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Abstract

Objective: Neuropsychological patients often suffer from impairments in visual selective
attention and processing capacity components. Their assessment demands a high standardization
of testing conditions, which is difficult to achieve across institutions. Head-mounted displays
(HMDs) provide a solution. These virtual reality devices cover the entire visual field in a shielded
way and thus keep visual stimulation constant. For neuropsychological assessment with HMDs,
sufficient reliability is required. We have previously demonstrated that an early developer version
of an HMD can be used to reliably measure components of visual processing capacity. However,
it is unclear whether this also holds for the assessment of components of visual selective
attention. Moreover, it has yet to be established whether now commercially available HMDs are
capable of reliable neuropsychological assessment.

Method: We assessed the test-retest reliabilities of several components of visual selective
attention and processing capacity of healthy subjects with the commercially available HTC Vive.
Using an assessment procedure (combiTVA) derived from the theory of visual attention
(Bundesen, 1990), we measured attentional selectivity, lateral bias, processing speed, visual
working memory capacity, and the threshold of conscious perception. We compared the
reliabilities of these components measured with the HTC Vive with those of a cathode ray tube
(CRT)-screen, the gold-standard of visual presentation in the laboratory.

Results: Both devices provided comparable reliabilities.

Conclusions: Thus, HMDs fulfill the requirement to replace standard screens. With their inherent
visual standardization and portability, they offer unprecedented opportunities for
neuropsychological assessment, such as computerized bedside testing and comparisons of test

values across institutions.
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Public Significance Statement

- With their inherent visual standardization and portability, head-mounted displays (HMDs)
offer unprecedented opportunities for neuropsychological assessment, such as computerized
bedside testing and comparisons across institutions.

- We assessed test-retest reliabilities of five components of visual selective attention and
processing capacity by the HMD HTC Vive and a CRT, the current gold-standard of visual
presentation.

- Results show comparable reliability of both devices demonstrating that HMDs have the

capability to advance the neuropsychological assessment to the next level.
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1 Introduction

To act efficiently in a rapidly changing and crowded environment, it is essential to
apprehend fast and accurately the visual input reaching the eyes in every moment of time. For
instance, to drive safely through heavy traffic, nearby vehicles and traffic signs should be
processed preferentially, memorized, and used for action control in the right moment of time,
while advertisement signs or houses next to the road should be ignored. This ability of visual
apprehension is limited at the level of processing capacity in two ways (Habekost, 2015). First,
the speed with which visual information can be processed is limited (Bundesen, 1990) — a fact
that also influences the test values of classic neuropsychological tests such as the Trail Making
Test (Bowie & Harvey, 2006; Foerster & Schneider, 2015; Reitan & Wolfson, 1994). Second,
even with enough time, only a limited number of visual objects can be retained in visual working
memory for controlling behavior (Cowan, 2000a, 2000b; Luck & Vogel, 1997; Vangkilde,
Bundesen, & Coull, 2011). Note that there are alternative views on how working memory might
be limited (Buschman, Siegel, Roy, & Miller, 2011; Ma, Husain, & Bays, 2014; Oberauer, 2009).

In order to handle these severe limitations in visual processing capacity, mechanisms of
selective visual attention have been postulated (Bundesen, 1990; Desimone & Duncan, 1995;
Foerster & Schneider, 2013; Posner & Petersen, 1990). Selective visual attention ensures that
relevant information is preferentially processed, so that it has a high likelihood of winning the
competition for the limited access to visual working memory.

The two types of processing limitations (processing speed and working memory capacity)
vary among individuals and across the life span and can be impaired differently in various
neurological and psychiatric disorders (Finke et al., 2005; Finkel, Reynolds, McArdle, &
Pedersen, 2007; Habekost, 2015; Habekost & Starrfelt, 2009; Kraft et al., 2013; Unsworth &

Engle, 2007). The exact composition of visual processing impairments is therefore helpful to
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diagnose and differentiate neuropsychological disorders and to specify the associated functional
deficits. For instance, patients with simultanagnosia have problems to perceive multiple objects
simultaneously, pointing to a deficit in visual capacity. By assessing working memory capacity
and visual processing speed independently, it had been shown that simultanagnosia is associated
with a severe reduction in processing speed rather than working memory capacity (Duncan et al.,
2003; Neitzel et al., 2016). Additionally ventral, but not dorsal simultanagnosia was associated
with a left-sided attention bias. Such differential characterization of the symptoms of a disease
demands accurate and reliable assessment of the specific components of visual selective attention
and processing capacities.

