Immersive visual technologies and human health

Simone Grassini *
Department of Psychology, Norwegian University of
Science and Technology, Trondheim, Norway
simone.grassini@ntnu.no

ABSTRACT

The fast-phased adoption of modern immersive visual technolo-
gies in many fields calls for an assessment of potential costs and
benefits from the point of view of human health. Humans often
reported feelings of discomfort in the experience of virtual real-
ity (VR), however, it is still not known what may promote this
uncomfortable symptomatology. In the framework of research on
human-computer interaction, part of the discomfort derived from
the use of immersive visual technologies has been attribute to tech-
nological factors. Among the most cited technological limitations
is the vergence-accommodation conflict that human eyes are ex-
periencing in displays delivering 3D images, and that have been
connected to feelings of discomfort and tiredness. In the present in-
vestigation we attempt to briefly review the most important pieces
of evidence presented in the literature, on the possible technological
limitation of immersive visual technologies and its possible effects
on human health and the way those effects were analyzed, and the
ill symptomologies were assessed. Furthermore, possible solutions
for reducing negative effects of the use of 3D media were shortly
analyzed, and new perspective on the issue reviewed. Finally, we
will attempt to assess the way immersive visual technology can be
used in the medical field with the aim to improve human health.
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1 INTRODUCTION

Experts used to worry that immersive visual technologies (IVTs)
may have negative effect on human health, from its very early tech-
nological developments (see e.g. [1], [2]). The Holy Grail for 3D dis-
plays is to produce a scene that, to human eyes, is indistinguishable
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from reality, and therefore reduces the problems related to human
vision. To achieve the goal, the display would need to deceive all
perceptual cues that the human visual system uses to sense the
world. However, a number of virtual reality (VR) users complain to
feel dizzy or nauseous after watching a 3D movie or using a virtual
reality headset. Some users may be able to detect subconsciously
the subtle differences between the virtual 3D scene presented to
them and the real world, causing them a sense of disorientation.
The human visual system perceives depth with multiple cues. When
humans observe the world normally, the eye-muscles first point
the eyeballs toward the visual target—vergence—and then focuses
the lenses—accommodation—, after which these two processes are
coupled to create a coherent picture [3]. However, these complex
physiological processes may not work optimally in a computerized
environment, and therefore cause a sense of discomfort in the user.
Psychophysical research (see e.g. [4]-[9]) and user-experience re-
search [10]-[12] have suggested that the perceived 3D structure
will differ between the real and the computer-generated VR scene.
Physiological brain activity in perceiving real-world information
and in VR may be different. In an animal study, neurons in the
brain region associated with spatial learning were shown to behave
differently in virtual environments compared to in real ones, with
a large number of neurons shutting down while in VR [13]. These
findings highlight the need for more research on the long-term
effects of VR, especially on the developing brain [14]. In the last few
years, VR technology is gaining widespread use also outside the
nice of tech enthusiasts and the field of entertainment. Companies
and organizations are adopting the technology, aiming for example,
to reduce training costs, or improve safety [15]. The wider adoption
of the technology also calls for investigations on the possible health
effects that these technologies may promote in the users. Please
note that the present article, the terminologies “IVT(s)” and “VR”
are used as synonyms, and identify any type of computer-generated
experience, provided by hardware/software able to promote a high
level of sense of presence in the user. The present study is a litera-
ture review. The studies here reported and discussed were included
based on the prior knowledge of the authors regarding recent de-
velopment on the topic. This study aims to: 1) review the string of
evidence on the ill effects of the use of IVTs, and discuss methods
of assessment and theories, 2) discuss the technical limitations of
the technology, as well as possible solutions and developments, and
3) asses the possible benefits of the use of IVTs in the clinical field.

