the user. Just as
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in the Circles test, the outcome parameter was the low-
est correctly identified stereoacuity level expressed in
seconds of arc. The respective stereoacuity levels were
then transformed according to the categories of the
Circles test, ranging from zero to ten.

Subjective perception of holograms

To assess the participants’ subjective perception of
holograms in the AR environment, tested individuals
answered the presence questionnaire [39]. Immediately
after performing the AR tasks, subjects evaluated the
quality of projected holograms by answering the pres-
ence questionnaire with respect to objects’ realness and
3D appearance. Furthermore, the questionnaire aims to
catch the subjective impression of objects appearing to
be present in the real environment. In the SPiAR study,
six of Regenbrecht and Schubert’s original seven state-
ments were answered by a seven-point Likert Scale rang-
ing from low presence (0) to high presence (6). One of the
original questions addressed the relationship between
real and virtual objects. This question was not included in
the presence questionnaire of the SPiAR study, as exclu-
sively virtual objects were presented to the participants.
Moreover, the second question of the original question-
naire was specified for every hologram (I had the impres-
sion that I could have touched and grasped the hammer/
key/light bulb/watering can.) and added to the question-
naire. The questionnaire was also used to ask for partici-
pants’ characteristics, i.e., questions about age, sex, visual
impairment indicated by diopter and ocular diseases.

Data and statistical analysis

The group of patients after stroke and the group of HS
were each split into two groups according to their abil-
ity to perceive depth, classified by a combination of the
results in the Circles and Lang II Stereotest. The group-
ing criterion for intact stereovision was a combination
of (1) passing the Lang II Stereotest, plus (2) reaching at
least the 7th cluster of the Circles test, which represents
60”. The second group was characterized by impairments
in stereovision. Members of this group either failed the
Lang II Stereotest or were unsuccessful at a stereoacuity
level above 60” in the Circles test.

HS as well as patients were described and compared
regarding demographic data and VSP. The outcome of
the presence questionnaire was used for descriptive sta-
tistics in order to describe the sense of presence in the
AR environment. Giving an idea of how patients after
stroke perceived the holograms, the sense of presence
also served as a feasibility indicator of an AR application
in this patient group.

With respect to the primary aim of the SPiAR study,
outcome variables of each AR task were tested separately
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for significant differences between subjects with intact
stereovision and subjects with impairments in stereovi-
sion, as well as between the ADL and the geometric con-
ditions. In case the dependent variable (outcome of AR
task) fulfilled the assumptions of normality (Shapiro—
Wilk test) or homogeneity of variance (Levene’s test), a
mixed-factor ANOVA with one between-group factor
(stereovision: stereonormal vs. stereoimpaired) and one
within-group factor (task condition: ADL vs. geometric)
was calculated. The performance in AR tests, in which
one of the assumptions for a mixed-factor ANOVA was
violated, was compared between subjects with and with-
out impairments in stereovision using the Mann—Whit-
ney U test. Accordingly, the outcome variable of the AR
test was compared between the ADL and geometric con-
ditions by the Wilcoxon test. Differences between ste-
reonormal and stereoimpaired participants in the task
completion time were analyzed. As it was not the focus
of the study to investigate completion times, participants
were not under time pressure, which limits the interpret-
ability of completion times. This data is thus not included
in the manuscript, but as a supplementary table.

To address the secondary aim, a linear regression model
was applied to predict the performance in those AR tasks
where the outcome variable fulfilled the assumption of
(1) interval data, (2) linearity, (3) homoscedasticity and
no autocorrelation of residuals, and (4) multicollinearity
of independent variables. Predictors of this model were
the presence or absence of stereovision (combination of
Titmus and Lang II Stereotest), the quality of stereovision
in seconds of arc (Circles test) and spatial localization/
visuoconstruction (VOSP test battery). The relationship
between VSP and those AR outcome variables, for which
the assumptions for a linear model were violated, but
which follow a normal distribution or were on an ordi-
nal scale, were analyzed with the Pearson correlation or
Spearman’s rank correlation, respectively.

All data was analyzed using IBM SPSS Statistics version
24 at an a-level of 0.05.

Results

Participants’ characteristics

Overall, 20 patients (15 men, 5 women) and 20 HS (10
men, 10 women) participated in the SPiAR trial with
a mean age of 64 years (SD 14) and 28 years (SD 8),
respectively. As HS with intact stereovision and HS with
impaired stereovision were age-matched, there was no
significant difference in age between both subgroups
(z=—0.308, p=0.796). Patients with impairments in ste-
reovision (mean age: 70 years, SD 7) tended to be signifi-
cantly older than patients with intact stereovision (mean
age: 56 years, SD 17; t (8.627) = —2.163, p=0.060). Of
the 20 participating patients, 18 suffered an ischemic
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stroke and two a hemorrhagic stroke. Eight patients were
affected on the right hemisphere, four patients on the left,
four patients on both hemispheres and four patients on
the brainstem. Different spatial and visual/ocular-motor
impairments were diagnosed: neglect (n=2) hemianopia
(left (n=1), left and right (n=1)), near exophoria (n=1),
heterotropia (n=1), nystagmus left (n=1) and reduced
visual acuity (n=2). Additional detailed patient-specific
information and quantification of the visual impairments
is provided in Table 1.