An elegant way to measure differential components of visual attention and processing
capabilities simultaneously for neuropsychological purposes is accomplished in the combiTVA
assessment (Duncan et al., 1999; Vangkilde et al., 2011). Grounding on the theory of visual
attention (TVA, Bundesen, 1990; Bundesen & Habekost, 2008), combiTV A measures visual
selective attention and visual capacities without reaction-time pressure. Specifically, red and blue
or only red letters are presented briefly and their presentation is terminated by pattern masks.
Presentation durations vary across trials. In the end of each trial, participants have to report only
the red letters without any time limit. The advantage of this accuracy-based rather than reaction
time-based procedure is that the estimated visual components are not confounded by motor
abilities. Therefore, such paradigms are not only applied in basic research (e.g., Poth, Petersen,
Bundesen, & Schneider, 2014; Poth & Schneider, 2018; Vangkilde et al., 2011), but also
frequently used to assess patients with motor impairments (Finke et al., 2005; Habekost, 2015;
Habekost, Petersen, & Vangkilde, 2014).

Based on the data of the combiTVA (Vangkilde et al., 2011) paradigm, five components

(parameters) of visual processing can be estimated (Bundesen, 1990). Firstly, top-down
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controlled visual selectivity (visual selective attention) can be estimated based on the
performance difference between trials with only red target letters and trials with red target letters
among blue distractor letters. Selective attention is only necessary in the latter case in order to
ensure that red and not blue letters will be encoded for later report. Secondly, the performance
difference for target letters at individual positions in the visual field allows to estimate the spatial
distribution of visual attention. This parameter can be used to assess the lateral attentional bias —
the processing difference across the two hemifields (left vs. right). Thirdly, the minimum
presentation duration that has to be exceeded to allow processing for object recognition provides
an estimate of the temporal threshold of conscious perception. Fourthly, the rate at which report
accuracy improves with increasing presentation duration allows to estimate visual processing
speed. Finally, the maximum number of objects that can be retained for later report at long
presentation durations delivers an estimate of the capacity of visual working memory.

These five visual processing components of combiTVA are well-grounded in
experimental psychology research and cognitive neuroscience (Bundesen & Habekost, 2014).
Importantly, they are not primarily performance descriptions but offer reasonable interpretations
in terms of psychological processes (Bundesen, 1990; Bundesen, Habekost, & Kyllingsbaek,
2005) and have been found to be affected differentially in a number of neuropsychological
disorders (for a review, see, Habekost, 2015). Deficits in top-down controlled selective attention,
for instance, have been observed after parietal and frontal lesions and in patients with spina bifida
myelomeningocele, mild cognitive impairment, and Alzheimer’s disease (Bublak et al., 2005;
Caspersen & Habekost, 2013; Peers et al., 2005; Redel et al., 2012).

CombiTVA allows to measure visual selective attention and processing components
simultaneously and free from motoric confounds. However, the estimates of visual processing

components of combiTVA and computer-based visual tests in general strongly depend on the
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exact visual presentation during assessment. As an example, selection between visual objects that
differ greatly in visual similarity is easier and faster than selection between objects that differ
only slightly (Duncan & Humphreys, 1989; Estes, 1972; Pashler, 1987; Verghese & Nakayama,
1994). Unfortunately, different testing conditions (e.g., different lighting in different testing
rooms) influence the exact visual characteristics of the presented stimuli and can thereby change
for instance the contrast range of the presented stimuli which in turn affects the selection
performance of the observer as well as the absolute values of the other measured visual person
parameters. The exact visual characteristics of the presented stimuli depend on the computer
monitor used, the lighting, the head-to-screen distance, and other factors of the testing situation.
In general, values of visual components are only comparable if they are assessed within the same
setup. It is not proper to compare individual values across varying testing situations and
institutions, even if the same test procedure is used. This complicates comparisons of study
results obtained by different research institutions. This challenge is a severe problem for clinical
diagnostics, for monitoring the progress of a disease, and for the evaluation of a treatment in
which patients might pass from an acute clinic over a rehabilitation clinic to a medical practice,
all applying unique assessment setups. Only strict standardization of visual presentation makes it
possible to compare visual components across different laboratories and clinics and to obtain
statistical assessment norms. In addition, the common assessment cabins prevent to test special
patient groups, i.e., patients who cannot sit upright or be transported.

A promising solution to enhance standardization and applicability is to utilize head-
mounted displays (HMDs) for assessing visual processing abilities (Foerster, Poth, Behler,
Botsch, & Schneider, 2016). The increasingly available HMDs provide an inherently
standardized visual environment and cover the entire visual field. Therefore, stimulus appearance

and viewing distance are uniquely determined by the assessment software. Furthermore, the
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devices are portable and light of weight. In this way, constant visual presentations across studies
and institutions can be guaranteed.