2 DISCOMFORT DURING THE VIRTUAL
EXPERIENCE

The symptoms of discomfort during VR simulation, or in the pe-
riod following it, are essentially expressed in cybersickness (CS).
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This is a constellation of symptoms of discomfort and malaise pro-
duced by VR exposure. CS is typically categorized as a form of
visually induced motion sickness (VIMS), which describes any sick-
ness produced by observation of visual motion, and it is distinct -
but symptomatically similar to — simulator sickness (SS), which is
the terminology that has been used for the sickness produced by
vehicle simulators. A slight distinction has been made between the
experience of CS and SS; while CS is characterized by a prevalence
of disorientation symptoms, SS appears to be predominated by ocu-
lomotor symptoms [16]. While many individuals experience SS in
VR, others appear to be robust to the symptoms. Even if some of
the theorists may disagree (see [16]), many of the published studies
have referred to CS and SS as synonyms, especially in recent years
(see e.g. [17]-[19]). For simplicity, in the present article, the phe-
nomenon will be hereinafter referred as “SS”. The most common
approach for measuring SS involves subjective measures, partic-
ularly multi-item questionnaires such as the Simulator Sickness
Questionnaire (SSQ; [20]) which includes 16 items (e.g., eyestrain,
dizziness, and headache) on a four-point scale (none, slight, mod-
erate, or severe). Common practice with the SSQ is to generate a
total sickness score as well as scores for each subscale of oculo-
motor discomfort, disorientation, and nausea. A shortened version
of the SSQ (Short Symptoms Checklist, SSC; [21]), consisting of
two items from each subscale, has been developed and employed
in a small number of studies [21]. Given the dynamic nature of SS,
which tends to increase during VR exposure and slowly dissipate
following VR termination, there are clear challenges involved in
using one-shot questionnaire measurements to evaluate SS [20].
Single item scales for measuring SS have also been developed and
validated, providing an efficient method for assessing the tempo-
ral evolution of SS (e.g., Fast Motion Sickness Scale; [22]. Recent
development in the field have proposed the use of psychophysio-
logical correlates as a way to estimate the level of SS [23], [24]. The
study of Dennison, Zachary, and D’Zmura [25] found that objec-
tive physiological rate of stomach activity, blinking and breathing
rate, are good predictors for establishing the level of SS of a user.
In another study [26], ,SS during the use of HMDs was found to
correlate to a decrease in heart-rate (which the authors proposed
to be connected to the phenomenon of “preparation for action”),
inversely correlated with blink-rate and positively correlated with
changes in pupil diameters during the VR exposure. The authors
also proposed the development of a real-time discomfort detection
algorithm based on physiological parameters for the evaluation of
SS discomfort during VR experience. Physiological indexes may be
used in the future to monitor in a continuous and objective way
the onset and development of SS during the use of IVTs. However,
the use of physiological indexes to measure subjective experience
in VR may present several challenges (see e.g. [19]), for example,
the number of uncontrolled, confusing factors in the content of the
VR experience, or individual variability of physiological feedback.

2.1 Theories on the origin of simulator
sickness

Researchers have developed several theories to explain how SS
originates. Three theories have previously been referred to as the
most widely accepted [27], [28] These theories are the sensory
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conflict theory[29], the postural instability theory [30], and the
eye movements theory [31]. However, other theories have tried
to explain the reason behind the adverse reaction of the human
physiology towards a specific environment. The theory of Treisman
[32], sometimes referred to as evolutionarily or poison theory, tries
to explain the evolutionary mechanism that may be related to the
phenomena. These theories have often been used in the framework
of explaining both MS and SS, as the two phenomena have been
shown to have many similarities.

2.1.1 Sensory conflict theory. The probably most cited theory
of SS, is the sensory conflict theory, proposed in the work of Rea-
son and Brand [29]. According to this theory, the symptoms of SS
derive from a conflict between human sensory systems (visual and
vestibular). In a later work [33], the “neural mismatch model” was
proposed, suggesting that sickness occurs when sensory informa-
tion is in conflict with the user’s own past experience of a motion
environment.

