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Background: In patients with acute vestibular syndrome (AVS) differentiating 
between benign acute peripheral vestibular disorders and possible life-
threatening central, causes such as stroke, can be challenging due to similar 
symptoms. AVS patients experience dizziness, vertigo, imbalance, nausea, 
vomiting, and abnormal eye movements. This research evaluates the feasibility 
of using the eye-tracking capability of a mixed reality optical-see-through 
head-mounted display (MR-OST-HMD) to detect pathological eye movement 
patterns in patients with AVS.

Methods: Conducted at University Hospital Essen, this study assessed patients 
with AVS using a MR-OST-HMD during the HINTS-Exam. The feasibility study 
included 21 healthy subjects, seven patients with acute peripheral vestibular 
dysfunction and two stroke patients. Eye gaze, head position, and orientation 
were captured using a MR-OST-HMD and an in-house developed application 
designed to simulate the HINTS-Exam. The eye-tracking technology determined 
gaze direction and position, while the internal measurement unit and gyroscope 
recorded head movements in terms of position and velocity.

Results: The MR-OST-HMD detected abnormal eye movements, including 
nystagmus, saccades, and skew deviation effectively. The device proved 
effective even for patients with severe nausea and elderly participants, who 
completed the eye calibration and HINTS-Exam without difficulty. The MR-OST-
HMD HINTS-Exam was quick to perform (approximately 5 min) and was easily 
integrated into clinical practice after a single demonstration for medical staff.

Conclusion: MR-OST-HMD can detect pathological eye movements in AVS 
patients. Future research should validate these findings in larger cohorts and 
explore machine learning integration to enhance diagnostic accuracy.

OPEN ACCESS

EDITED BY

Alexander A. Tarnutzer,  
University of Zurich, Switzerland

REVIEWED BY

Jorge Kattah,  
University of Illinois at Chicago, United States
Sun-Uk Lee,  
Korea University Medical Center,  
Republic of Korea
Anand K. Bery,  
Johns Hopkins Medicine, United States

*CORRESPONDENCE

Nadia Sadok  
 Nadia.Sadok@uk-essen.de  

Gijs Luijten  
 gijs.luijten@uk-essen.de

†These authors have contributed equally to 
this work and share first authorship

‡These authors have contributed equally to 
this work and share last authorship

RECEIVED 14 February 2025
ACCEPTED 24 March 2025
PUBLISHED 14 May 2025

CITATION

Sadok N, Luijten G, Bahnsen FH, Gsaxner C, 
Peters L, Eichler T, Rombach T, Lang S, 
Khattab S, Kleesiek J, Holle D, Meyer M and 
Egger J (2025) Performing the HINTS-exam 
using a mixed-reality head-mounted display 
in patients with acute vestibular syndrome: a 
feasibility study.
Front. Neurol. 16:1576959.
doi: 10.3389/fneur.2025.1576959

COPYRIGHT

© 2025 Sadok, Luijten, Bahnsen, Gsaxner, 
Peters, Eichler, Rombach, Lang, Khattab, 
Kleesiek, Holle, Meyer and Egger. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 14 May 2025
DOI 10.3389/fneur.2025.1576959

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2025.1576959&domain=pdf&date_stamp=2025-05-14
https://www.frontiersin.org/articles/10.3389/fneur.2025.1576959/full
https://www.frontiersin.org/articles/10.3389/fneur.2025.1576959/full
https://www.frontiersin.org/articles/10.3389/fneur.2025.1576959/full
https://www.frontiersin.org/articles/10.3389/fneur.2025.1576959/full
https://www.frontiersin.org/articles/10.3389/fneur.2025.1576959/full
mailto:Nadia.Sadok@uk-essen.de
mailto:gijs.luijten@uk-essen.de
https://doi.org/10.3389/fneur.2025.1576959
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2025.1576959


Sadok et al. 10.3389/fneur.2025.1576959

Frontiers in Neurology 02 frontiersin.org

KEYWORDS

acute vestibular syndrome, mixed reality headset, head-mounted display, eye 
movement, nystagmus, vertigo, feasibility study, head impulse-nystagmus-test of 
skew