Around half of the study population (50% of HS, 40%
of patients) passed both the Lang II and Circles test and
were classified to have full stereovision. As a measure-
ment of the quality of stereovision, patients achieved a
mean category of 6 (= 100”; SD 3) in the Circles test and
HS a mean category of 7 (= 80”; SD 3). Ceiling effects
were found for spatial localization/visuoconstruc-
tion in HS, who reached a median score of 50 points
(IQR 49-50) in the VOSP test battery. Stereovision did
not affect spatial perception of HS, as there was no sig-
nificant difference in the VOSP result between HS with

intact and impaired stereovision (zypgpg,,= — 1.088,
b= 0.353; ZCube Analysis = — 1.453, p=0'4'81; ZDot Count-
ing= — 0.610, p=0.739; ZNumber  Location — — 1.641,
p= 0.218; Zposition  Discrimination — 1.000, p= 0‘739)'

Similarly, there was no significant difference in spatial
localization/visuoconstruction between patients with
intact stereovision and patients with stereoimpairments
(ZVOSPsum= - 0'545’ p=0'624; ZCube Analysis= _0'359'
p=0'734; Zpot Counting<0'001’ p=1.000; ZNumber Loca-
tion— 1.544, p=0'135; Zposition Discrimination — —0.509,
p=0.678). Overall, patients received a median of 46
points (/IQR 43-49) in the VOSP.

The reported sense of presence in the AR environ-
ment indicated that both groups, HS and patients,
perceived virtual objects as touchable and grasp-
able (med: 5; IQR 2-5). While the study population
was undecided about the possibility to interact with
the hammer (med: 3; IQR 1-5) or the key (med: 3;
IQR 2-5), a rather high presence was reported when
the watering can (med: 4; IQR 2-6) or the light bulb
(med: 4; IQR 2-6) was presented. Participants had
the impression that virtual objects in the AR envi-
ronment were located in space (med: 5; IQR 3-5) and
they perceived the holograms as 3D (med: 5; IQR 4—6).
Neither patients nor HS paid attention to differences
between reality and virtuality (med: 4; IQR 1-6) nor
did they need much effort to recognize the holograms
as 3D (med: 5; IQR 2-6). Solely, the judgment about
the perceived realness of holographic objects was dif-
ferent between HS and patients. With a median of 4
(IQR 2-5), HS judged the realness of holograms lower
than patients did (med: 6, IQR 5-6).
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Effects of stereovision on the perception of holograms
Distance estimation

Perceptual Matching Task The deviation of the stimulus
object from the fixed target object in the end position was
an indicator for the subjects’ performance in the PMT. HS
had a mean deviation from the target object of 2.31 cm
(SD 1.87). The average deviation in the PMT of HS with
impaired stereovision was significantly higher than the
average deviation of HS with intact stereovision (FStereo-
vision (1, 18) =6.351, p=0.021, 172:0.021). Besides ste-
reovision, the task condition had a large significant effect
on task performance of HS (FCondition (1, 18) =4.674,
p=0.044, ;72=O.206), As visualized in Fig. 3A, the mean
deviation of the stimulus object from the target object in
the end position was smaller in the geometric condition,
while HS had more difficulties in matching ADL objects.
There was no significant interaction between the factors
task performance and stereovision (FCondition*Stereovis
ion (1, 18) =0.933, p=0.347, 7> =0.049).

Patients aligned the stimulus object, on average, with
a mean deviation of 4.40 cm (SD 2.84) from the target
object. Within the patient group, presence or absence of
stereovision had no significant effect on the mean devia-
tion from the target object (FStereovision (1, 18) =0.394,
p=0.538, ;72=0.021). In contrast, task condition had a
large significant effect on the matching accuracy in the
PMT (FCondition (1, 18)=11.586, p=0.003, >=0.392).
Similar to HS, patients matched ADL objects with a
higher mean deviation from the target object than geo-
metric objects (Fig. 3A). Regarding the performance of
patients in the PMT, the factors task condition and ste-
reovision showed no significant interaction (FCondition*
Stereovision (1, 18) =1.028, p=0.324, ;72 =0.054).

When analyzing the relationship between the ADL
and geometric condition of the PMT in the subgroup of
participants with stereoimpairments, no significant cor-
relation was present in HS (r (10)=0.496, p=0.145).
HS who aligned both objects with less deviation in the
geometric condition did not necessarily perform well
in the ADL condition. In the group of patients with ste-
reoimpairments, results revealed a strong, significant
correlation between the ADL and geometric condition
(r (12)=0.578, p=0.049). Patients with problems in the
ADL condition of the PMT also showed deficits in align-
ing geometric objects.

Alternative Forced Choice Task For the evaluation of
the AFCT, the proportion of correctly answered tasks
was analyzed to evaluate subjects’ performance. On aver-
age, HS answered 70% (SD 22%) of AFCTs correctly.
In HS, stereovision had a large significant effect on the
proportion of correct responses in the AFCT (FStereovi-
sion (1, 18) =13.738, p=0.002, #* =0.433). HS with intact
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Fig. 3 Results of the tests in the AR environment. The performance is presented separately for healthy subjects and patients. Error bars in A-C
represent £ one standard error. *Significant difference in task performance between stereointact and sterecimpaired participants. ¢y Significant
difference in task performance between the ADL and the geometric conditions

stereovision were, with a mean proportion of 84% (SD
15%), more often successful in detecting the closest holo-
gram compared to stereoimpaired HS with a mean pro-
portion of 56% (SD 18%; Fig. 3B). Unlike stereovision, the
task condition did not significantly affect the performance
in the AFCT in HS (FCondition (1, 18) =0.046, p =0.833,
#*=0.003). The interaction between the factors stereovi-
sion and task condition was not significant (FCondition*S
tereovision (1, 18) =1.248, p=0.279, #*=0.065).