2.1.2  Postural instability theory. The postural instability theory
was formulated in the work of Riccio and Stoffregen [34]. Accord-
ing to this theory, MS/SS occur when the user experiences a novel
environment, such as in VR, where they have not learned to ef-
fectively accommodate and maintain balance [35]. This theory is
supported by common reports in sea-travels. Sea travelers get used
to the ship’s motion, developing what it is referred to as “sea legs”.
However, when they return onshore, they may experience odd sway
when standing or walking, until they do adapt again to walk on
settled ground. Such theory is coherent with a study that found that
users who are more familiar with interacting in VR environment
experience less SS (see [36]).

2.1.3 Eye movement theory. According to the eye movement
theory [31], certain stimuli can cause eye movements that result
in the stimulation of the vagus nerve, which triggers SS-related
symptoms. Ebenholtz proposed in 2001 [37] that certain types of
particular eye movements, such as the optokinetic nystagmus and
the vestibular ocular response movement, may be connected to
MS/SS.

2.1.4  Evolutionary theory. Treisman [32] attempted to explain
the reason for MS and SS from an evolutionarily perspective. Treis-
man [32] suggests that humans are not adapted to new modes of
transportation, and that the body responds to sensory conflicts as it
would respond if it had ingested a poisonous substance. This theory
connects the vomiting response to poison to the same mechanism
of nausea in MS and SS ([41,42]).

2.1.5 Other factors. Other factors have been identified and dis-
cussed in detail in the published literature, including perception
of self-motion (the feelings that the body is moving without being
control over the movement) [40], visual display characteristics [41],
and technical limitations of the display. The latter theories claim
that the available displays are unable to provide a perfect “natural”
vision to the user [5, 33, 65], and the unnatural way that the user’s
eyes and brains need to behave in modern 3D environments is to
blame for ill-symptoms and fatigue. Due to the emphasis on human-
computer interaction and technology of the present scientific work,
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the technical limitation of VR technology and its possibility to
induce SS will be the focus of the discussion of this review.

3 PROBLEMS WITH DISPLAYS DELIVERING
3D IMAGES

According to previous studies (see e.g. [44] ), mismatches in the
stimuli to vergence and accommodation have a negative health
impact on the users, resulting in visual fatigue and discomfort. Be-
cause of the problems associated with conventional 3D displays,
there have been many attempts to construct displays that minimize
the conflict between simulated and focus cues, as well as between
vergence and accommodation [45]-[51]. Hoffman et al. [44] pro-
posed a series of experiments to test how humans interact with
computerized scenes. They developed a 3D display that presents
focus cues that are correct or nearly correct for the depicted scene
and used this display to evaluate the influence of focus cues on per-
ceptual distortions, fusion failures, and fatigue. Their experiments
show that when focus cues are correct or nearly correct: (1) the time
required to identify a stereoscopic stimulus is reduced; (2) stereoacu-
ity in a time-limited task is increased; (3) distortions in perceived
depth are reduced; (4) viewer fatigue and discomfort are reduced.
Conventional 3D displays are believed to cause fatigue and discom-
fort, and it has been suggested that these symptoms are caused by
differences between the stimuli to vergence and accommodation
because such differences require the viewer to uncouple vergence
and accommodation [52]-[56]. The evidence offered in support of
this hypothesis is that viewers report more fatigue and discomfort
when viewing 3D displays than when viewing 2D displays. This ob-
servation, however, does not prove that vergence—accommodation
conflicts cause fatigue and discomfort because there are several
other important differences between viewing 2D and 3D displays;
these include the eye wear required with 3D displays to separate
the two eyes’ images, the ghosting or cross-talk from one eye’s
image to the other’s [57] and the perceptual distortions that occur
with 3D displays [58] and not with 2D displays [59]. 3D displays
present images on one surface, so focus cues—accommodation and
blur in the retinal image—specify the depth of the display rather
than the depths in the simulated scene. In addition, the vergence
stimulus in conventional 3D displays varies depending on where
the viewer looks in the simulated scene, but the focal distance re-
mains fixed; the difference in those distances requires the viewer
to uncouple vergence and accommodation. Several researchers ex-
amined how visual performance, perceived 3D shape, and visual
fatigue are affected by the vergence—focal conflicts that arise in
conventional 3D displays. Typical 3D displays, like 3D televisions,
movies, and AR/VR displays, convey depth information by showing
two separate images to our two eyes. As we have discussed, the
method can generate most of the depth cues but not the accom-
modation cue [60]. The simplest way to show an individual image
for each eye is to put a display in front of each of the eyes. Such
solution is what is adopted by HMDs. To reduce the form factor of
the device, micro-displays like small OLED panels are put behind a
lens in front of the eyes. The lens generates magnified images of
the displays. For 3D screens, where only one display or screen is
available contemporarily for both eyes, polarization [61], [62] or
color coding [63] technologies can be used to separate the content
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on the screen to each eye. However, this requires viewers to wear
specialized eyeglasses that may cause further discomfort to the
users and increase the costs of the technology. To avoid the need
for any additional equipment, a lenticular array [64] or a parallax
barrier [65] can be placed on top of the display to separate the pixels
for each of our eyes. By rendering images with all the psychological
depth cues, these methods can drive vergence and create a sense of
3D efficiently. However, since the (magnified) displays are at a fixed
distance, human eyes will tend to focus on the same depth regard-
less of the depth of the virtual objects. As a result, these displays
cannot drive accommodation properly and suffer from the vergence
accommodation conflict. A link between vergence-accommodation
conflict and fatigue/discomfort was proposed and some empirical
evidence was found (see e.g. [52], [66]). Psychophysiological studies
have been performed to understand the phenomena and eventually
find optimal solutions. In a preliminary study, Hagura and Naka-
jima [67], used a combination of magnetoencephalography (MEG)
and functional magnetic resonance imaging (fMRI) to identify the
cause of the problems during the vision of stereoscopic images. Frey
et al. [68], proposed that the use of electroencephalography sig-
nal (EEG) may enable the possibility to create IVT systems which
could tune the stereoscopic experience independently to each
user.