1 Introduction

In patients with acute vestibular syndrome (AVS), differentiating 
benign acute peripheral vestibular disorders, such as vestibular 
neuritis, from potentially life-threatening central causes, such as 
posterior circulation stroke, can be challenging due to the similarity 
of symptoms. Patients with AVS suffer from acute dizziness or vertigo, 
imbalance, nausea, vomiting, and abnormal eye movements known as 
nystagmus, with symptoms considered acute within the first 72 h after 
onset (1). Approximately 10–20% of patients presenting to the 
emergency department with dizziness have an AVS (2). In the 
United States, vertigo and dizziness are accountable for 4.4 million 
visits to the emergency department annually, with vestibular disorders 
accounting for up to 33% (3). The cost per patient associated with 
vertigo is between 3341 and 5470 GBP in the UK and 13.717 USD in 
the United States (4). These figures do not include posterior circulation 
strokes, which significantly affects the patient’s quality of life. 10–33% 
of AVS cases are attributed to posterior circulation stroke (5–10). Only 
20% of these stroke cases exhibit focal neurologic signs, while the 
majority manifest isolated AVS (1–4, 11). This presents a challenge in 
the early diagnosis of stroke, as it is believed that up to 35% of strokes 
go undetected (12, 13).

The HINTS-Exam (Head-Impulse, Nystagmus, Test of Skew) is a 
clinical examination conducted on patients presenting with AVS (1–4, 
11–15). It is the gold standard for differentiating peripheral vestibular 
dysfunction from central causes. The HINTS-Exam has shown to 
be  more sensitive than neurological imaging techniques such as 
computed tomography (CT) imaging and diffusion-weighted 
magnetic resonance imaging (DW-MRI) in excluding a stroke in 
patients with AVS (1, 11). The HINTS-Exam is a bedside test 
performed in a few minutes without additional equipment. An 
abnormal head impulse test, for example, showing VOR dysfunction 
with unilateral nystagmus and normal skew deviation, suggests a 
peripheral cause. In contrast, a normal head impulse test, with 
direction-changing, vertical nystagmus or a skew deviation indicates 
a central cause and necessitates immediate further investigation (1–4, 
11, 14–16). A disadvantage of the HINTS-Exam is that it requires 
expertise and practice. Consequently, neurologists and 
otorhinolaryngologists primarily conduct the HINTS-Exam. However, 
other health care professionals lacking this specific expertise and 
practice (11, 17) often initially triage patients presenting with an 
AVS. This can result in false referrals and delayed treatment for stroke 

patients (11, 17). Other diagnostic instruments are available to 
measure and assess the vestibular organs, such as 
Videonystagmography (VNG), caloric reflex testing, and the Video-
Head-Impulse-Test (vHIT) (18, 19). These tools evaluate the vestibular 
system’s function and are highly valuable for diagnosing vestibular 
dysfunctions. However, these devices are not universally available and 
especially not available in every emergency department. They are 
expensive, approximately 10,000–15,000 euros, and are generally not 
portable. However, in the case of ischemic stroke, swift diagnosis and 
initiation of treatment are essential to limit long-term brain 
damage (20).

This research aimed to provide a mobile and cost-effective tool 
that improves and optimizes the triage of patients with AVS, thus 
helping to avoid delays in the diagnosis and treatment of stroke 
patients. We assessed whether a mixed reality optical-see-through 
head-mounted display (MR-OST-HMD) is capable of detecting 
pathological eye movement patterns in patients experiencing acute 
vestibular syndrome.

2 Methods

2.1 Study design

This feasibility study was designed to explore the potential of 
the HoloLens 2 (HL2) (Microsoft Corp., Redmond, Washington, 
United  States), a MR-OST-HMD, to distinguish between 
patients experiencing acute vertigo and healthy individuals by 
measuring and plotting (pathological) eye movements during the 
HINTS-Exam. The Microsoft HoloLens 2 used within the study 
has optical-see-through glasses, sensors, and an 
on-board computer.

