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Abstract 

Video Article

Introduction
Benign paroxysmal positional vertigo 
(BPPV) is the most common cause 
of vertigo. The semicircular canals 
(SSCs) can be involved with the 

underlying mechanisms of canalithiasis 
or cupulolithiasis. Since there are many 
BPPV variants depending on the location 
of the otoliths in the canal sand the 
cupula, a clear understanding of the 

Objective: Our primary objective was to develop a three-dimensional (3D) model of the vestibular 
labyrinth to understand the pathophysiological mechanisms of benign paroxysmal positional 
vertigo (BPPV) observed during common diagnostic positional tests. We secondarily aimed to 
monitor the effects of the repositioning maneuvers and use this tool in teaching. 
Methods: A 3D model of a human semicircular canals (SSCs) system was created by 3D printing 
the core and assembling it with silicone tubing filled with lubricant oil containing colored small 
stones in the lumen mimicking otoconia. We used the model in horizontal canal BPPV diagnostic 
tests and therapeutic maneuvers. The working mechanism of the model we designed was recorded 
with video.
Results: The model allowed for a clear display of the anatomy and the respective orientations 
of the SSCs. Otolith movement in the horizontal canals could be imitated during diagnostic 
positional tests (Dix-Hallpike and Pagnini-McClure) and therapeutic maneuvers (Epley, Semont, 
Lempert and Gufoni).
Conclusion: As well as helping to understand the anatomy and physiology of the SSCs, this 
simple 3D model also provides a teaching tool for the diagnosis and treatment of BPPV. The 
mechanism of horizontal canal canalithiasis and the effect of therapeutic repositioning maneuvers 
could be clearly observed by watching the markers in the lumen demonstrating the progress of 
otolith movements with changes in head position relative to gravity.
Keywords: Benign paroxysmal positional vertigo, vestibular diseases, vestibular labyrinth, otoliths, 
three-dimensional printing, anatomic model
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pathophysiological mechanisms are crucial for the correct 
diagnosis and a successful treatment (1, 2).

The anatomy and biomechanics of the SSCs was previously 
studied using different techniques including radiology, 
histology, and computer-based modelling (3, 4). Most of them, 
however, were unclear and not simple enough, and we noticed 
that a practical understanding of the diagnostic and therapeutic 
aspects of the disease was necessary, especially for physicians 
practicing in medical fields different from neurotology.

Repositioning maneuvers (RMs) are performed to send 
the otoliths back into the utricle; most commonly, Epley 
and Semont maneuvers are used to treat posterior canal 
BPPV, while Lempert (Barbecue) and Gufoni maneuvers 
are performed for the horizontal canal involvement. 
These RMs are generally poorly understood by examining 
illustrations, photographs, or animations. Also, conventional 
three-dimensional (3D) anatomical models of the inner 
ear are not specifically designed for BPPV and are rather 
expensive. A 3D anatomical model is necessary to provide 
a clear understanding of the anatomy and physiology of the 
vestibular labyrinth, as well as the diagnostic tests and RM 
for those interested in BPPV.

BBPV most commonly involves the posterior SSCs, followed 
by the horizontal and anterior canals. There are more variants 
in the horizontal canal and their mechanisms of emergence 
are harder to understand. In our report, we present a 
horizontal canal canalithiasis model which we believe will 
help to understand these mechanisms.

Methods
Ultimaker 2+ extended (Build volume 223x220x205 mm, 
8.77x8.66x8.07 ins), (Ultimaker, Netherlands), Porima 
1.75 mm Pla filament (Porima, Turkey), Johnsons baby oil 
( Johnson & Johnson Medical, USA), silis astroturf sand 
(Tuna Silis Kum, Turkey), tennis bandanna, transparent 
silicone 3D printing model (Link: https://vestibularfirst.
com/how-to-print-3d-vestibular-apparatus/), tubes (ID: 
10 mm OD: 13mm), (Önder silikon, Turkey) were used 
in the study. This project took about six-ten hours to print 
(depending on the 3D printer and its settings). First, one 
end of the tube was inserted into the canal, and oil and sand 
were fed in. Then, the other end of the tube was inserted into 
the other canal. When the model was ready, it was mounted 
on the head of a voluntary subject using a tennis bandanna. 
The horizontal SSC was ensured to standard a 30-degree 
angle with the horizontal plane. This model was constructed 
in order to understand the anatomy and physiology of the 
SSCs, and also serve as a teaching tool for the diagnosis and 
treatment maneuvers of BPPV.