On average, patients answered 49% (SD 25%) of
AFCTs correctly. Those patients with intact stereovision

performed the AFCT with a mean proportion of 54%
(SD 30%) similar to patients with impaired stereovi-
sion, who identified the closest object in 47% (SD 23%)
of tasks. Thus, stereovision had no significant effect on
the task performance in patients after stroke (FStereovi-
sion (1, 18)=0.193, p=0.666, °=0.011). As visualized
in Fig. 3B, patients showed difficulties especially in the
ADL condition of the AFCT, while a relatively high pro-
portion of tasks was correctly answered in the geomet-
ric condition. The task condition had a large significant
effect on the performance of the AFCT in the patient
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group (FCondition (1, 18) =10.087, p =0.007, #*=0.183).
Similar to the HS group, there was no significant interac-
tion between task condition and stereovision (FConditio
n*Stereovision (1, 18) =0.697, p =0.415, #*=0.037).

Notably, there was no significant relationship between
the difficulty of the AFCT (indicated by the differ-
ence in distance between the closest and second clos-
est object) and the proportion of correct responses (rs
(40)=—0.061, p=0.707), neither in the ADL condition
(rs (40)=—0.012, p=0.939) nor in the geometric condi-
tion (rs (40)=—0.210, p=0.193). Additionally, the diffi-
culty in the AFCT did neither significantly differ between
the group of stereointact HS and stereoimpaired HS
(z=—10.302, p=0.762) nor between stereointact patients
and stereoimpaired patients (z=—0.906, p =0.365).

When analyzing the relationship between task per-
formance in the ADL and geometric condition of the
AFCT, results revealed no significant correlations, nei-
ther in HS (r (10) = —0.256, p =0.476) nor in patients (r
(12)=0.392, p=0.208).

Position task For the evaluation of the PT, the propor-
tion of correctly named positions of the object in relation
to the cube was analyzed to evaluate task performance.
HS correctly answered, on average, a proportion of 89%
(SD 16%) of tasks. Stereovision significantly affected the
performance of HS in the PT. Stereointact HS succeeded,
with a mean proportion of 97% (SD 5%), significantly
more often than stereoimpaired HS with a mean propor-
tion of 81% (SD 20%; z=— 1.994, p = 0.046). Stereonormal
HS performed significantly better than HS with impair-
ments in stereovision, especially in the ADL condition
(z=—2.352, p=0.019; Fig. 3C). However, the overall
performance in the Position Task did not significantly
differ between the ADL and geometric conditions in HS
(z=—0.280, p=0.779).

Patients succeeded, on average, in 66% (SD 30%) of PTs.
As visualized in Fig. 3C, patients with intact stereovision
performed significantly better in the PT than stereoim-
paired patients (z=—2.031, p=0.042). Unlike HS, this
effect of stereovision was mainly present in the geomet-
ric condition of the PT (z=—2.602, p=0.009). Within
patients, the difference between ADL and geometric
conditions tended towards significance (z=—1.726,
p=0.084). With a mean proportion of 74% (SD 34%), the
position of geometric objects was more often detected
than the position of an ADL object with a mean propor-
tion of 61% (SD 35%).

The positioning of ADL or geometric objects is an indi-
cator for the task difficulty level (higher difficulty level
for positioning of objects behind the cube). Objects were
randomly placed in front of, in the middle of or behind
the translucent cube. Positioning of objects in relation
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to the cube was similarly distributed in the group of HS
with and without impairments in stereovision as well
as in stereonormal and stereoimpaired patients after
stroke. Concretely, on the group level the stimulus object
was positioned in front of the cube as frequently as it
was projected in the middle of or behind the cube. On
the individual level an disproportional high number of
tasks in which the stimulus object was located behind
the cube was presented to three healthy participants
with impairments in stereovision, one healthy individual
with intact stereovision, and four patients with stereoim-
pairments. However, there was no significant difference
in the proportion of correctly answered tasks between
subtasks where the sphere or the ADL object was posi-
tioned in front of the cube, in the middle of the cube or
behind the cube, neither within stereonormal HS (F (2,
117)=0.601, p=0.550, #=0.010) or stereoimpaired HS
(F (2, 117)=0.648, p=0.525, #*=0.011) nor in stere-
onormal patients (F (2, 93)=0.564, p=0.571, #*=0.012)
or stereoimpaired patients (F (2, 141)=0.434, p=10.649,
#*=0.006).

When analyzing the relationship between the perfor-
mance in the ADL and geometric conditions of the PT,
results reveal no significant correlations, neither within
the group of HS (r (10)=0.186, p=0.607) nor in the
patient group (r (12) =0.479, p=0.115).