2.2 Ethical considerations

The medical ethical committee (23-11518-BO) approved the 
study. As this is a feasibility study, it does not meet the ICMJE criteria 
for trial registration.

2.3 Participants

Patients presenting with symptoms of AVS at the department of 
neurology, department of otorhinolaryngology, or the emergency 
department of the university hospital Essen, Germany were included 
in this study. Inclusion criteria were patients experiencing acute 
dizziness or vertigo combined with imbalance, nausea, or vomiting. 
As a control group, individuals without vertigo, neurological, or 
vestibular pathologies were included. All participants are >18 years. 
Exclusion criteria were a history of neurological disorders or previous 
vestibular dysfunction.

Abbreviations: AVS, Acute Vestibular Syndrome; GBP, British Pounds; USD, 

United States Dollars; VOR, Vestibular Ocular Reflex; HINTS, Head-Impulse 

Nystagmus Test of Skew; CT, Computed Tomography; DW-MRI, Diffusion-

Weighted Magnetic Resonance Imaging; VNG, Videonystagmography; vHIT, 

Video-Head-Impulse-Test; HL2, HoloLens 2; MR-HMD, Mixed-reality head-

mounted display; IMU, Internal Measurement Unit; SLAM, Simultaneous Localization 

and Mapping; IR, Infrared; MRI, Magnetic Resonance Imaging; Hz, Hertz; FOV, 

Field of View.
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2.4 Procedures

Upon admission, eligible participants underwent a standard 
clinical assessment, including the clinical HINTS-Exam, conducted 
by trained neurologists and/or otorhinolaryngologists. Subsequently, 
participants underwent additional diagnostic procedures, including 
VNG and/or the vHIT, to confirm the diagnosis and cause of the 
AVS. CT imaging or DW-MRI was performed in cases with 
suspected stroke.

Immediately following the clinical HINTS-Exam, the in-house 
developed application installed on the HL2 was performed. The 
application captured left-, right- and combined- eye gaze and the 
wearer’s head position and orientation. Before starting the application 
individual eye distance and position was calibrated thereby ensuring 
accurate tracking and comparable data acquisition. Only a brief 
demonstration followed by a single supervised exercise was provided 
to the medical team before using the in-house developed application 
on the HL2 in a clinical setting.

2.5 Microsoft HoloLens 2

The HL2 is an advanced MR-OST-HMD that incorporates four 
visible light cameras and a depth (1-Mega Pixel time-of-flight) sensor 
enabling spatial mapping via simultaneous localization and mapping 
algorithm (SLAM). The internal measurement unit (IMU), composed of 
an accelerometer, gyroscope, and magnetometer, enables the HL2 to 
update its position within the spatial map accurately and continuously via 
a Kalman filter method using SLAM and the IMU’s measurements as 
input. Its two infrared eye-tracking cameras and IMU measure head 
position and gaze. The HL2 uses advanced eye-tracking technology to 
detect the user’s gaze precisely. This technology involves projecting near 
infrared patterns onto the eyes and using cameras to track the reflections 
from the cornea and the pupil. This allows the system to determine the 
position of the pupil and the gaze vector per eye. Besides that, the cameras 
are used for hand tracking and gesture recognition. The gyroscope is 
crucial for determining the device’s orientation by measuring the angular 
velocity around the device’s axis. The gyroscope contributes to the 
headset’s ability to understand and track the user’s head movements in 
real-time. Tracking the user’s head position, orientation, and eye gaze 
within the virtual spatial map of the real world ensures that the virtually 
augmented content stays anchored correctly in the real world, regardless 
of the user’s movements, by updating the virtual images within the 
optical-see-through glass. In contrast to numerous other MR headsets, 
the optical-see-through glasses permit the user to perceive the world as if 
they were looking through conventional glasses, in contrast to video-see-
through where the real world is filmed by cameras and projected onto 
a screen.