However, the prerequisite of using HMDs to assess components of visual processing in a
variety of clinical and applied settings is that HMDs provide sufficient reliability. Reliable
assessment with HMDs cannot be regarded as self-evident as HMDs differ in a number of ways
from the usually employed cathode-ray-tube (CRT) screens (refresh rate, screen resolution,
monitor model, etc.) that are usually employed for visual assessments (see also, Poth et al., 2018).
Recently, we have provided first evidence that non-selective visual processing components can
be measured reliably with a developer version of the HMD Oculus Rift (Foerster et al., 2016). In
that study, we used a whole report TVA assessment (Bundesen, 1990; Bundesen & Habekost,
2014; Duncan et al., 1999; Vangkilde et al., 2011) to assess processing capacity parameters such
as visual processing speed, visual working memory capacity, and the threshold of conscious
perception. Reliabilities of all components were comparable across Oculus Rift and the CRT.

Yet, it is still unknown whether selective visual attention, another key process of TVA,
can be measured similarly reliably with HMDs and whether other devices can be used that are
now commercially available and differ from the early research prototypes. In the present study,

we therefore investigated whether the commercially available HTC Vive (https:/www.vive.com,

Figure 1) allows to assess visual selective attention as well as processing capacity parameters as
reliable as a standard CRT. Specifically, we used the combiTVA assessment (Vangkilde et al.,
2011) by the HTC Vive and a standard CRT screen to measure and compare the test-retest
reliabilities of the visual attention parameters top-down controlled selectivity and lateral
attentional bias as well as the visual capacity parameters threshold of conscious perception, visual

processing speed, and visual working memory capacity.
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2. Methods

2.1 Participants

Initially, forty participants were recruited at Bielefeld University, Germany. Three
participants had to be excluded due to data loss. Their data was substituted by three additionally
recruited participants from Bielefeld University. Of these 40 participants, two were excluded
after the TVA fitting procedure (see below) because the fitting procedure did not converge on
plausible values. One participant had an implausibly high processing speed parameter deviating
by 160 standard deviations from the remaining sample. The other participant had an implausibly
high visual selectivity parameter, deviating by 10 standard deviations from the remaining sample.
The remaining analyzed sample consisted of 15 males and 23 females with an average age of 25
years ranging from 19 to 38. Thirty-six participants stated to be right-handed and two participants
stated to be left-handed. All participants reported normal or lens-corrected visual acuity, were
naive with respect to the purpose of the study, and provided written informed consent before the
start of the experiment. Participation was rewarded with 8 €/h and a short 3D HTC Vive
experience if desired (either The Cubicle. by Roel van Beek or InMind VR by Nival VR). The
study was approved by the Bielefeld University’s ethics committee and performed in accordance

with the guidelines of the German Psychological Association (DGPs).

2.2 Apparatus

The experiment took place in a dimply-lit room. TVA-based assessment was performed
on a Dell Precision T3600 (Dell, Round Rock, TX, USA) computer using 64bit Windows 7
(Microsoft, Seattle, WA, USA) and an NVIDIA GeForce GTX 1080 graphics card (NVIDIA,

Santa Clara, CA, USA). The HTC Vive (HTC, New Taipei City, Taiwan) as well as a 19-inch
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color CRT monitor (G90fB, ViewSonic, Brea, CA, USA) were used for stimulus presentation
(Figure 1). The CRT had a refresh rate of 90 Hz and a spatial resolution of 1,024 x 786 pixels
extending 36 x 27 cm. Participants’ viewing distance was fixed at 71 cm with a chin rest.

Stereoscopic visualization in the HTC Vive is enabled by presenting individual images for
the left and the right eye. To this end, the HTC Vive features two low-persistence OLED displays
(one for each eye) with a refresh rate of 90 Hz and a spatial resolution of 1,080 x 1,200 pixels. A
fisheye lens for each eye magnifies and distorts the views of each eye to achieve a field of view
of 110 degrees. Using inverse lens distortion, the visualization software transforms the rendered
images such that both distortions cancel out and the final image looks normal again. Because of
this mechanism, the spatial resolution of the HTC Vive cannot be directly compared to the CRT.
The special active-matrix OLED screen has an individual light source for every pixel. To
minimize motion blur in virtual reality applications, pixels are illuminated for only a very short
time period during one time frame and stay dark for the rest of the frame. This low-persistence
display technique of the HTC Vive is therefore similar to the display technique of CRT screens,
where a sweeping cathode-ray excites individual pixels for a short period of time (Elze, 2010).

