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Abstract.
BACKGROUND: The video head impulse test (vHIT) is a common assessment of semicircular canal function during high-
speed impulses. Reliability of the vHIT for assessing vertical semicircular canals is uncertain. Vertical head impulses require
a complex head movement, making it difficult to isolate a single semicircular canal and interpret resulting eye rotations.
OBJECTIVE: The purpose of this study was to provide descriptive head kinematics and vestibular stimuli during vertical
plane impulses to ultimately improve impulse delivery and interpretation of vHIT results for vertical semicircular canals.
METHODS: Six participants received right anterior (RA) and left posterior (LP) semicircular canal impulses. Linear dis-
placements, rotational displacements, and rotational velocities of the head were measured. Peak velocities in semicircular
canal planes and peak-to-peak gravitoinertial accelerations at the otolith organs were derived from head kinematics.
RESULTS: The largest rotational velocities occurred in the target semicircular canal plane, with non-negligible velocities
occurring in non-target planes. Larger vertical displacements and accelerations occurred on the right side of the head compared
to the left for RA and LP impulses.
CONCLUSIONS: These results provide a foundation for designing protocols to optimize stimulation applied to a singular
vertical semicircular canal and for interpreting results from the vHIT for vertical semicircular canals.
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1. Introduction

The video head impulse test (vHIT) is a widely
used tool for the assessment of semicircular canal
function, especially the horizontal semicircular
canals [11]. The vHIT consists of applying rapid rota-
tional head impulses reaching 150°/s – 250°/s while
an individual fixates a visual target about one meter
away [2, 4, 15, 17]. The vHIT evaluates the vestibulo-
ocular reflex (VOR) by estimating the gain of the
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VOR [15, 17, 24]. A reduced gain suggests a reduc-
tion of function in a particular semicircular canal [15,
17, 24]. The primary function of the VOR is to main-
tain gaze stability and preserve visual acuity during
head movement [8]. When the VOR is impaired, the
individual is no longer able to sustain visual fixation
on a target during head movement, which can result in
dizziness, visual blurring, and imbalance [8]. Diag-
nosing deficits in the VOR can be accomplished with
the vHIT, which can augment other objective vestibu-
lar tests such as caloric testing and rotational chair
testing [3, 25]. However, the vHIT is emerging as
the preferred choice of test modality because of the
portability of the equipment and the purported ability
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to test all six semicircular canals rather than only the
horizontal semicircular canals [5, 6, 15, 16, 20, 25].
With the increasing popularity of the vHIT, several
manufacturers have developed equipment and soft-
ware designed to enable vHIT to be used clinically
[18, 24]. When assessing the horizontal semicircular
canals, the vHIT has shown good reliability [15, 18,
24].

Despite the demonstrated reliability of the vHIT
for assessing the horizontal semicircular canals [19,
23], the reliability of vHIT for assessing the vertical
semicircular canals does not appear to be high [24].
A primary challenge for using vHIT to assess the
vertical semicircular canals is the orientation of the
vertical semicircular canals in the head. To stimulate
a vertical semicircular canal, a complex 3D move-
ment of the head is required, consisting of equal
amounts of pitch and roll with minimal yaw [12,
24]. On average, the horizontal semicircular canals
lie in a plane pitched 18.8° up from Reid’s plane
[13]. The plane of each vertical semicircular canal,
i.e. the right anterior (RA) left posterior (LP), and left
anterior (LA) right posterior (RP), are approximately
perpendicular to the nominal plane of the horizon-
tal semicircular canals and are angled about +/– 45°
with respect to the mid-sagittal head plane [13]. The
nominal planes of the RA and LP semicircular canals
are parallel and form the so-called “RALP plane”,
while the nominal planes of the LA and RP semi-
circular canals are parallel and lie in the so-called
“LARP plane”, which is nominally perpendicular to
the “RALP plane”. The basis of the vHIT is to provide
a rotational velocity stimulus in a single semicircular
canal plane, thereby exciting a single semicircular
canal, while inhibiting the other semicircular canal
in that plane [9]. Complementary goals include 1)
minimizing the linear displacement of the head to
reduce otolithic contributions to eye rotations and
2) minimizing rotations in other semicircular canal
planes to reduce contributions from other semicir-
cular canals to eye rotations. These goals are more
easily attained for the horizontal semicircular canals
than for the vertical semicircular canals. A rotational
stimulus can be aligned with the horizontal semicir-
cular canals easily by flexing the individual’s head
forward to align the horizontal semicircular canals
with earth-horizontal and then rotating the head in
the earth-horizontal plane [19]. However, vertical
semicircular canal plane impulses require a complex
combination of head rotation and head displacement
because of the orientation of the vertical semicircular
canals in the head and the biomechanics of head rota-