2.6 Relevant features: the MR-OST-HMD 
HINTS exam application

To gather the necessary data about from the HL2, an in-house 
application was developed that simulated the HINTS-Exam. The 
application uses Unity3D (Unity Technologies, San Francisco, 
California, United States), the Mixed Reality Toolkit 3 (MRTK3) and 
Extended Eye Tracking SDK (21, 22). The application uses only 

open-source software tools. It can be readily deployed on devices with 
eye-tracking capabilities if the proprietary company is involved in 
MRTK3, such as the Meta Quest Pro (Meta Platforms, Inc., Menlo 
Park, California, United States).

The simulated HINTS-Exam is comprised of ten steps (see 
Figures 1, 2). The measured data obtained with the application include 
a timestamp, the position in cartesian coordinates, and gaze direction 
as a unit vector of the left and right eye and eyes combined in relation 
to the world or eye-tracking cameras. Additionally, the position and 
orientation of the head within the spatial map are determined by the 
HL2. The orientation is expressed in Euler angles and quaternions. 
The HL2 establishes the origin of the (virtual) world at the startup 
position, rendering it more reliable for comparing positional 
differences over time or in relation to the eye-tracking cameras than 
the exact values themselves. These are referred to as features per 
frame, which will subsequently be employed to illustrate nystagmus, 
pathologic corrective saccades because of a decreased angular VOR, 
and skew deviation.

The eye-tracking sensor recorded measurements at 60 Hertz (Hz) 
(22), with one measurement per frame. IMU sensors operate at 
hundreds of Hz, but head-related measurements, as processed by the 
HL2’s proprietary algorithms during runtime, were also recorded once 
per frame, ensuring consistent timestamps across all measurements.

The post-processing of the raw data generates comma-separated 
values for each subject and each part of the HINTS exam, along with 
a label indicating the patient’s diagnosis. Every recorded frame has a 
timestamp and accompanying measurements. Post-processing and 
feature extraction was conducted using Python 3.11 (23), mainly using 
Pandas version 2.1.4 (24), and Plotly version 5.20.0 (25).

2.6.1 Head-Impulse-Test
Pathologic corrective saccades because of a decreased angular 

VOR, henceforth referred to as saccades, were detected by first 
computing eye velocity and then rotational velocity of the head. The 
eye velocity is computed based on changes in the horizontal 
component of the positional vector over time for the left and right eye 
combined within the world coordinate system. For the rotational 
velocity of the head, the Euler angle corresponding to rotation around 
the vertical axis of the head was used. The changes over time were 
used to compute angular velocity. To facilitate interpretation, both 
features were centered around the mean. Furthermore, the eye and 
angular head velocities were multiplied by different factors for ease 
of interpretation.

2.6.2 Nystagmus
For horizontal and down beating (vertical) nystagmus, the pattern 

for unhealthy subjects becomes evident when plotting the gaze direction 
in the horizontal (x-axis) or vertical (y-axis) of the right and left eye 
combined over time in relation to the eye tracking camera. The direction 
is indicated in unit vector form, which means that changes are relatively 
small but discernible. Again, the values of the left eye gaze direction plus 
the right eye gaze direction are centered around the mean.

2.6.3 Test of skew
The vertical position of the eye in relation to the eye-tracking 

camera over time can display the skew deviation. Microsoft mixed 
reality systems use the right-handed coordinate system. Consequently, 
the vertical position relates to the y-axis information within our 
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FIGURE 1

The ten steps to perform the HINTS exam using the HoloLens 2 HINTS application and save the measured data.

FIGURE 2

The subject receives the HL2 and will always see the two options aligned with their line of sight (A), the calibration is started by pressing or saying the 
number one. The subject is instructed to follow the virtual cubes as part of Microsoft HL2’s proprietary eye calibration (B). The application window is in 
the same position as at the start of the calibration and can be activated by extending the arm (C). The user can press or say the number two to start the 
application (D). The user is then guided through the HINTS test with pre-recorded voice messages and the user data is automatically saved at the end, 
but can also be forced by voice command.
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post-processed data. The physician’s nose was used as the fixation 
target at approximately 40 cm, although a point on the wall could also 
serve this purpose. To ensure diagnostic accuracy, the presence of 
skew deviation was clinically confirmed using the alternating cover 
test by a neurologist. A vertical eye movement during alternating 
occlusion of the eyes was defined as skew deviation.