The software for presenting the stimuli on either the CRT or the HTC Vive was written in
C++, using the OpenGL library (version 4.1.0, Khronos Group, Beaverton, OR, USA) for

visualization, the GLFW library (version 3.2.1, http://www.glfw.org/license.html) for user

interface handling, and the OpenVR library (version 1.0.6, Valve, Bellevue, WA, USA) for
controlling the HTC Vive. Steam (Valve, Bellevue, WA, USA) was used to operate the HTC
Vive. Color and luminance of all stimuli presented on the CRT were measured in CIE Lxy

coordinates using an X-Rite il Pro spectrophotometer (Munich, Germany).
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2.3 Stimulus presentation

All stimuli were displayed on a black background (L = 0.3 cd/m?, x = .3,y =.3). A white
plus (L =120.8 cd/m?, x = .3, y =.3; bold Courier New, font size 18, corresponding to about 14
pixels = .4°v.a.) served as central fixation cross. A set of 20 red and blue capital letters
(ABDEFGHJKLMNOPRSTUVX; bold Arial, font size 68, corresponding to about 51 pixels =
1.4°v.a. in height; red with L = 36.0 cd/m?, x = .6, y = .3, and blue with L = 18.4, cd/m?, x = .2, y
=.1) was used. Two or six letters were presented per trial at a center-to-center distance of 7.3°v.a.
(=256 pixels) at 45°, 90°, 135°, 225°, 270°, and 315° of an imaginary circle around the central
fixation cross. One of eight different red-blue pattern masks (100 x 100 pixels = 2.8 x 2.8°v.a., L
= 38.6, cd/mz, x=.6,y=.3red,and L =23.1, cd/mz, x =.2,y =.1 blue) followed on each
position.

Due to the 3D stereoscopic visualization and the fisheye lens distortion in the HTC Vive,
the effective sizes, distances, and viewing angles of the presented visual stimuli after lens
distortion cannot be determined exactly from the stimulus' pixel sizes and positions before lens
distortion. We manually adjusted the respective sizes, screen positions, and viewing parameters
of the stimuli presented in the HTC Vive such that they matched as closely as possible the stimuli

presented on the CRT.

2.4 Procedure
Participants completed two TV A-based assessment days with each device (CRT and HTC
Vive) separated by 7 days. On each day, participants completed one 45 minutes lasting TVA

session with each device separated by a 30 minutes break, in which participants left the

11
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experimental room. Each assessment day thus lasted for about two hours. The four possible
assessment orders were counterbalanced across participants. However, after excluding two
participants based on implausible fitting parameters, two orders were represented by 10 datasets,
while the other two orders were represented by 9 datasets (CRT followed by Vive on both days as
well as Vive followed by CRT on the first and CRT followed by Vive on the second day) in the
analyzed sample. An individual participant was tested by the same of four experimenters at about
the same time of day.

A modified version of the combiTVA assessment by Vangkilde, Bundesen, and Coull
(2011) was used (see Figure 2). The combiTVA assessment consisted of 9 blocks each containing
36 trials. A block of 36 practice trials that was not included in the analysis preceded the nine
experimental blocks. Participants were instructed to keep central fixation throughout the
presentation. Each trial started with a red central fixation cross displayed for 1,000 ms. Next, two
red letters (9 x per block), six red letters (18 x per block) or a combination of four blue and two
red letters (9 x per block) appeared for a brief duration. While two red letters were always shown
for 78 ms, the six-letter whole report display was presented for 11, 22, 56, 78, 144 or 200 ms
(each duration 3 x per block). Each position on the imaginary circle around the fixation cross was
occupied equally often by a target letter throughout the experiment. On each trial, the identity of
the letters was randomly chosen with each letter appearing only once per trial. One pattern mask
followed on each of the six possible letter positions for 500 ms. Each mask was randomly chosen

from the set of the eight pattern masks with each mask appearing only once per trial.

12
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At the end of each trial, the screen went black and participants had to give an unspeeded
verbal report of all letters they remembered in any order. The experimenter typed in the reported
letters. The typed-in letters appeared on the display in white (bold letters of Verdana font with 32
pixel height = .9°v.a.; L = 120.8 cd/m?, x = 3, y =.3), so that participants could ask for a
correction if necessary. The experimenter started a new trial by pressing the space bar after the
participant verified the reported letters and indicated to be ready for the next trial. Participants
were instructed to report the letters they were fairly certain of having seen but to refrain from
guessing (Vangkilde et al., 2011). Specifically, they were to aim at an accuracy of reported
(typed-in) letters between 80 and 90 % (i.e. at error rates between 20 and 10 %). After each
block, participants were informed about their report accuracy and reminded of the accuracy range

(see Table 1 for the effectiveness of this instruction).

2.5 Implementation

While presenting the stimuli on the CRT is straightforward, visualizing them on the HTC
Vive is slightly more involved and requires a three-step process: First, the scene is rendered as
seen from the left eye and stored in a texture image. In the second step, another texture is filled
with the right eye's view. In the third step, these two images are distorted in order to compensate
for the effect of the fisheye lenses and are then shown on the two displays of the HTC Vive.
Besides the different eye positions, the first two render passes are equivalent to the CRT
rendering procedure. The third step is conveniently performed by the compositor functionality of
the OpenVR library.

