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Abstract

Purpose The study aimed to evaluate stereopsis as a surrogate marker for post-concussion oculomotor function to develop
an objective test that can reliably and quickly detect mild traumatic brain injuries (TBI).

Methods The cohort of this prospective clinical study included 30 healthy subjects (mean age 25+ 2 years) and 30 TBI
patients (43 +22 years) comprising 11 patients with moderate TBI and 19 patients with mild TBI. The healthy subjects were
examined once, whereas the TBI patients were examined immediately after hospitalization, at 1 week, and at 2 months. A
virtual reality (VR) program displayed three-dimensional rendering of four rotating soccer balls over VR glasses in differ-
ent gaze directions. The subjects were instructed to select the ball that appeared to be raised from the screen as quickly as
possible via remote control. The response times and fusion abilities in different gaze directions were recorded.

Results The correlation between stereopsis and TBI severity was significant. The response times of the moderate and mild
TBI groups were significantly longer than those of the healthy reference group. The response times of the moderate TBI
group were significantly longer than those of the mild TBI group. The response times at follow-up examinations were sig-
nificantly shorter than those immediately after hospitalization. Fusion ability was primarily defective in the gaze direction
to the right (90°) and left (270° and 315°).

Conclusions TBI patients showed impaired stereopsis. Measuring stereopsis in different positions of the visual field using
VR can be effective for rapid concussion assessment.
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1 Introduction

Traumatic brain injury (TBI) is a significant health issue
particularly among people participating in sports and in the

Electronic supplementary material The online version of

this article (doi:https://doi.org/10.1007/s40846-020-00542-7) military. TBI is classified as mild, moderate, or severe, with
contains supplementary material, which is available to authorized mild TBI or concussion accounting for 75% of such injuries
USers. [1, 2]. In the United States alone, there are about 3.8 million
54 David Delil Kara cases of sports-related mild TBI per year [3-5]. In reality,
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underreported because they are often perceived as harmless
or athletes choose to continue participation in an event [6].
Frequently, a concussion only becomes apparent when the
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ity, fatigue, irritability, and memory or speech difficulties.
However, one study found that many athletes who return to
sporting competitions after the resolution of physical symp-
toms still had anomalies when performing complex oculo-
motor tasks [7].
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It is very important to develop an objective test that will
detect a mild TBI, both reliably and quickly. Regarding the
affected person’s health, it is essential to make the correct
decision on return-to-play of athletes or return-to-duty of
soldiers after a concussion. An athlete who has suffered a
concussion has a threefold greater risk of incurring a second
concussion in the same season [8]. Furthermore, repeated
concussions can lead to long-term sequelae, including
depression, neurodegenerative diseases and altered cogni-
tion [9-11].

Unfortunately, mild TBI, in particular, poses a major
diagnostic challenge due to the lack of objective assess-
ment tools [12]. Traditional medical imaging with com-
puted tomography and magnetic resonance typically reveal
no abnormal changes [13-15]. However, concussions lead
to oculomotor system disorders, as oculomotor function is
regulated by brain areas which are particularly vulnerable
to concussions [16-20].

This is the first clinical study to test stereopsis in different
gaze directions as a surrogate marker for oculomotor func-
tion following concussion. The present study is designed to
examine the correlation between stereopsis results in differ-
ent gaze directions and TBI severity. This study’s aim is to
develop a rapid method to accurately and objectively detect
a mild TBI on the spot with the use of portable virtual real-
ity (VR) glasses.

2 Materials and Methods
2.1 Approval

The study protocol was approved (serial number: 363_16
B) by the Ethics Committee of the University of Erlangen
(Erlangen, Germany) and conducted in accordance with the
tenets of the Helsinki Declaration and the “Good Clinical
Practice” guidelines. Written informed consent was obtained
from all patients before enrollment in this study.