tion on the neck. Unfortunately, unlike the primary
axial rotation of the cervical spine during horizontal
semicircular canal impulses, the impulse movement
for vertical semicircular canals does not align with a
single rotational axis of the cervical spine. Therefore,
to accurately assess vertical semicircular canal func-
tion, there must first be a foundational understanding
of the complex 3D head movements and resulting
stimuli applied to the vestibular system during verti-
cal semicircular canal impulses.

The primary purpose of this study was to describe
the 3D kinematics of head movements and the result-
ing stimuli applied to the vestibular apparatus, i.e. the
semicircular canals and otolith organs, during verti-
cal semicircular canal impulses. These data can serve
as the basis for a better understanding of the eye rota-
tions during the vHIT and for accurately calculating
VOR gains that can ultimately improve the reliability
of detecting vertical semicircular canal dysfunction.

2. Methods

2.1. Participants

Six healthy participants were recruited for this
study (22.5 ± 2.0 years old; 3 F). Exclusion criteria
included a history of neurologic disease, vestibular
disorder, or serious neck injury. Participants were
screened for current neck pain or reduced neck range
of motion. No participants were excluded for these
reasons. A physical therapist with seven years of
experience in vestibular testing and rehabilitation
performed the testing on each participant. All partici-
pants provided informed consent before testing. IRB
approval was given by the University of Pittsburgh
(Study ID: 19070191).

2.2. Equipment and data processing

A fourteen-camera VICON motion capture sys-
tem (Vicon Motion Systems Ltd., Centennial, CO)
was used to track head movements during impulses.
Markers were placed on the left and right side of
the forehead slightly anterior to the tragus of each
ear and over the zygomatic process inferior to each
eye (Fig. 1A). A static trial in which the participant
was aligned with head straight ahead and with Reid’s
plane earth-horizontal was recorded. Reid’s plane is
defined as the best-fit plane containing the center
of each bony external auditory canal and the most
inferior aspect of each infraorbital rim [13]. During
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Fig. 1. Illustration of markers used for Vicon motion capture sys-
tem. A) Initial static trials were used to define head coordinates
using markers placed bilaterally on the ear tragus, zygomatic pro-
cess, and lateral forehead. The participant was aligned with Reid’s
plane earth-horizontal with no head yaw. B) Goggles and additional
markers were placed on the participant for recording movements
during the impulses.

the set-up for the impulses, the Vicon reflective eye
markers were removed and the vHIT goggles (Neu-
rolign USA, formerly known as Neuro Kinetics, Inc.,
Pittsburgh, PA) were placed on the participant’s head.
Gyroscope, accelerometer, and eye rotation data from
the goggles are not reported in this study, but were col-
lected for aspects of a larger study investigating the
effects of different starting head positions on head
impulse test biomechanics. Four additional markers
were placed on the goggles to account for potential
loss of marker visibility (Fig. 1B). Marker data were
low-pass filtered using a zero phase minimum (54th)
order infinite impulse response digital filter with a
cut-off frequency of 5 Hz. All filtering and differenti-
ation were performed in MATLAB (Version R2022a,
MathWorks, Inc., Natick, MA).

2.3. Protocol

Participants sat one meter in front of a wall where
visual targets were placed. The participant’s head was
positioned such that Reid’s plane was aligned with
earth horizontal, which was verified using a digital
level aligned to the infraorbital rims and external
auditory canals. The head was then pitched down
another 18.8° to place the horizontal semicircular
canal plane earth horizontal. The head was then
rotated 22° to the left about the vertical axis, which
is the mid-point between starting head positions used
in commercially available existing protocols [1, 21].
From this starting head position, only RALP plane
impulses were applied, with an amplitude of about
20° [1, 4]. A visual guide was placed on the vHIT
goggles aligned with the RALP plane to assist the

examiner in applying impulses in the correct direc-
tion. For the data reported here, each participant
received five right anterior (RA) and five left poste-
rior (LP) impulses. Additional impulses occurred in
other initial head positions, which will be the focus
of another study. Trials were blocked by semicircular
canal (RA or LP). After each impulse, the head was
slowly returned to the starting position. The order in
which the semicircular canals were tested first was
randomized across participants.