In order to present a stimulus for a specific duration, the required number of display
refreshes is computed from the duration in milliseconds and the display refresh rate, here 90 Hz

for both devices. We enable V-sync (vertical synchronization) in order to guarantee that the

13
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individual frames produced by the graphics card are in synchronization with the refresh rate of
the device. We made sure that our hardware setup is powerful enough for rendering the stimuli in

less than one display refresh duration, such that we can guarantee the absence of dropped frames.

2.6 Data analysis

We obtained for each participant and each assessment the five components of visual
processing as defined within the TVA framework: The visual capacity parameters threshold of
conscious perception ¢ (in ms), the capacity of visual working memory K (in number of letters),
visual processing speed C (letters per second), and the visual attention parameters top-down
controlled selectivity a, and the lateral attentional bias Wiuzex. Top-down selectivity ranges from 0,
indicating perfect selection, to 1, indicating unselective processing. The lateral attentional bias
ranges from 0 as complete rightward bias to 1 as complete leftward bias.

The five TVA components are based on the number of correctly reported letters and
obtained by analyzing the data with the LIBTVA toolbox (Dyrholm, Kyllingsbek, Espeseth, &
Bundesen, 2011), which implements an extension of the classic TVA model (Bundesen, 1990).
The LIBTVA is a toolbox for MATLAB (R2013b, The Mathworks, Natick, MA, USA) and
provides maximum-likelihood fitting routines for estimating each of the five components (see
also, Kyllingsbak, 2006). Fitting details were the same as in Foerster et al. (2016).

Besides the four components of visual processing, participants’ error rates (rates of
erroneously reported letters) were assessed to check whether participants were in the required
accuracy range between 80 and 90%. Test-retest reliabilities of the five visual processing
components were computed as Pearson’s product-moment correlations between participants’
components in the first and the second session for each device. Pearson’s correlation was chosen

over the intraclass correlation to quantify test-retest reliability of the TVA parameters because it
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is well known that the TVA parameters are susceptible to learning effects. Thus, a linear
relationship in the form of y = m * x + b was expected across testing days rather than identical
values in the form of y = x. We calculated significance values and confidence intervals for each
correlation. Moreover, we calculated Steiger’s (Steiger, 1980) Z-test for independent correlations
in order to compare the test-retest reliabilities of the HTC Vive and the CRT. All data analyses
and plotting procedures were performed using R3.4.0 (R Development Core Team, 2016) and the
packages ggplot2 (Wickham, Chang, & RStudio, 2016), gridExtra (Auguie & Antonov, 2016),

plyr (Wickham, 2016), and psych (Revelle, 2017).

3 Results

Each participant completed the TVA-based assessment (Figure 2) with a standard CRT
screen and with the HTC Vive (Figure 1) on a first day and repeated the two assessment types
seven days later. Descriptive statistics of the resulting five visual processing components as well
as of the error rates are provided in Table 1. The processing components were significantly
correlated between the HTC Vive and the CRT on the first as well as on the second day (Table
2). Learning effects from the first to the second day for each device as well as their differences

across devices are reported in Table S1 in the Supplementary Material.
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Figure 3 visualizes the test-retest reliabilities of all five visual processing components per
assessment device as linear regression lines along with the individual participants’ data in the two

sessions.

As can be seen in Table 3, the test-retest reliabilities of the five visual processing components
were significant for both, the HTC Vive and the CRT. Moreover, none of the five test-retest
reliabilities differed significantly between the HTC Vive and the CRT (Table 3). As has been
reported before, the strength of the test-retest reliabilities of the five components differ with top-

down controlled selectivity being at the lower end (Habekost et al., 2014).

4 Discussion

A prerequisite for differential assessment and fine-grained specification of deficits of
visual attention and processing capacity in neuropsychological disorders is a highly standardized
and reliable assessment across clinical institutions. A high standardization across varying testing
environments can be achieved by utilizing HMDs, the increasingly available virtual reality
devices, for neuropsychological assessment. HMDs offer the crucial advantage of an inherently
standardized visual environment, so that the visual stimulation is exclusively dependent on the
programmed stimulation. In this way, a constant visual stimulation (luminance, color, viewing
distance etc.) can be guaranteed across different testing conditions and institutions. At the same

time, assessment is facilitated and bedside testing is enabled by using these portable HMDs.
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A second prerequisite for a suitable assessment instrument is, however, that it provides
sufficient reliabilities. Here, we compared the test-retest reliabilities of five components of visual
apprehension in terms of visual selective attention and processing capabilities measured with the
HTC Vive to the respective reliabilities measured with a standard CRT screen which is the
current gold-standard for assessing visual processing components. Specifically, we applied the
combiTVA assessment (Vangkilde, Coull, & Bundesen, 2012) on both devices to estimate the
visual attention parameters top-down controlled selective attention and lateral attentional bias, as
well as the visual capacity parameters threshold of conscious perception, visual processing speed,
and capacity of visual working memory. Results revealed that the test-retest reliabilities of all
five TVA components of visual apprehension were in a comparable range across the HTC Vive
and the standard CRT assessment and did not differ significantly. In addition, most test-retest
reliabilities were in an acceptable range for neuropsychological assessment. As found before
(Habekost et al., 2014), top-down controlled selectivity provided the lowest reliability of .42
measured with the CRT and .64 measured with the HTC Vive..