3.1 Problems of modern consumer-oriented
head-mounted displays

Modern head mounted displays (HMDs), such as Oculus Rift or
HTC Vive, achieve the illusion of depth by presenting each eye
with a slightly different image on a flat screen. This means that, no
matter how far away an object appears, the eyes remain focused
on a fixed point, but they converge on something in the virtual
distance. HMDs are in continuous development but are still far
from being comfortably worn by any individual in every situation.
Such problems arise from both technological and design issues of
these devices. According to the remarkable work of Heaney [71],
modern Oculus Quest’s mechanical inter-pupillary distance (IPD)
adjustment makes it most suitable for around 99% of men and 93%
of women. However, the HMD Rift S, that uses a non-adjustable
fixed lenses system, could optimally suit only 46% of men and 43%
of women. Such problem is probably common for other HMDs,
and it is especially severe for those with fixed lenses, such as the
Oculus Go. A not optimal adjustment of IPD may produce a sense
of discomfort and fatigue in the users (see e.g. [72]). Furthermore,
the weight of the devices and the mechanism of fixation of them
on the head do cause a sense of discomfort and pressure in the
users [73] , worsening the overall quality of the experience. The
vergence-accommodation conflict is still an important factor con-
tributing to discomfort in the use of HMDs for VR or for Aug-
ment (or Mixed) Reality. Several solutions have been proposed
[74]. For these devices, the integration of an eye-tracking system
and low-diffraction screens were identified as future research di-
rections. It has been proposed that a combination of various opti-
cal designs, as well the use of eye tracking, may be alleviating or
eliminating user side-effects from the vergence-accommodation

conflict [74].
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4 THE USE OF VR IN HEALTH-RELATED
APPLICATIONS