3D appearance

For the evaluation of the 3DDT, the identified stereoacu-
ity level was analyzed with values ranging from 0 (= no
stereovision) to 10 (= 40”). HS showed a median quality
of stereovision of 9 (IQR 6-10). As shown in Fig. 3D, ste-
reointact HS reached a median value of 10 (/QR 9-10),
which is a significantly higher stereoacuity level than HS
with stereoanomalies, who reached a median stereoacu-
ity level of 6 (IQR 3-7; z=—2.936, p =0.003).

Patients reached a median quality of stereovision
of 8 (IQR 6-10) in the 3DDT. Quality of stereovi-
sion in the AR environment did not differ significantly
between patients with and without stereoimpairments
(z=—1.000, p=0.317). With a median stereoacuity of 8
(IQR 5-9), stereoimpaired patients performed compa-
rable to stereonormal patients with a median value of 8
(IQR 8-10).

Predictors of visuospatial perception in the Augmented
Reality environment

Distance estimation

The performance of HS in the first distance estimation
task, the PMT, was significantly predicted by a linear
regression model with the predictors stereovision, qual-
ity of stereovision and spatial localization/visuocon-
struction (F (3, 19)=12.541, p<0.001). The combination
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Table 2 Predictors of task performance in the AR environment
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Patients Healthy subjects
PMT AFCT PT PMT AFCT PT
Total
Stereovision (0.116) (—0.616) —0.236 — 0463 —0.092 0.139
Quality of stereovision (—0.023) (—0.527) 0.268 —1.189** 0.709* 0.879**
Spatial localization/visuoconstruction (—0.407) (0.246) 0423 —0.041 —0.085 —0277
ADL
Stereovision (—0.073) (—0.217) (0.091) —0.561 0.135 0.392
Quality of stereovision (—0.084) (—0.263) (0.414) —1.173% 0.770* 1.150%*
Spatial localization/visuoconstruction (—0.252) (—0.323) (0.118) 0.028 0.231 —0218
Geometric
Stereovision 0.002 (—0.955) —0450 —0.117 (—0.277) (—0.463)
Quiality of stereovision — 0401 (—0.862) 0.101 —0.731 (0.193) (—0.108)
Spatial localization/visuoconstruction —0.508* 0.271) 0.533** —0.218 (—0.232) (—=0.271)

Cells present B-coefficients of each predictor.*significant predictor at p <0.05, **significant predictor at p <0.01, (): model did not significantly predict
task performance, ADL: Activities of Daily Living, AFCT: Alternative Forced Choice Task, PMT: Perceptual Matching Task, PT: Position Task, Spatial localization/
Visuoconstruction: VOSP test battery, Quality of stereovision: Circles test, Stereovision: stereoimpaired stereointact

of the three predictors explained 70.2% of variance in
the deviation from the stimulus to the target object.
Exclusively, the quality of stereovision turned out to be
a highly significant predictor of the deviation from the
target object (p<0.001; Table 2). In the ADL condition
(F (3, 19)=7.602, p=0.002) as well as in the geomet-
ric condition (F (3, 19)=4.718, p=0.015), the linear
model significantly predicted the performance of HS in
the PMT. The model explained 58.8% of variance in the
deviation from the target ADL object. The quality of ste-
reovision of HS predicted their performance in the ADL
condition of the PMT (p =0.002; Table 2). When match-
ing the distance of two geometric objects, the model
explained 46.9% of variance in task performance. In the
geometric condition, there was the trend that quality of
stereovision significantly predicted the deviation from
the target object (p =0.058; Table 2).

Within the patient group, neither the model for the
PMT in general (F (3, 19)=1.240, p=0.328) nor the
model for the ADL condition of the PMT was significant
(F (3, 19)=0.418, p=0.742). The deviation from the tar-
get object in the PMT was only predictable by the lin-
ear model in the geometric condition (F (3, 19)=5.537,
p=0.008). Here, 50.9% of variance in patients’ perfor-
mance could be explained by the predictors stereovi-
sion, quality of stereovision and spatial localization/
visuoconstruction. A noteworthy result is that only the
latter predictor was significant for the deviation from
the target sphere (p=0.018; Table 2). Specifically, two
subtests of the VOSP test battery were significantly asso-
ciated with the matching accuracy in the geometric con-
dition of the PMT, namely Number Location (rs (20)=

—0.512, p=0.021) and Cube Analysis (rs (20)= —0.473,
»=0.035).

Within the group of HS, the performance in the AFCT
was predictable by the linear model (F (3, 19)=8.357,
p=0.001). VSP explained 61.0% of variance in the pro-
portion of correct responses. While participants’ ste-
reovision (p=0.780) as well as their result in the VOSP
test battery (p =0.635) could not be used to significantly
prognosticate the performance in the AFCT, quality
of stereovision was a significant predictor (p=0.034;
Table 2). When ADL objects were presented to HS,
50.7% of variance in the proportion of correct responses
was explained by the linear model (F (3, 19)=5.476;
p=0.009). Again, quality of stereovision was the only
significant predictor for the proportion of correctly iden-
tified ADL objects (p =0.040; Table 2). On the contrary,
the linear model was not able to significantly predict the
performance of HS in the geometric condition of the
AFCT (F (3, 19)=1.373, p=0.287). The linear model
failed to predict the performance of patients in the AFCT
(F (3,19)=0.493, p=0.692). The three predictors did not
apply for modeling the task performance, neither when
ADL (F (3, 19)=0.506; p=0.683) nor when geometric
objects were presented to the patient (F (3, 19)=0.996,
p=0.420).