Results
The Dix-Hallpike test for the posterior canal and the 
Pagnini-McClure (Roll) test for the horizontal canal BPPV 
variants were recorded during head movements. Video 
recordings were also made during Epley, Lempert and Gufoni 
maneuvers. Close-up recordings were also shot to observe 
the migration of the marker otoliths in the horizontal SSCs, 
focus on heir behavior and the duration of movements until 
they reach their final destination.

Position changes appear much faster in the videos compared 
to the real-life implementation where a significant waiting 
period is needed to allow the otoliths to move by gravity. 
Also, close-up view of the mounted model is not provided 
for each video for simple demonstration.

Discussion
As the underlying mechanisms of BPPV are becoming 
more and more clearly understood, new variants, tests and 
treatment maneuvers are continuously being described. It is 
not easy to develop a simple concept model to understand 
and teach the pearls of BPPV. Illustrations, photographs, 
videos, and animations were somewhat successful to achieve 
these goals; but there are certain limitations for these media 
such as access to the sources, the clarity of the production 
and the contradictions between mathematical modeling and 
clinical experience.

A free 3D model readily obtained by printing might be 
expected to allow for a clearer understanding of the various 
possibilities of otolithic movement in the endolymph during 
certain head movements. By using 3D modeling, confusing 
and contradictory clinical observations may be explained by 
simulating the hypothetical mechanisms. In this report we 
presented a 3D horizontal canal canalithiasis model as the 
first part of our study; however, a single model is not enough 
to understand the different vestibular stimulation patterns or 
the therapeutic head positions relative to gravity.

In this model, the presentation of the SSCs may not be so 
perfect and the flow of induced movements of the marker 
otoliths may not reflect the temporal patterns of real situations. 
We believe that the inability to add a moving cupula is the 
most important limitation of the 3D model presented here, 
but we are currently working to add a bendable cupula like 
a swing door inside the lumen of the tubing to study the 
mechanics of cupulolithiasis. Also, bilateral 3D modeling, 
using liquids of different densities inside the canals and 
changing the size sand the shapes of the canals to study the 
effects of anatomical variations are under consideration.

In the study by Chien et al. (3) a 3D model of the temporal 
bone was built to better understand the anatomy. The 
aVOR application developed in Sydney was developed as a 
teaching, training, and testing tool for the vestibulo-ocular 
reflex, vestibular system and its disorders, including BPPV. 
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It demonstrates eye movements, including those caused by 
canalithiasis. The application has been downloaded more 
than 50,000 times and its usefulness in teaching BPPV to 
medical students has been demonstrated (4).

Santos et al. (5) used a 3D numerical approach to show 
the biomechanical behavior of the vestibular system. They 
worked on computational simulations and numerical 
models. They stated that such models would also contribute 
to rehabilitation processes. Similarly, Traboulsi and Teixido 
(6) and Teixido et al. (7) developed a biomechanical model 
showing that it could be useful in multicanal involvement 
and emphasized that a 3D software were useful for the 
diagnosis and treatment of BPPV.

Bhandari et al. (8, 9) stated in two separate studies that 
simulators are useful for visualizing otolith movements 
during maneuvers for treating BPPV. However, they stated 
that 2D visualizations were limited while 3D sand dynamic 
simulations were more effective in understanding BPPV.

Yılmazer and Topçuoğlu (10) showed the anatomy of the 
SSCs with a two-handed model and stated that it would be 
effective for understanding the diseases of the SSCs. 

In our study, the movements of otoliths in the horizontal 
SSC were visualized in a 3D model for the first time. We 
believe that the model could facilitate the understanding of 
otolith movements during head positions. However, it does 
not evaluate the eye movements that occur in BPPV. Also 
in our study, only the horizontal canal was studied, and new 
studies are certainly needed for other SSCs involvements.

Conclusion
We believe that a simple and free 3D model as presented here 
is a useful clinical tool to understand and treat BPPV. With 
the 3D model, a detailed and accurate conceptualization of 
BPPV can be obtained.

Video 1. 3D Model of BPPV
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Video Link: https://cms.galenos.com.tr/SolvePark/Uploads/
Files/3D-Model-of-BPPV.mp4
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Main Points
• Understanding of the anatomy of the semicircular canals and 

their position relative to various head movements is crucial for 
the diagnosis and treatment of BPPV.

• The 3D model allowed for a clear display of the anatomy and 
respective orientations of the semicircular canals.

• It can also be used as a teaching tool for the diagnosis and 
treatment of BPPV.
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