2.2 Subjects

The cohort of this prospective clinical study included 30
healthy subjects and 30 patients with mild or moderate TBI.
The Glasgow Coma Scale (GCS) was used to assess TBI
severity (Electronic Supplementary Material, Table Al).
Of the 30 patients, 11 were classified as having moderate
TBI (GCS 10-12) and 19 as having mild TBI (GCS 13-15).
The mean age of the healthy subjects was 24.73 +£2.16
years (range 19-28 years), whereas that of the patients was
43.07+22.21 years (range 17-87 years). The mean age of
patients with mild TBI was 35.84 +17.16 years (range 17-76
years), whereas that of patients with moderate TBI was
58.91+22.70 years (range 23—87 years). The sex ratio of
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the healthy subjects was 18:12 (M:F), of the patients 12:18
(M:F). The healthy subjects were examined once, while the
TBI patients were examined at three different times: imme-
diately after hospitalization (3—12 h after accident), at 1
week, and at 2 months (Electronic Supplementary Mate-
rial, Table A2).

We made sure that patients were able to perform the test.
In order to eliminate disturbing factors, we have introduced
exclusion criteria. The exclusion criteria for study participa-
tion included glaucoma, squint surgery, monocular vision,
amblyopia, insufficient visual acuity (<0.7), dementia,
intoxication, and neurological disorders other than TBI (e.g.
attention disturbance, paresis, coordination disorders). Prior
to testing, anamnesis was taken to obtain further information
about the patient. This also allowed us to assess the mental
state of the patient and to evaluate whether his attention
and perception was sufficient to perform the test. In order
to assess the motor performance and coordination ability,
we carried out the muscle function test according to Janda
on the upper extremities and the finger-to-nose-test. Both
mild and moderate TBI patients showed sufficient coordi-
nation ability and a strength level 5/5 according to Janda.
Finally, we made sure that the test principle was understood
by actively asking the patient to express the test principle in
his or her words. Also, the test subjects completed a few trial
runs before the actual test.

2.3 Experimental Setup

For all tests, a laptop (G series; Micro-Star International
Co., Ltd., New Taipei City, Taiwan) and VR glasses (VIVE
VR System; model no. 9HAHZ0xx-00; HTC Corporation,
New Taipei City, Taiwan), with a resolution of 1080 x 1200
pixels per eye and a refresh rate of 90 Hz, were used. Two
different aspects of vision were tested: central visual acuity
and stereopsis.

2.3.1 Central Visual Acuity as a Basic Examination

To assess whether visual acuity is sufficient, the central
visual acuity of all study participants was determined
before measurement of stereopsis using the Landolt ring as
a test mark with the Freiburg Visual Acuity Test (FrACT),
as described by Michael Bach (Electronic Supplementary
Material, Table A3). The Landolt ring is a circle with an
opening in one of eight directions (up, down, left, right, and
the 45° positions in between). Visual acuity measurement
tests for the smallest sign still recognizable. Visual acuity
of each eye was measured independently. The Landolt rings
were displayed on the laptop screen, and the study partici-
pants were asked to use a remote control from a distance of
2 m to identify the location of the opening of the rings.



Effects of Mild Traumatic Brain Injury on Stereopsis Detected by a Virtual Reality System: Attempt to Develop a Screening Test

2.3.2 Stereopsis as a Parameter for Oculomotor Function

For this study, a program was created by using the devel-
opment platform “Unreal Engine” (Electronic Supple-
mentary Material, Fig. A1l). The program displayed three-
dimensional rendering of four rotating soccer balls over VR
glasses. The balls were arranged in the form of a rhombus,
and each was rotated equally around its own x-axis (Fig. 1).
The four balls appeared in random order in one of nine dif-
ferent positions of the visual field (i.e., 0°, 45°, 90°, 135°,
180°, 225°, 270°, 315° and central) to check stereopsis in
different gaze directions. One of the four balls was presented
with a different horizontal disparity relative to the other
three balls and appeared closer to the subject when the sub-
ject was able to perform fusion. The subject was instructed
to select this ball as quickly as possible via remote control
(four alternative forced choice tests). In the peripheral posi-
tions, the balls had an inclination angle of 15°. Three differ-
ent levels of difficulty were induced by the disparities: 330,
660, and 990 arcsec. At each position, all three disparities
were tested in random order. Each disparity and position
was measured five times for a total of 135 measurements by
the end of the test.