The prediction of the performance of HS in the PT was
significant (F (3, 19)=9.297, p<0.001). Sixty-three per-
cent of variance in the proportion of correct responses
were explained by the three predictors stereovision
(p=0.633), quality of stereovision (p=0.009) and spatial
localization/visuoconstruction (p =0.124; Table 2). While
the model did not apply for the geometric condition of
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the PT (F (3, 19)=0.852, p=0.486), the three predic-
tors were highly significant in prognosticating the per-
formance of HS when ADL objects were presented (F
(3, 19)=17.776, p<0.001). In the latter condition, the
linear model explained 76.9% of variance in the propor-
tion of correctly identified positions of ADL objects in
relation to a translucent cube. Again, quality of stereovi-
sion exclusively predicted the performance in the ADL
condition of the PT (p<0.001), while stereovision and
the result of the VOSP test battery could not be used to
prognosticate task performance in the geometric condi-
tion (Table 2).

Regarding the performance of patients in the PT, the
linear model significantly explained 46% of variance in
the proportion of correct responses (F (3, 19) =4.565,
p=0.017). When analyzing the three predictors sepa-
rately, results revealed that only spatial localization/
visuoconstruction tended to significantly predict the per-
formance in the PT (p =0.053; Table 2). While the linear
model did not significantly predict the performance of
patients in the ADL condition of the PT (F (3, 19) =0.895,
p=0.465), it explained 59.9% of variance in the propor-
tion of correct responses in the geometric condition
(F (3, 19)=7.959, p=0.002). A noteworthy result was
that the VOSP test battery was a highly significant pre-
dictor for the proportion of correctly located spheres in
relation to the translucent cube (p =0.008; Table 2), while
none of the four subtasks (i.e. Dot Counting, Position
Discrimination, Number Location, Cube Analysis) were
related to patients’ performance in the geometric condi-
tion of the PT.

3D appearance

Spatial localization/visuoconstruction was not related
to the performance in the 3DDT, neither in the group
of HS (rs (20)= —0.180, p=0.448), nor in the patient
group (rs (20)=0.059, p=0.804). In contrast, the qual-
ity of stereovision of HS with stereoimpairments was
highly related to the perception of holographic objects as
3D (rs (10) =0.876, p=0.001). The higher the quality of
stereovision of the healthy participant, the better the per-
formance in the 3DDT. Quality of stereovision of patients
after stroke with stereoimpairments tended to be signifi-
cantly associated with the ability to perceive holograms
as 3D in the 3DDT (rs (12) =0.569, p =0.054).

Discussion

In summary, it is not only the presence of stereovision but
also the quality of stereovision of HS that has an influ-
ence on the ability to judge the distance of holograms and
their perception as 3D, while spatial localization/visuo-
construction had no impact on task performance. Based
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on this finding, the validity of the developed AR tasks in
assessing stereovision is assumed. In patients after stroke,
impaired stereovision affected the performance in one
of three distance estimation tasks. While the quality of
stereovision did not significantly predict the ability to
accurately judge distances in the AR environment, spatial
localization/visuoconstruction significantly predicted the
performance in the geometric condition of distance esti-
mation tests. The patients’ ability to perceive holograms
as 3D was neither affected by nor related to any aspect of
VSP.

Visuospatial perception and presence in context

of the state of research

Stereovision was analyzed as one aspect of VSP. Recruit-
ment of healthy individuals focused on matching the pro-
portion of subjects with intact and impaired stereovision.
Therefore, in the group of HS, impairments in stereovi-
sion were present in 50% of participants and the mean
stereoacuity level was 80”. With respect to norm values,
HS showed a lower quality of stereovision than healthy
adults in a similar age range, who had a mean stereo-
acuity level around 43" in the Circles test [40, 41]. With
a mean stereoacuity level of 100", patients who partici-
pated in the SPiAR trial are comparable to previous data
from a similarly healthy age group with a mean stereo-
acuity level of 94” [42]. However, the patient group shows
higher variation in the stereoacuity level (SD 400”) than
healthy individuals from the same age group (SD 60”).
Nevertheless, the patient group in the SPiAR study per-
formed slightly better in the Circles test than a popula-
tion of patients after stroke with reduced convergent
fusion who had a mean stereoacuity level of 147" (SD 68"
(4)). One interesting observation during the recruitment
of participants was that it took effort to recruit HS with
reduced stereovision to achieve a 50/50 ratio of stereoin-
tact and stereoimpaired subjects. On the contrary, dur-
ing the recruitment of patients after stroke, it was harder
to find patients with intact stereovision, as the majority
showed stereoimpairments. This finding is consistent
with the state of research, indicating a higher prevalence
for complete stereoblindness in stroke survivors (21%
(16)) than in HS (7% (32)).

As the second aspect of VSP, spatial localization/visuo-
construction was assessed by through the VOSP test bat-
tery. HS showed a ceiling effect in the performance of all
four tasks, which is supported by norm data [36]. Patients
showed impairments in the Dot Counting, the Position
Discrimination task and the Cube Analysis, which is in
accordance with previous data [43]. Patients’ perfor-
mance in the Number Location task varied greatly, rang-
ing from 3 to 10 points. According to existing literature,
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patients with right hemispheric brain damages show defi-
cits in the Number Location task, while the performance
of patients with left hemispheric brain damages does not
differ from HS [44].