3 Results

3.1 Participants

In total, 30 participants were included: 21 healthy subjects, seven 
patients with acute peripheral vestibular dysfunction and two stroke 
patients. The mean age of the healthy group was 33 years, and 66% 
were female. The mean age for the patients with peripheral vestibular 
dysfunction was 58 years, and 71% were female. Both stroke patients 
were male, 67 and 80 years old. All patients underwent the standard 
clinical examinations, including the standard HINTS-Exam, VNG 
and vHIT, that allow a reliable diagnosis.

3.2 Usability of the MR-OST-HMD 
HINTS-exam application

One patient with a cochlear implant had initial measurement 
problems due to the positioning of the MR-OST-HMD headband and 
cochlear implant. After adjustments to the adjustable headband of the 
MR- OST-HMD, the cochlear implant was compatible, and the patient 

could hear and follow all of the pre-recorded voice prompts. Most 
patients were able to follow all instructions immediately. Even in 
individuals with severe nausea, the eye calibration and examination 
using the MR-OST-HMD HINTS-Exam application could 
be  completed without interruption. Elderly patients responded 
intuitively to the HINTS-Exam application, with no issues during the 
measurements. During the Head-Impulse-Test, as described, the head 
is abruptly rotated. Concerns arose that the MR-OST-HMD IMU 
might not accurately detect head movement due to head movements 
shifting the device’s position. Performing the Head-Impulse-Test from 
behind by the examiner made for better stabilization of the 
MR-OST-HMD and induced less involuntary movement of the 
MR-OST-HMD compared to standing in front of the patient. A black 
dot on the wall served as the fixation target at approximately 40 
centimeters. The performance of the MR-OST-HMD HINTS exam 
took approximately 5 min, and was considered not time-consuming 
by the medical staff, especially when compared to vHIT or VNG. After 
one demonstration, the medical staff could integrate the device 
effectively in the clinical setting without further assistance.

3.3 Data analyses

After analyzing the data of the registered eye- and head-movements 
during the application, saccades, nystagmus and skew deviation were all 
successfully plotted in graphs (Figures 3–6). Figure 3 demonstrates the 
visualization of saccades for a patient suffering from acute peripheral 
vestibular dysfunction. Nystagmus is illustrated in Figures 4, 5. The right 
side of Figure 6 demonstrates a skew deviation pattern in a stroke patient. 

FIGURE 3

Head-Impulse-Test in a healthy subject (B) and patient suffering from saccades in acute peripheral vestibular dysfunction (A), respectively. The 
combined horizontal linear eye velocity and angular head velocities were multiplied by different factors for ease of interpretation. Due to this 
multiplication and utilizing different velocity measured the notation arbitrary unit (AU) was used. Peak heights differ due to variations in head velocity 
(physician-applied force) and eye velocity (subject-dependent), but the overall pattern remains unchanged.
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As a reference, the results of a healthy subject are displayed on the left side 
of Figure 6.

Upon initial examination of the data, it was observed that 
considerable noise and head or eye movement occurred within the 

first seconds of measurements. This is presumed to be a consequence 
of the duration of the pre-recorded voice instruction and the subject’s 
adherence to it. Consequently, the initial seconds were not subjected 
to analysis.

FIGURE 4

A healthy subject looking at the nose of the physician (A), a patient suffering from acute peripheral vestibular dysfunction looking at the nose of the 
physician (B), to the left (C), and right (D). The baseline is centered around its mean; thus, the values represent the changes within the x component of 
the unit vector caused by nystagmus.