2.4. Head kinematics

The processed marker data were used to calculate
the head kinematics using 3D rigid body mechani-
cal analysis [26]. Head rotations and translations in
space were computed. From these kinematic data, the
movements of the vestibular apparatus and the orbits
were then calculated.

2.5. Head rotation and translation

Rotations of the head in pitch, roll, and yaw along
anatomically meaningful axes were determined using
the following coordinate system (Fig. 2). The pitch
axis was directed from the tragus marker on the left
ear toward the tragus marker on the right ear, the yaw
axis was defined by the cross product between the
pitch axis and a vector directed from the marker on
the tragus of the left ear to the marker on the left zygo-
matic process just below the orbit, and the roll axis
was defined as the cross product between the yaw axis
and the pitch axis (Fig. 2A). The origin of the coor-
dinate system was placed at the midpoint between
tragus markers placed on the left and right ear (mid-
ear) with positive directions toward the right, anterior,
and superior. By this definition, the plane contain-
ing the pitch and roll axes was aligned with Reid’s
plane. Pitch, roll, and yaw rotations were determined
using an Euler angle decomposition [26]. The head
rotations were determined with respect to the posi-
tion of the head in the static trial. The head rotations
were subsequently used to determine the rotations in
the canal planes, as described below (see Vestibu-
lar Stimuli section). The displacements of the head
origin (mid-ear location) in global space were also
determined. Rotational head velocities and linear dis-
placements of the head origin were computed. The
vertical displacements of the right and left orbits
were determined by using their relative position with
respect to the defined head coordinate system. Verti-
cal displacements of the orbits were calculated, as this
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Fig. 2. Coordinate systems for the study. A) The head coordinate
system was defined with the origin at the midpoint between the
ears. The roll and pitch axes were aligned in Reid’s plane and
the yaw axis was perpendicular to Reid’s plane. B) The semi-
circular canal coordinate system was pitched upward 18.8° and
subsequently yawed about the new vertical axis 45° to the left
with respect to the head coordinate system to define the RALP,
LARP, and horizontal (HORZ) axes.

is the direction in which displacements of the otolith
organs may affect the resultant vertical eye move-
ments used to calculate VOR gain for the vertical
semicircular canals.

2.6. Vestibular stimuli

Rotations in the three semicircular canal planes
were found by rotating the head coordinate sys-
tem to align with the semicircular canal orientations
according to the following anatomical data. The semi-
circular canals were assumed to be pitched upwards
18.8° from Reid’s plane and yawed 45° from the sagit-
tal plane, in accordance with Della Santina et al. [13]
(Fig. 2B). The rotational velocities experienced in
RALP, LARP, and horizontal canal planes were cal-
culated by differentiating the rotational position time
series for each plane.

The gravitoinertial accelerations experienced at
the otoliths were determined using the calculated
translational trajectories of each vestibular appara-
tus. The utricle and saccule were approximated at
the same relative location with respect to the mid-
ear. They were approximated as 38.4 mm lateral,
4.9 mm posterior, and 7.7 mm superior to the mid-
ear, based on anatomical data [13]. The gravitoinertial
acceleration magnitudes along the axes defined pre-
viously (Fig. 2A) were calculated using numerical
double differentiation for both right and left otoliths.
The gravitoinertial accelerations combine the stim-
uli from the linear acceleration of the head and the
effects of gravity in the given direction. The peak-to-
peak values in gravitoinertial accelerations over the

course of the impulses were calculated. Only peak-
to-peak accelerations in the vertical direction were
calculated, as this is the direction in which acceler-
ations may affect resultant vertical eye movements
used to calculate VOR gain for the vertical semicir-
cular canals.

2.7. Analysis

Data from each impulse start to impulse end were
interpolated to 100 time points. Impulse start and end
points were identified as when the magnitude of the
pitch component of the head velocity exceeded and
fell below 10°/s, respectively. Each participant’s aver-
age impulse trajectory was found by averaging the
interpolated data at each 1% of the impulse across
the five impulses applied. Ensemble averages across
the participant average trajectories were then taken at
each 1% of the impulse (participant average trajecto-
ries illustrated in Figs. 3–7 over “% of impulse”).
These inter-subject ensemble average trajectories
were used to identify the average and standard devia-
tions of features of interest (e.g. displacements, peak
velocities, and peak-to-peak gravitoinertial accelera-
tions). RA and LP impulses were analyzed separately.