Despite the concerns that the use of computer-generated environ-
ments may be detrimental for human health, technological advance-
ments have tried to overcome negative effects related to the use of
VR, and to use the technology to help treating health conditions.
However, as the technology will be increasingly used in patients
affected by medical conditions, the negative side-effects of the use
of VR technologies needs more than before to be assessed. Some
groups of patients affected by particular conditions may even ex-
perience even greater level of discomfort when exposed to VR
compared to the healthy population, and therefore the possible ben-
efits from the VR treatments may be impaired or made impossible
by the side-effects of the technology. A new wave of psychological
research is pioneering VR to diagnose and treat medical conditions
from social anxiety [75] to chronic pain [76], [77] and Alzheimer’s
disease [78]. Riding a wave of interest in mental health tech, com-
panies creating VR content for therapeutic outcomes are receiving
a deluge of attention and funding (see e.g. [79], [80]). While VR has
been used successfully used to treat post-traumatic stress disorder
(PTSD) since the 1990s [81] and anxiety [82], newly developed soft-
ware may address a much broader range of conditions. Nowadays,
health-related VR content is primarily designed to aid exposure
therapy, a treatment for anxiety disorders in which patients are ex-
posed to anxiety-inducing stimuli in a safe, controlled environment.
For example, someone who fears heights might visit progressively
taller buildings under the guidance of their therapist (in vivo expo-
sure), while someone with PTSD might revisit traumatic memories
in therapy sessions (imaginary exposure). VR technology gives
therapists much more control over the intensity of their patients’
experiences, which can lead to better outcomes is such type of treat-
ments [83]. However not all the group of patients may have the
same benefits from the use of VR. A study shows that patients with
PTSD who also suffer from depression tend to respond much better
to VR exposure therapy, compared to other treatment methods [85].
This can be explained as imaginary exposure can be a struggle for
patients who also have depression since a depressed person may be
less able to recall a traumatic memory. It was also shown that vir-
tual reality can be used to create significant distraction for someone
who is in physical pain [86]. In addition to potentially providing
better outcomes for treatment, VR may aid diagnosis. For example,
since the technology can immerse every patient in the same sce-
nario, some researchers believe that VR-based diagnostic testing for
conditions like schizophrenia, ADHD and autism could offer more
objective results than today’s interview-based methods. Further,
because VR imitates the patient’s everyday environment, it also
lets clinicians test symptoms that are usually out of reach, and has
been shown [87] that VR tests could enable to diagnose early-stage
patients more accurately than report-based methods. Nevertheless,
the use of VR could limited its usability in some contexts, as in case
of patients that for psychological or physiological conditions show
impaired control of movements and balance, as they may easily
damage the VR systems and pose their own physical health at risk.
Furthermore, those people that are especially sensitive to simulator
sickness may see possible benefits of VR-based treatment negatively
moderated by the ill-effects of experiencing the VR environments.
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5 CONCLUSION

The research and development of better immersive visual technolo-
gies present several important challenges. Aside from the great
implications and benefits that the technology may bring, the psy-
chological and physiological problems that these novel technologies
may held them back and discourage their adoptions by a larger
public in different areas of use (see e.g. [88], [89]). Limitations of
the technology of screens have probably contributed to the neg-
ative effect on human health often reported by the users of the
technology. However, other theories have been proposed to explain
the phenomena of discomfort in VR, specifically, as for example
the mismatch between visual and other signals that is typical in
many VR environments. Human psychophysiology was shown to
be a promising way to assess, and eventually better understand the
human-VR interactions and it may contribute to the development
of hardware, modality of presentation of the virtual stimuli, or al-
gorithms able to reduce the side effects of the VR experience (as
recently attempted in, e.g. [90], [91]). Electroencephalography and
especially eye tracking (for its non-invasive nature), have shown
to be promising methods to improve human experience in VR. VR
technology is already used as a treatment for psychological con-
ditions with promising results. However, such technology and its
applications in the clinical settings is too novel to be judged as
definitely effective. Future studies should aim to experimentally
investigate possibilities and limitations of the use of VR in clini-
cal settings. The question remains whether the benefits obtained
from the use of immersive visual technologies are superior to the
costs in terms of physical and psychological health. The technology
may be mature to be good-enough to be used by a wider public
for a number of applications, however there are no studies at the
moment that have investigated longitudinally the effect of modern
IVTs (e.g. HMDs) on human health on long term use, and, therefore,
it is difficult to fully understand the possible negative effects or
benefits of such technology. Future technological developments
should focus on reducing side effects of the use of the technology,
to increase its acceptability as a tool for health promotion.
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