FIGURE 5

A healthy subject looking straightforward (A) and looking at the nose of the physician (C), respectively. A patient with down beating nystagmus on the 
right. The patient is looking straightforward (B) and at the nose of the physician (D), respectively. The baseline is centered around its mean; thus, the 
values represent the changes within the y component of the unit vector caused by the down beating nystagmus.

FIGURE 6

Skew deviation in a stroke patient (A) versus a healthy subject (B). Both baselines are centered around zero for a more straightforward interpretation. 
The physician’s nose served as the fixation target. To ensure diagnostic accuracy, the presence of skew deviation was clinically confirmed using the 
alternating cover test by a neurologist.
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4 Discussion

Rapid differentiation of the cause of dizziness allows early 
identification of stroke patients. The HINTS-Exam is appropriate in 
trained hands, but can be misinterpreted by inexperienced personnel. 
Therefore, the HINTS-Exam is often not used in emergency care due 
to a lack of knowledge or experience. A machine learning-based tool 
could increase the number of patients who can be treated in the stroke 
lysis window, potentially reducing morbidity and mortality. A 
machine learning-based tool is expected to be especially effective with 
the MR-OST-HMD approach due to its affordability, portability, and 
ease of use with minimal training, ideal for emergency or acute 
out-of-clinic settings. As a first step, this research evaluates the 
possibility of detecting acute vertigo symptoms using a 
MR-OST-HMD.

4.1 Principal findings

The preliminary results demonstrate that the MR-OST-HMD 
tested in this study can detect abnormal eye movement patterns, 
including saccades, various types of nystagmus, and skew deviation. 
This shows the feasibility of using the HL2 with the in-house 
developed application to perform the HINTS exam. The 
MR-OST-HMD HINTS-Exam is straightforward to use for elderly 
patients within our study and or those wearing hearing aids and does 
not increase vertigo. It shows that the MR-OST-HMDs can be used as 
a mobile method for performing the HINTS exam.

4.2 Comparison to the literature

MR-OST-HMDs have been implemented across various 
research studies and have grown in popularity within the medical 
field (26). Its diagnostic value for patients experiencing dizziness 
has been explored, showcasing its potential as a tool (27). One 
study validated the MR-HMD used in this study as an effective 
instrument for assessing vestibular functions, integrating 
traditional diagnostic methods with its tracking features. The 
study demonstrated the device’s accuracy in measuring gait and 
mobility by conducting Dynamic Gait Index tests on twenty-six 
healthy adults, suggesting its capacity to enhance vestibular 
diagnostics. Notably, no patients with acute dizziness were 
included (28). A systematic review of 141 studies also evaluated 
the increasing application of eye-tracking technology in 
optometry. This review unveiled the wide range of uses for eye 
trackers in diagnosing and managing ocular disorders, 
particularly emphasizing infrared-based devices and metrics such 
as fixations and saccades (29). Another study trained a deep-
learning model designed to measure nystagmus by identifying 
ocular regions based on both real and virtual-reality-generated 
images of eye movements on video. They showed a high accuracy 
in tracking horizontal and vertical eye movements from video 
footage. However, detecting torsional eye movements was 
challenging, and the model did not evaluate saccades and skew 
deviation (30). One research group explored using an iPhone 
attached to 3D-printed goggles as a portable VNG tool (31). 
Another study employed a prototype iPhone app to successfully 

perform the vHIT on one healthy individual and one patient with 
acute vestibular neuritis (32). Both studies investigated using 
portable devices to examine parts of the exam, however, neither 
focused on the entire HINTS-exam.

4.3 Strengths and limitations

This is the first research project to use a MR-OST-HMD 
implementing the entire HINTS-Exam as a diagnostic tool for 
patients with AVS. A great advantage is the limited training and 
knowledge required to perform the exam on the patient, thanks to 
the voice-guided instructions. Only a brief demonstration was 
needed for the Head-Impulse-Test. Furthermore, no increase in 
dizziness was observed during the measurements with the 
MR-OST-HMD. This is in contrast to what is typically observed when 
using optical-pass-through HMDs, which often causes cyber-sickness 
(33, 34).