This finding extends the results of our previous study (Foerster et al., 2016) substantially,
in which we have demonstrated that the developer version of the HMD Oculus Rift can be used
to reliably assess three parameters of non-selective visual processing capacity. Specifically, in
this precursor study, we used the TVA-based whole report paradigm (Bundesen, 1990; Duncan et
al., 1999; Habekost, 2015) to measure the threshold of conscious perception, visual processing
speed, and visual working memory. The test-retest reliabilities of these three components of non-
selective visual processing capacity were comparable across the developer version of the Oculus
Rift and a standard CRT.

The present investigation extended this previous finding by revealing that the second key

component of visual apprehension, namely visual selective attention in terms of top-down
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controlled selectivity and lateral attentional bias can also be measured with an HMD that is
commercially available as reliable as with a standard CRT. This ability to process relevant
information with higher priority than non-relevant information in crowded natural environments
is of key importance for all types of intelligent behavior (e.g., Desimone & Duncan, 1995). The
finding of mostly reliable components of visual apprehension assessed by an HMD is of high
importance for clinical purposes. Firstly, reliable and highly standardized neuropsychological
diagnostic is possible with a commercially available HMD at a relatively low cost. Secondly,
diagnosing patients with portable HMDs allows highly standardized bedside testing, especially as
the assessment we tested here does not require a permanent internet connection.

The reliable measurement of visual selective attention is of special interest in
neuropsychological purposes as several neurological and psychiatric disorders show various
types of attention impairments (for a review see, Habekost, 2015). Specifically, top-down
controlled selectivity has been found to be affected in patients with frontal and parietal lesions
after stroke, spina bifida myelomeningocele, mild cognitive impairment, and Alzheimer’s disease
(Bublak et al., 2005; Caspersen & Habekost, 2013; Peers et al., 2005; Redel et al., 2012).
Moreover, unusual lateral attentional biases have been observed in patients with neglect, stroke,
ventral simultanagnosia, dyslexia, Huntington’s disease, mild cognitive impairment, and
Alzheimer’s disease (Bublak et al., 2005; Duncan et al., 1999; Finke et al., 2011; Habekost, 2015;
Habekost & Rostrup, 2007; Kraft et al., 2015; Peers et al., 2005; Redel et al., 2012; Stenneken et
al., 2011).

The second key ability of visual apprehension refers to visual processing capacity. Within
the TVA framework, it is subdivided into the components of threshold of conscious perception,
visual processing speed, and working memory capacity. Especially the latter two are

differentially affected in neuropsychological disorders. As an example, simultanagnosia is
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characterized by deficits in processing speed, but not working memory capacity (Duncan et al.,
2003; Finke et al., 2007; Neitzel et al., 2016). The same differentiation was observed in children
with attention deficit hyperactivity disorder (ADHD, McAvinue et al., 2015), while adults with
ADHD were impaired in working memory capacity rather than processing speed (Finke et al.,
2011). Processing speed as well as working memory capacity are impaired in neglect patients,
and patients with parietal stroke, Alzheimer’s disease, Huntington’s disease, alexia, and dyslexia,
and processing speed declines with advanced age (Habekost, 2015; Habekost & Starrfelt, 2008).
The threshold of conscious perception is also affected in mild cognitive impairment and
Alzheimer’s disease (Bublak et al., 2011). These clinical examples illustrate the importance of
the assessment of differential aspects of visual selective attention and processing capacities for
the purpose of clinical research and diagnostics. With the help of an even higher standardized and
reliable assessment procedure achieved by using HMDs the partly contrasting results such as in
the case of ADHD (Finke et al., 2011; McAvinue et al., 2015) might be resolved in the future.
Note that the TVA assessment often needed to be adapted to the specific patient group, e.g. by
splitting up partial and whole report trials in separate sessions and adapting the presentation
durations (Bublak et al., 2005; Duncan et al., 1999, 2003; Finke et al., 2005; Finke, Bublak,
Dose, Miiller, & Schneider, 2006; Redel et al., 2012). Shortening test sessions prevent mental
fatigue and adapting presentation durations ensures reliable fitting (enough data points within the
highly curved region of the function that predicts performance by presentation duration). Test-
retest reliabilities of several different TV A versions assessed with an HMD thus need to be
obtained in future studies.