For this test, fusion (Electronic Supplementary Mate-
rial, Fig. A2) and two stereoscopic ability parameters were
assessed: the response time and correctness of the subject’s
decision. The timer was automatically started upon pres-
entation of the stimulus and stopped as soon as the subject
pressed a button on the remote control. Response times for
false decisions were ignored since they do not reflect rec-
ognition speeds but the number of errors were documented.

2.4 Telemedical Approach

The study participants’ oculomotor function was examined
via a telemedical approach (Electronic Supplementary Mate-
rial, Fig. A3). At the examination site, vital parameters were
measured, blood samples were collected, and medical his-
tory was taken. Visual acuity was measured noninvasively
(FrACT) just before oculomotor function assessment by the
VR Oculomotor Test.

Fig.1 Test set-up and illustra-
tion of the stereoscopic stimuli
in the central position

All patient data were transferred to and stored in Med-
Stage, a cloud-based electronic patient chart, to enable
remote viewing by eye specialists for diagnosis. MedStage
was developed by Talkingeyes & More Gesellschaft mit
beschriankter Haftung (GmbH) (Erlangen, Germany) and
the Tele-Ophthalmology Institute (Erlangen, Germany) and
was certified as a medical product class ITa by TUV Rhein-
land (Cologne, Germany) in 2018. The collected data and
images were then forwarded to the Talkingeyes® Collabora-
tion Network patient record system, where an experienced
ophthalmologist telemedically evaluated and diagnosed the
fusion visual fields within 2 days of the examination. The
medical reports were accessible by the participants within
MedStage using personalized login data.

2.5 Statistical Data Analysis

All statistical analyses were conducted using IBM SPSS Sta-
tistics for Windows, version 25.0 IBM Corp., Armonk, NY,
USA). First, the response times of all gaze directions were
analyzed for normal distribution using the Shapiro—Wilk
test, which showed that the data were not normally dis-
tributed. The descriptive data of response times of all gaze
directions are presented as absolute and relative frequencies,
as well as 1st and 3rd quartiles, and median, maximum, and
minimum values. Only the correct decisions were included
for response time analyses. Then, Spearman’s rho and
Kendall’s tau coefficient were used to identify any bivari-
ate correlation between stereopsis (i.e., response times and
error rates) and the GCS score. Differences in the response
times, as well as the groups’ error rates (i.e., moderate TBI,
mild TBI, and healthy reference group), were tested for sig-
nificance using the Kruskal-Wallis H test for independent
samples. Differences in response times between the differ-
ent disparities were tested for significance using the Wil-
coxon signed-rank test. The significance of the differences
in response times, as well as error rates of all patients over
the three time points [i.e., immediately after hospitalization
(t1), at 1 week (t2), and 2 months (t3)], were assessed using
the Wilcoxon signed-rank test for dependent samples. All
significance tests were performed for each presented dis-
parity. A probability (p) value of <0.05 was considered
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significant, p <0.01 as very significant, and p <0.001 as
highly significant. The results were then graphically visual-
ized using Microsoft Excel 2019 (Microsoft Corporation,
Redmond, WA, USA).

3 Results
3.1 Correlation

The correlations between response times or error rates in all
gaze directions and the GCS scores were highly significant
(p<0.001).

3.2 Response Times
3.2.1 Initial Examination

For all three disparities and all gaze directions, the
response times of successful fusion of the moderate TBI
group, as well as the mild TBI group, were significantly
(both p<0.001) longer than those of the healthy reference
group, while the response times of the patients with moder-
ate TBI were significantly (p <0.001) longer than those of
the patients with mild TBI (Fig. 2).In regard to each gaze
direction individually (Electronic Supplementary Material,
Tables A4-A10), the response times of successful fusion
of the moderate TBI group, as well as the mild TBI group,
were significantly (both p <0.001) longer than those of the
healthy reference group, while the response times of the
patients with moderate TBI were not significantly longer
than those of the patients with mild TBI.

3.2.2 Time Course

The response times of all patients (moderate and mild
TBI) over three time points were compared. For all three
disparities and all gaze directions, the response times at
t2 were significantly (p <0.001) shorter than at t1, while
those at t3 were significantly (p <0.001) shorter than at t2
(Fig. 3). In regard to each gaze direction individually, the
response times at t3 were significantly (p < 0.05) shorter
than at t1, while those at t3 were significantly (p <0.05)
shorter than at t2, but there was no significant difference
between the measurements at t1 and t2.