This is likely due to the OST technology combined with the 
app’s simplicity and the fact that it relies on voice commands 
rather than virtual cues. Although the patient group had a 
representative mean age of 61, a larger sample size is needed to 
confirm the absence of cyber-sickness and further assess usability 
(2, 35, 36).

A major strength of the current research is the objective 
measurements and the device’s portability, allowing non-experts to 
perform the HINTS-exam and consult at a later stage with qualified 
personnel. Furthermore, the fact that actual patients are included in 
this research allows for validation of the application in subsequent 
research when more patients are included.

The measurement data is used as-is, without artifact correction, 
noise reduction, or smoothing, as we deemed it unnecessary for this 
stage and a more honest representation. Other research sites have 
found the HoloLens 2 sensors to be accurate (37, 38), and this study 
confirms their usability for eye and head-related measurements. 
Future research could evaluate accuracy and explore noise reduction 
techniques with larger datasets.

A current limitation is the lack of automated detection for 
adequate head impulses during the Head-Impulse-Test with the 
MR-OST-HMD approach. In our study, experienced clinicians 
performed this task reliably. However, integrating automatic detection 
by analyzing the acceleration profile with a minimum threshold of 
150°/s (39) and providing audio cues should enhance usability for 
novice users.

The HL2 is currently priced at 3.500 euros, which is noticeably 
less than VNG or vHIT equivalents, which are less mobile. 
Considering that the entire application is built on open-source 
software, namely Unity and MRTK3, and for post-processing Python, 
the application and research are replicable and portable to other 
devices, which should reduce the cost of subsequent research at other 
research sites.

In conventional nystagmus assessment, Frenzel goggles or 
analogous instruments are employed to prevent fixation of the eyes, as 
fixation suppresses nystagmus in patients with peripheral causes of 
AVS. However, no issues were encountered during this study, and 
nystagmus was successfully detected in all patients, even in the 
absence of fixation prevention. However, further data is needed to 
evaluate if this aspect can be ignored.
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4.4 Future perspectives

The following steps of our research group are to increase our data 
volume and apply machine learning.

Before proceeding, we aim to further simplify the application’s 
usage based on our experience by integrating methods to automatically 
identify an adequate head impulse, inspect artifact correction and 
noise reduction, and fine-tune voice instructions and step durations 
in the MR-OST-HMD HINTS exam.

The aim is to develop a classifier to identify stroke patients and 
distinguish them from those suffering from peripheral vestibular 
causes of AVS. The ultimate goal is to develop an algorithm that 
accurately differentiates peripheral vestibular disorders (harmless) 
from stroke patients (harmful) without any false negatives. 
Furthermore, future research should explore the potential of 
alternative optical-pass-through devices, such as the Meta Quest Pro 
or Apple Vision Pro (Apple Inc., Cupertino, California, United States), 
in detecting pathological eye movements and differentiating between 
the causes of AVS. Specifically, investigations should assess whether 
the placement of a screen approximately 10 centimeters from the 
user’s eyes can achieve accurate and reliable measurements.

5 Conclusion

The in-house developed MR-OST-HMD HINTS-Exam 
application showed that the application and device can detect 
saccades, different types of nystagmus, and test of skew in patients 
suffering from AVS. The device’s portability and the in-house 
application’s voice interactivity facilitate straightforward 
implementation at the point of care. Future research is warranted to 
gather more data to develop a machine-learning classifier. Hopefully, 
in the future, it will be possible to improve the triage of patients with 
AVS using machine learning and HMDs and increase early diagnosis 
and treatment of stroke patients.

Code availability

The supplementary materials include a video demonstration of the 
HINTS exam performed using our in-house developed HoloLens 2 
application. To ensure privacy and clarity, the medical personnel’s nose 
is represented by a black dot, and filming was done from behind.

The Unity and Python code and a recorded sample of a healthy 
individual will be  available on GitHub upon acceptance: https://
github.com/TIO-IKIM/AR_HINTS.
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