When using HMDs for clinical purposes, patients who cannot be transported or sit upright
can be assessed with exactly the same setup in bedside testing. In this way, assessment of visual

selective attention and processing is rendered possible for patient groups and disease stages that
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could not be tested heretofore. Moreover, the assessment of individual differences in visual
apprehension (e.g., visual processing speed, selective attention, etc.) is also of interest for
differential psychology as they depict important aspects of basic visual-cognitive abilities that are
involved in many everyday tasks such as keyboarding, reading or handling cups (e.g., Foerster,
Carbone, Koesling, & Schneider, 2011; Land & Tatler, 2009).

Therefore, we would like to encourage researchers and practitioners in neuropsychology
and beyond to employ our software for standardized visual presentation within HMDs, which can
be used for combiTVA, as well as for separate partial and whole report sessions and is available

at www.uni-bielefeld.de/psychologie/abteilung/arbeitseinheiten/01/Research/VR/. The software

works with the three commercially available HMDs HTC Vive, HTC Vive Pro, and Oculus Rift
and a PC or a laptop with a graphics card that is at least as powerful as the NVIDIA GTX 1070
(check the system requirements provided on the websites by HTC Vive or Oculus Rift). All three
HMDs can be operated without an internet connection which allows high flexibility. This is an
important advantage for clinical applications in which a stable internet connection might not
always be available.

Besides these numerous important advantages of using HMDs for neuropsychological
purposes, there are also some limitations of course. Numerous studies reported that HMDs can
induce cybersickness or motion sickness, especially in highly immersive VR environments
(LaViola, 2000; Merhi, Faugloire, Flanagan, & Stoffregen, 2007). Participants in our study did
not report any motion sickness or cybersickness during the TVA assessment. Motion sickness or
cybersickness was presumably not an issue in our study because of our sparse visual
environment, i.e. presenting stationary red and blue letters relatively near to the center (7.3°) on a
black background in combination with the fact that participants did not move their head or body.

Future studies have to be conducted to investigate the experience during such sparse visual
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stimulations in VR when it comes to different participant groups, especially neurological patients
and older adults who seem to be more susceptible to cybersickness (Arns & Cerney, 2005). For
older adults, additional limitations of HMD testing might arise. Firstly, as older adults are less
acquainted to this kind of technology, they might have reservations against it, so that a
familiarization might be needed. Secondly, adjusting the HMD so that it is comfortable is a bit
more taxing when the person is wearing glasses. As the HMD is attached to the head, wearing
might become uncomfortable over a longer period of time. However, as technology develops fast,
this problem might be solved in the near future. Finally, it is known that with longer testing on an
electronic display, eye fatigue or eyestrain can arise (Jeong, 2012). Eyestrain is higher for
watching 3D vs. 2D content (Lee, Heo, & Park, 2010). However, here, we presented all stimuli as
perceived on a flat plane. Nevertheless, the plane itself is not flat and eye fatigue might be higher
when perceiving items on a virtually flat plane than on a real flat plane. Eye fatigue also increases
with time on test, which was balanced for the two devices in the present study (balanced test
orders). Eye fatigue is also increased with higher rates of flicker (LaViola, 2000). In the present
study, the same frame rate and thus flicker rate was applied in both devices. The periphery of the
eye is more sensitive to flicker than its center, so that flickering in HMDs with their larger field
of view has a higher potential to introduce eye fatigue. In addition, the display is placed closer to
the person’s eye in an HMD. However, stimulus arrangement and distance in the HTC Vive were
manually adjusted to match the CRT presentation. Thus, it is unlikely that eye fatigue was
differently influencing the results. Importantly, even if absolute eye fatigue would have been
different across devices, test-retest reliabilities were comparable arguing that eye fatigue can be
neglected, at least with healthy participants. Future studies have to tell whether these limitations

of HMD testing can be overcome and whether the advantages of extremely high standardization,
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portability, and presentation possibilities (3D, far periphery, single eye, etc.) will outweigh the
limitations of using HMDs for neuropsychological purposes.

In summary, we demonstrated for the first time that two key characteristics of visual
apprehension, the visual selective attention parameters top-down controlled selectivity and lateral
attentional bias as well as the processing capacity parameters threshold of conscious perception,
visual processing speed, and working memory capacity can be measured by commercially
available HMDs as reliable as with a CRT, the current gold standard. Crucially, the inherent
standardized visual presentation of these HMDs allows to compare individual values of visual
apprehension components of healthy individuals and patient groups at various disease stages
(including bedside testing) and across clinical institutions. Based on reliable measurements and
standardized visual presentation, statistical norm distributions can be established that are of key

importance to neuropsychological diagnostics.
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Table 1. Descriptive statistics. Means (M) and standard deviations (SD) of the five visual
processing components (threshold of conscious perception, processing speed, working memory
capacity, top-down controlled selectivity, and lateral attentional bias) for the two sessions
performed using the HTC Vive and the two sessions performed using the CRT.