3.3 Error Rates

For all three disparities and all gaze directions, the error
rates of the moderate TBI group and the mild TBI group
were significantly (both p <0.001) greater than those of
the healthy reference group, while the error rates of the
moderate TBI group were not significantly greater than
those of the mild TBI group (Fig. 4).

Next, the error rates of all TBI patients over three time
points were compared. For all three disparities and all gaze
directions, the error rates at 1 week post-accident were
significantly (p <0.001) lower than those immediately
after hospitalization. The error rates at 2 months were also
significantly lower than those at 1 week (Fig. 5), but the
significance levels varied: for the disparity at 330 arcsec,
the difference was very significant (p <0.01), whereas for
those at 660 and 990 arcsec, the difference was significant
(p<0.05).
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Fig.2 Response times in all gaze directions immediately after hospitalization vs. the healthy reference group
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3.4 Response Times of Different Disparities

In the group of healthy subjects, the response times at 330
arcsec over all gaze directions were significantly (p <0.001)
longer than those at 660 arcsec, and those at 660 arcsec were
significantly (p <0.001) longer than those at 990 arcsec. For
all TBI patients, the response times immediately after hos-
pitalization were also significantly (p <0.001) longer at 330
arcsec than at 660 arcsec and significantly (p < 0.05) longer
at 660 arcsec than at 990 arcsec (Electronic Supplementary
Material, Table A11).

3.5 Age as Covariate

Significance tests were conducted in which age as covariate
was included. The results did not correlate with the age of

patients with TBI. All results remained significant (p <0.01)
taking age into account.

3.6 Fusion in Different Gaze Directions

Central fusion was present in all patients. Immediately after
hospitalization, 9 (47.4%) of 19 patients with mild TBI and
9 (81.8%) of 11 patients with moderate TBI had impaired
fusion. Mostly, the view to the right (at 90°) and the view to
the left (at 270° and 315°) showed a lack of fusion (Fig. 6).
In total, 8 (26.7%) of 30 patients had a fusion disorder when
looking to the right, and 9 (30%) had a fusion disorder when
looking to the left. In all patients, the follow-up measure-
ments at 1 week and 2 months showed partial or complete
normalization of the fusion visual field.
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4 Discussion TBI severity, and to evaluate both the technical feasibility
and clinical applicability of the new VR test. In the present
To the best of our knowledge, this study is the first to  study, a head-mounted display was used to examine the
establish stereopsis as a decisive parameter for assessing stereoscopic ability by measuring the response time and
correctness of the subjects’ decisions in eight different
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gaze directions. The proposed method enabled the assess-
ment of the fusion visual field using stimuli of 330, 660,
and 990 arcsec with corresponding response times.

The study results confirmed stereopsis as a useful surro-
gate marker for oculomotor function to assess TBI severity.
Our results demonstrated that, compared to healthy subjects,
the TBI patients’ response times were longer and the error
rates of decisions were greater. The prolonged response
times and the increased error rates of the concussed patients
suggest that a concussion damages the neural pathways that
mediate oculomotor function. This finding is consistent with
those of earlier studies, which have shown that oculomotor
function is regulated by the frontoparietal circuits and sub-
cortical nuclei, which are particularly vulnerable to concus-
sions [16-20]. Concussion leads to a diffuse brain injury, as
dysfunction occurs over a wide area of the brain [21]. Since
half of the cerebral neuronal connections are involved in the
visual process, concussion leads to disorders of the oculo-
motor system, which could be another explanation for the
extended response times and increased error rates [22-24].
The study’s strength was the use of the parameter stereopsis
as a second-order process, which requires a complex net-
work spanning multiple cortical areas and involving millions
of neurons for efficient processing [25, 26].

Moderate TBI caused more defects in fusion than mild
TBI. It is very probable that our technique showed TBI-
induced alterations of oculomotor function. We were able
to confirm that the extent of the impairment of stereopsis
was correlated with TBI severity. Patients with moderate
TBI had longer response times than patients with mild
TBI, which could be explained by the fact that moderate
TBI affects neural pathways more strongly than mild TBI.
Mostly, the view to the right (at 90°) and the view to the left
(at 270° and 315°) showed a lack of fusion. This kind of
fusion visual field impairment corresponds to an alteration
of the abducens nerve.