Results of the presence questionnaire showed that the
study population had a low sense of presence specifi-
cally when either the hammer, the key or the light bulb
were presented. This is most likely due to the projec-
tion of ADL objects without their natural proportions.
Overall, HS perceived the objects as located in space.
Neither patients nor HS were strained when perceiving
the holograms as 3D and did not pay attention to differ-
ences between reality and virtuality. In summary, patients
and HS had an overall high sense of presence in the AR
environment indicating that both groups perceived the
holograms as intended. Feasibility of the AR tasks with
respect to accurate perception of holograms can be
assumed for patients and HS of the SPiAR study.

The impact of visuospatial perception on distance
estimation and 3D appearance of holograms

The perception of virtual holograms was associated
with VSP of healthy participants as well as patients after
stroke.

Healthy subjects

In the population of HS, impaired stereovision had an
effect on the ability to estimate the distance of holo-
grams. Concretely, the matching accuracy in the PMT,
the detection of the closest object as well as the detection
of the position of a hologram were all performed better
with intact stereovision. These findings validate the test’s
ability to assess a persons’ capability in stereoscopic dis-
tance judgment in an AR environment, since HS with ste-
reoimpairments perceived the distance of holograms less
accurately than HS with intact stereovision.

It is interesting to note that HS showed better match-
ing accuracy when geometric objects were presented
compared to ADL objects. In the ADL condition,
objects were presented to the participant without scal-
ing the objects’ size according to their natural appear-
ance. Therefore, true stereoscopic vision was necessary
to solve this task and to match the depth planes of both
objects. In contrast, two identical spheres were projected
in the geometric condition. Here, the size of the spheres
changed according to the distance from the user, which
might have facilitated the subject to estimate changes in
distance. However, the effect of impaired stereovision
appeared independent of the presented object type in
each of the three distance estimation tasks.

VSP of HS significantly predicted the performance
in all three distance estimation tasks and in their ADL
condition. Here, quality of stereovision turned out to be
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a significant predictor of task performance. In contrast,
spatial localization/visuoconstruction did not predict the
result in the AR test which can be ascribed to the ceiling
effect in the VOSP test battery.

Regarding the perception of holograms as 3D, impaired
stereovision showed an effect in the group of HS. The
quality of stereovision in the AR environment was higher
in participants with intact stereovision compared to
those with stereoimpairments. Additionally, the sub-
ject’s quality of stereovision was highly associated with
the performance in the 3DDT. Conclusively, the SPiAR
trial confirms the previous statement that HS with
intact stereovision are able to accurately perceive depth
when wearing the Microsoft HoloLens® [27]. Although
the Circles test, which assesses quality of stereovision,
was performed at a distance of 40 cm, while the spheres
in the 3DDT were projected at a distance of 1.5 m, the
measured stereoacuity level in the Circles test was highly
related to the 3DDT. Results of a previous study, in which
the performance in a stereotest was compared between
near and far distance, also revealed a high correlation of
the test results in HS [45]. In contrast, spatial localiza-
tion/visuoconstruction was not related to the perception
of holograms as 3D, due to the ceiling effect in HS.

Patients

In patients after stroke, impaired stereovision had a sig-
nificant effect on the ability to judge the distance of a
holographic object in the PT. In our investigated patient
group, the effect of impaired stereovision was particularly
present in the geometric condition of the PT, whereas
the performance in the ADL condition was not sensitive
to affected versus unaffected stereovision. Hence, it can
be hypothesized that there is another cognitive aspect
involved when the distance of ADL objects has to be
estimated. On the basis of a dual-stream visual process-
ing (ventral and dorsal), different cortical areas might get
activated when estimating the distance of ADL objects. In
contrast to the geometric condition, object use and inter-
pretation of objects might be subconsciously processed
during the ADL condition, which involves an additional
layer of visual processing [12]. Under the involvement of
the dorsal stream, the distance estimation of ADL objects
might not be independent of size interpretation and thus
be influenced by the unnaturally scaling of objects’ size.
This hypothesis is emphasized by the patients’ response
to the presence questionnaire and their comments during
the testing procedure: Patients after stroke did not per-
ceive holographic objects as natural and some mentioned
that it was difficult for them to suppress the intention of
naming the biggest object instead of the closest. Assum-
ing the above-mentioned dual-stream visual processing
in the ADL condition, findings from brain imaging data
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support the hypothesis of biased distance estimation
due to unconscious size interpretation of objects. Some
patients showed damages in the inferiortemporal area
of the ventral stream (see Table 1) which is responsible
for size constancy [8]. The inclusion of patients with and
without damages in this brain area might be a factor that
influenced distance estimation of ADL objects.