HTC Vive CRT
Session 1 Session 2 Session 1 Session 2
M (SD) M (SD) M (SD) M (SD)

Threshold of 30.12 (1248)  29.30 (12.10)  23.06 (10.98)  22.53 (8.88)
conscious perception

Visual processing speed  73.32 (27.44) 90.53 (34.03) 61.75(25.9)  78.84 (34.72)
Visual working memory

capacity 3.14 (.89) 3.29 (.73) 2.94 (.86) 3.23(.82)
Top-down controlled

selectivity 41 (.19) 35(.22) 37(21) 24 (.12)
Lateral attentional bias 49 (.11) 48 (.10) A48 (L11) A48 (.12)
Error rate .10 (.06) .08 (.06) .10 (.06) .07 (.05)
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Table 2. Pearson correlations  and their corresponding p-values in parentheses between the
measurements of the HTC Vive and the CRT for each of the five processing components
(threshold of conscious perception, processing speed, working memory capacity, top-down
controlled selectivity, and lateral attentional bias) on both days.

Session 1 Session 2
r(p) r(p)
Threshold of conscious perception .73 (<.001) .62 (<.001)
Visual processing speed .60 (<.001) .62 (<.001)
Visual working memory capacity .75 (<.001) .85 (<.001)
Top-down controlled selectivity .67 (<.001) .54 (<.001)

Lateral attentional bias .75 (<.001) .83 (<.001)




Neuropsychological assessment with head-mounted displays

Table 3. Test-retest reliabilities of the five visual processing components (threshold of conscious
perception, processing speed, working memory capacity, top-down selectivity, and lateral
attentional bias) for the HTC Vive and the CRT. Test-retest reliabilities are provided as Pearson’s
r along with their corresponding p-values and confidence intervals (CI). The last column provides
Steiger’s Z-test values and the corresponding p-values for the comparisons between the HTC
Vive and the CRT regarding the test-retest reliabilities of the five visual processing components.

HTC Vive CRT
r(p) Clofr r (p) Clofr Steiger’s Z (p)

Threshold of conscious

berception 81(<.001) [.66;.90] .63(<.001) [.39;.79] 1.59(.11)

Visual processing

specd 74(<.001) [.55;.86] .54(<.001) [.27;.74] 1.44(.15)

Visual working

memory capacity 75(<.001) [.56;.86] .84(<.001) [.71;.92] 1.10(.27)

Top-down controlled ) )
selectivity .64 (<.001) [.41;.80] .42(.008) [.12;.66] 1.30(.19)

Lateral attentional bias .81 (<.001) [.67;.90] .80 (<.001) [.65;.89] .14(.89)
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Figure 1. Assessment set-ups. A participant sitting in front of a standard CRT with head position
fixed by a chin rest (left) and wearing the HTC Vive virtual reality device (right).
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fixation cross
(1000 ms)

letter display
(11,22,56,78,144, or 200 ms)

pattern masks
(500 ms)
report (unspeeded)
PHT

Figure 2. Trial sequence of the TVA-based assessment (based on the combiTVA paradigm,
Vangkilde et al., 2011.
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Figure 3. Test-retest reliabilities of the five visual processing components as linear regression
lines along with the individual participants’ data. Threshold of conscious perception (top-left
panel), working memory capacity (top-right panel), processing speed (middle-left panel), top-
down controlled selectivity (middle-right panel), and lateral attentional bias (bottom-left panel)
for both devices, i.e. the HTC Vive (red [grey] points and lines) and the CRT (black points and
lines). The values of session 1 are depicted on the x-axis and the values of session 2 on the y-axis.
The straight lines represent the linear regressions.
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Table S1. Paired t-test statistics (¢-value, p-value, and Cohen'’s d.) for the comparison of the five
visual processing components (threshold of conscious perception, processing speed, working
memory capacity, top-down controlled selectivity, and lateral attentional bias) between the first
and the second day for the HTC Vive and the CRT as well for the comparison of the component
changes (day 2 — day 1) of the two devices.

HTC Vive CRT HTC Vive vs. CRT
t (p) Cohen’s d. t(p) Cohen’s d, t(p) Cohen’s d.
Threshold of
conscious (?Z) A1 ('%) .06 ('ég) .03
perception ) ) )
Visual
: 4.63 3.52 .02
processing 75 57 .003
speed (<.001) (<.01) (.98)
Visual working
1.53 3.74 1.02
memory (.14) 25 (< .001) .61 (31) A7
capacity ' ' )
Top-down
1.82 4.23 2.22
controlled .29 .69 .36
selectivity (.08) (<.001) (<.05)
Lateral
. .87 73 1.28
E‘Etaesntlonal (.39) 14 (47) A2 (21) 21
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