We observed that smaller disparities were more difficult
to discern for both healthy subjects and TBI patients. Hence,
the response times were significantly longer and the error
rates significantly higher as the disparity decreased. Since
the extent of the difficulty was the same in both groups, there
is no added value in testing multiple disparities. In future
studies, it would be important to select a disparity that is
discerned by most of the healthy population, but is still suffi-
ciently low to detect even the mildest TBI. A previous study
showed that disparities of 60-90 arcsec were recognized by
75-95% of healthy subjects [27]. So far, technical possi-
bilities in the field of VR allow the mapping of disparities
only at 330 arcsec and greater. Therefore, we recommend a
disparity of 330 arcsec.

During the follow-up examinations, the stereopsis impair-
ment gradually improved over a period of 2 months post-
injury, reflecting an ongoing recovery process, which is

consistent with studies showing that brain recovery takes
place after adequate protection [28]. We observed that,
even after 2 months, the response times and error rates
were clearly greater than the values of the healthy subjects
(Figs. 3 and 5). Even if the TBI patients’ test results were
influenced by a practice effect, they were still worse than
those of the healthy reference group. It seemed as if the TBI
patients had not fully recovered even after 2 months.

Over the course of the study, we found that the test pro-
cedure was well understood by all subjects. Although the
VR glasses are a relatively new technological development,
and most of the subjects had never worn VR glasses before,
all adapted well to the device regardless of age. The applied
system using VR glasses was well tolerated and did not lead
to any side effects, such as nausea, dizziness or headache,
which may have resulted in discontinuation of testing. A
major advantage of this method is its portability, which
allowed us to perform the test even at the patient’s bedside.
This method is, therefore, very well suited for use along the
side line during a sporting event and would be available for
immediate use in case of concussion.

In emergency situations there are often no neurologists
or ophthalmologists on site. The telemedical connection of
the virtual reality system enables a doctor to validate the
findings remotely. In addition, the patient can see for him-
self whether there is no, mild or moderate oculomotor dys-
function. This enables the patient to better understand the
severity of his concussion and thus increases the patient’s
understanding of the disease and his compliance to therapy.
Furthermore, it is possible to monitor a TBI objectively, so
the recovery of the concussed brain can be supervised and,
in the absence of regeneration, an adjustment of the therapy
can be made.

There are four study limitations. First, despite the large
number of subjects, the sample size was still too small to
determine significant differences in error rates between the
mild and moderate TBI group. Second, the patients were not
tested immediately after the accident, but rather immediately
after hospitalization, so the test results may not accurately
reflect the exact values of an acutely concussed brain. Third,
the subjects’ education levels were not taken into considera-
tion, which may have influenced the test results. Lastly, it
should be mentioned that the healthy reference group con-
sisted of young students, while the patient group included
individuals of various ages. This is especially important
because spatial vision develops in childhood and begins to
decrease from the age of 65 years [29, 30]. Since we also
had patients older than 65, some test values may have been
affected by the physiological decrease of stereopsis in old
age. Hence, it is advisable to introduce an age criterion in
future studies.

Further large-scale trials are required to confirm our
results and define reference ranges in order to create an
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exclusionary test for traumatic brain injuries and to deter-
mine the sensitivity of this exclusionary test. This screening
test can also be coupled with pupillometry to optimize the
detection of TBI [31-33].

5 Conclusions

The proposed VR System could detect initial oculomotor
impairment and impairment over time. Second, the VR Sys-
tem was found to be appropriate for telemedical evaluation.
Timely concussion detection is very important since ade-
quate treatment can protect the patient from serious health
consequences. Since oculomotor function impairment is
subtle, and spatial vision is essential in sports and in the
military, stereopsis assessment is suitable for return-to-play/
return-to-duty decisions. The study’s findings confirmed that
measuring stereopsis using VR glasses is an effective neuro-
ophthalmological tool for concussion assessment.
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