The performance in the PMT and the AFCT was nei-
ther affected by stereovision nor predicted by the qual-
ity of stereovision. The reason why impaired stereovision
had no effect on distance judgments in the PMT and
AFCT in the patient group most likely lies in the patients’
characteristics (see Table 1). In four patients, the assess-
ment of stereoscopic vision was influenced by near exo-
phoria with double images, uncorrected reduction in
visual acuity, prism correction glasses which cause a dif-
ference in visual acuity between the left and the right eye
and hemianopia. These visual/ocular-motor impairments
make it difficult to compare and relate the results of near
and far stereovision tests. The patient with near exopho-
ria perceives double images in near distances, which neg-
atively affects the performance in the clinical stereotests
(at a distance of 40 cm), while AR testing (at a distance
of 1.5 m) remains unaffected. Further, the testing of one
patient was impaired by uncorrected reduction in visual
acuity, which was less severe for distant vision in the AR
tests compared to close distances in the clinical stere-
otests. Since visual acuity influences the quality of ste-
reovision [45], the patient’s uncorrected vision biased the
effect of stereovision on distance estimation in the AR
environment. During clinical stereotesting, one patient
wore glasses with prism correction for the left eye, which
reduces visual acuity. The resulting difference in visual
acuity between both eyes is known to negatively affect
stereovision [9]. The diagnosis of hemianopia in another
patient also makes it difficult to compare the results of
the clinical stereotests with AR tasks. Visual field defi-
cits, resulting from hemianopia, potentially hinder the
binocular fusion of the smaller circles in the Titmus-Test,
while the spheres in the AR tests were bigger in size and
thus provide a higher chance to be at least partly fused.
Reasonably, the relationship between stereoimpairments
(tested at a distance of 40 cm) and distance judgment in
the AR environment (assessed at a distance of 1.5 m) is
biased by the visual/ocular-motor impairments of those
four patients.

Independent of stereovision, patients after stroke
showed better distance estimation when geometric
objects were presented compared to ADL objects. The
matching accuracy in the geometric condition of the
PMT significantly correlated with the performance in the
ADL condition, i.e., patients with less accurate distance
estimation in the ADL condition also performed worse in
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the geometric condition. Thus, impairments in VSP were
even more evident when ADL objects were presented.
This finding is relevant for therapy, in which ADL tasks
are frequently practiced [24, 26].

Results of the VOSP test battery significantly predicted
the performance in the geometric condition of two dis-
tance estimation tasks: the PMT and the PT. Spatial
localization/visuoconstruction significantly predicted
the ability to judge distances in those AR tasks. How-
ever, VSP did not predict the ability to estimate distances
in the AFCT. Patients after stroke showed difficulties in
detecting the closest object in the AFCT, independent
of visuospatial abilities. The task was potentially too dif-
ficult as the minimum difference between the closest and
second closest object was defined based on data from
healthy subjects. The distance detection threshold in a
virtual surrounding was found to be 7 mm [38]. However,
whether this threshold is appropriate for patients after
stroke was not investigated. Nevertheless, there was no
relationship between task difficulty (difference between
closest and second closest object) and the proportion
of correct responses in the AFCT on the group level.
Still, results are potentially biased as it is possible that
some individuals randomly received a disproportional
high amount of AFCTs with maximal difficulty (7 mm
between closest and second closest object).

Patients’ ability to perceive objects as 3D was neither
associated with nor affected by their VSP. The perfor-
mance in the 3DDT was not related to visuoconstruc-
tion/spatial localization skills. Neither stereovision nor
the quality of stereovision affected the detected stereo-
acuity level in the 3DDT. These findings can again be
explained by patients’ visual/ocular-motor impairments,
which have a different impact on stereovision in close
distances compared with further distances.

Strengths and limitations

There are some limitations in the methodology of the
SPiAR study, which impede the interpretability of the
results. The group of HS was not planned to be compa-
rable in age to the group of patients. The group of HS
served exclusively as a feasibility indicator and confirmed
the validity of the AR tasks with respect to the assess-
ment of stereoscopic vision. For an unbiased comparison
of VSP in the AR environment between stereoimpaired
and stereointact HS, it was advantageous that these two
groups were matched regarding age and sex.

Presumably, there were some factors influencing the
performance in AR tasks: the use of differently shaped
ADL objects in the PMT, the difficulty in the AFCT and
the positioning of the stimulus object in the PT. In the
PMT, the projected ADL objects had different shapes and
therefore varied in thickness. In contrast to the hammer
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and the key, the light bulb and the watering can were
characterized by their round body and were consequently
thicker. One could criticize that matching a comparably
thin object with a thicker one is more difficult than align-
ing the distance of two holograms with greater similarity.
However, it has been shown that the matching accuracy
of HS in an AR environment is independent of the stimuli
shape [38]. In the AFCT, not every participant received
the same task difficulty on average. Fortunately, the mean
difficulty of the AFCT was not related to task perfor-
mance on the group level. However, on the individual
level, there was the potential for accumulation of very dif-
ficult tasks for some participants. Random positioning of
the stimulus object in the PT influenced the proportion
of tasks where uncrossed disparities had to be detected
(object behind the cube). Subjects with intact stereovi-
sion might show problems in detecting the direction of
specifically uncrossed disparities [46]. Nevertheless, the
frequency of tasks where the stimulus object was posi-
tioned in front of, in the middle of or behind the trans-
lucent cube did not differ between HS and patients with
intact or impaired stereovision. On the individual level,
the number of tasks where uncrossed disparities were
presented was disproportionally high for some partici-
pants, which might have influenced the results.

There is evidence to suggest that the absence of a vis-
ual acuity assessment of all participants was a limitation
of the study. Perhaps, there was an influence of minor
deficits in visual acuity on the stereoacuity level, espe-
cially on distant stereoacuity testing in the AR environ-
ment [45]. It can be assumed that there were at least no
gross deficits in visual acuity in the SPiAR trial, as the
researcher checked whether the participants were able to
read task instructions and asked whether the objects can
be seen sharply.

It is plausible that the researcher’s inability to see what
was projected on the visual field of the participant by the
semi-silvered mirrors of the Microsoft HoloLens® limited
the feasibility of AR tests. A duplication of the AR projec-
tions on a separate desktop screen would have been ben-
eficial for the researcher in order to check whether the
Microsoft HoloLens® was positioned appropriately and
in order to check if technical problems occurred. Further,
the opportunity to observe what the user saw in real-time
would have reduced the need to rely on the participant’s
verbal feedback. Technical failure or misunderstand-
ing of the task on the part of the participant could have
been detected by the researcher without communication.
Since the visual field of the SPiAR study patients was not
duplicated on a second screen, the inclusion of patients
with severe aphasia was hindered.

Nevertheless, the high feasibility of the SPiAR study in
testing stereopsis using a modern technology in an elderly
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study population is highly valued. Since the older genera-
tion is generally characterized as being afraid of, and feeling
insecure and incompetent with the use of technology [47,
48], it was all the more gratifying that patients after stroke
were interested in the chosen device and enjoyed the test-
ing. The acceptability of such a modern technology in test-
ing stereoscopic vision in elderly patients was high. The use
of a Bluetooth mouse turned out to be a feasible choice,
as it provided an easy way to interact with the holograms.
Additionally, there was no severe technical failure, which is
important to increase the patients’ motivation and to avoid
patients’ frustration due to a malfunctioning system [49].

Another strength of the SPiAR study is the design
used to assess true stereoscopic vision in an AR envi-
ronment where the presence of monocular depth cues,
which enables one to interpret depth by the input of one
eye, was reduced. One example of this is the reduction
of the monocular depth cue size. In the ADL condition,
objects had different shapes and their relative size was
not scaled according to their natural appearance. Thus,
the monocular cue of objects’ size did not provide any
information about the distance of ADL objects. In the
geometric condition, identical spheres were projected.
One could hypothesize that the size of the geometric
objects served as monocular depth cue. However, the dif-
ference in distance of objects from the observer (which
was 4 cm or less) was below the threshold that could be
detected by the interpretation of the objects’ size as a
monocular depth cue. According to Cutting et al., rela-
tive size of similar objects facilitates the discrimination of
distances between objects in a range of at least 2.7% of
their distance from the observer [50]. In the SPiAR study,
holograms were projected at a distance of 1.5 m, thus two
objects have to lie at least 4.3 cm (2.7% of 1.5 m) apart
from each other in order to successfully discriminate
their distance based on object size. Considering further
aspects to ensure that the task is not 2D-solvable, objects
were not overlapping and were projected without light-
ing or shadowing. Furthermore, kinetic depth cues were
eliminated by anchoring the position of objects in the
user’s visual field. Conclusively, true stereoscopic vision
was necessary to distinguish between the distance of hol-
ograms in the SPiAR study.

The validity of the designed tasks to assess true stereo-
scopic vision in the AR environment is further supported
by findings in the healthy population. The ability to judge
distances and perceive depth in the AR environment was
predicted by and correlated highly with results in clinical
stereovision tests.

Practical relevance and outlook
With a testing duration of approximately 20 min and
the projection of ADL objects in the user’s near field,
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the design of AR tasks in the SPiAR study is closely
related to a therapy session. Thus, results can be trans-
ferred to the therapeutic use of the AR system in neu-
rorehabilitation of patients after stroke. The main
finding of the SPiAR study is that post-stroke patients
with impairments in VSP less accurately perceive the
distance of virtual 3D objects. When applying AR
in rehabilitation our findings may suggest including
a test of each patient’s ability to perceive 3D objects.
On basis of this test, the AR display may be person-
alized, for instance in the use of holographic 3D cues
or monocular cues (i.e., size, lighting, shading, texture,
motion perspective). However, further investigation
is needed to determine whether the use of monocular
cues facilitates patients with visuospatial impairments
to perceive depth in the AR environment as well as
which monocular cues should be used by AR software
developers.

The Microsoft HoloLens® 1st Generation headset
used in this experiment did not provide eye tracking.
However, second generation headsets will feature the
possibility to track the patients’ eye movements in real
time and to record them for further inspection. This
could support patients who are unable to give verbal
responses to the test, by indicating which of the objects
the patient attends to during the test. Also, patterns
of eye movements may be indicative of, for instance,
neglect or nystagmus that would have to be considered
when adapting an AR display for each patient.

Conclusions

The findings of the SPiAR study provide evidence that
impairments in VSP reduce the ability to accurately
perceive distances and three-dimensionality in an AR
environment. For correct perception of spatial relations
between objects in AR, stereovision is the key aspect of
VSP in the healthy population, while spatial localiza-
tion/visuoconstruction is predominant in post-stroke
patients. This finding is particularly important in the
sense that AR is increasingly applied for neurorehabili-
tative treatment with patients who show impairments
in VSP.

Building the bridge from research to practice, findings
of the SPiAR study are valuable for the development of
AR applications in the rehabilitation of patients after a
stroke. Further research is needed in order to inform the
designers of AR games about cues that desire to facilitate
patients with impairments in VSP to accurately perceive
distance and three-dimensionality in AR environments.
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