3. Results

3.1. Head rotation and translation

Head rotations were measured in pitch, roll, and
yaw planes of the head coordinate system for the RA
and LP impulses. The rotations were mostly in pitch
and roll, as expected for movements in the RALP
plane (Fig. 3). The excursions were approximately
20° in both pitch and roll with less than 5° excur-
sion in yaw. The velocities in pitch and roll peaked
at about 50% of the duration of the impulse for both
RA and LP impulses, with the peak yaw at about
40% of the duration of the impulse. Peak velocities
of the head are given in Table 1. Table 1 includes
standard deviations indicating between-subject vari-
ability. The within-subject variability, particularly for
the positional and gravitoinertial acceleration data,
was generally lower than the between-subject vari-
ability reported in Table 1 and shown graphically in
Figs. 3–7. Thus, the repeatability within subjects was
much higher.

Translations of the head from the initial start-
ing location were computed for the mid-ear origin.
Most of the translation of the mid-ear occurred in
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Fig. 3. Ensemble averages of head rotations in the pitch, roll, and yaw planes for right anterior (RA) (A) and left posterior (LP) (B) impulses.
Ensemble averages of head rotational velocities in the pitch, roll, and yaw planes for right anterior (C) and left posterior (D) impulses.
Shading represents ± 1 standard deviation of inter-subject variability.

Table 1
Summary statistics for head kinematics and the resulting vestibular stimuli

during right anterior (RA) and left posterior (LP) impulses

RA LP

Peak Pitch Velocity (deg/s) –120.9 ± 44.4 124.4 ± 33.8
Peak Roll Velocity (deg/s) 145.7 ± 21.9 –159.3 ± 21.7
Peak Yaw Velocity (deg/s) 56.3 ± 17.4 –44.8 ± 21.3
Mediolateral Head Displacement (mm) 1.1 ± 3.4 –3.1 ± 7.5
Anterior-Posterior Head Displacement (mm) 27.0 ± 10.6 –20.7 ± 10.2
Vertical Head Displacement (mm) –16.5 ± 7.3 16.2 ± 5.7
Right Orbit Vertical Displacement (mm) –55.5 ± 15.5 58.9 ± 6.9
Left Orbit Vertical Displacement (mm) –29.2 ± 11.0 29.1 ± 7.7
Peak RALP Velocity (deg/s) –186.6 ± 35.6 197.5 ± 24.0
Peak LARP Velocity (deg/s) 33.9 ± 12.6 –45.2 ± 15.5
Peak Horizontal Velocity (deg/s) 43.2 ± 16.4 –40.0 ± 13.4
Right Otolith peak-to-peak Vertical Acceleration (g) 0.30 ± 0.16 0.34 ± 0.13
Left Otolith peak-to-peak Vertical Acceleration (g) 0.08 ± 0.14 0.09 ± 0.12

the anterior-posterior direction, with some trans-
lation in the vertical direction, and very little
translation in the mediolateral direction (Fig. 4).
For RA impulses, the head translated forward,
downward, and slightly toward the right. The oppo-
site occurred for LP impulses, where the head
translated backward, upward, and slightly leftward.

Translations in all three directions are given in
Table 1.

For both RA and LP impulses, the right orbit dis-
placements were greater in magnitude than the left
orbit displacements (Fig. 5). For RA impulses, both
orbits moved downward and for LP impulses, both
orbits moved upward. Vertical displacements of the
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Fig. 4. Average displacement of the origin of the head coordinate system (midpoint between right and left ears) during right anterior (RA)
(A) and left posterior (LP) (B) impulses. Shading represents ± 1 standard deviation of inter-subject variability.

Fig. 5. Average displacement of the right and left orbits during right anterior (RA) (A) and left posterior (LP) (B) impulses. Shading represents
± 1 standard deviation of inter-subject variability.

right and left orbits are given in Table 1.

3.2. Vestibular stimuli

As expected, the highest magnitude semicircular
canal plane velocities occurred in the RALP plane
(Fig. 6). However, non-negligible velocities occurred
in the LARP and horizontal planes. Peak RALP plane
velocities occurred at about 50% of the duration of the
impulse. The rotational velocity profiles in all three
semicircular canal planes were approximately equal
in magnitude but opposite in direction for RA and LP
impulses. Peak velocities in the semicircular canal
planes are given in Table 1.

The gravitoinertial accelerations experienced by
the right and left otolith organs along the anatomical

head axes showed similar patterns in the mediolateral
direction during both RA and LP impulses (Fig. 7).
The right and left otoliths experienced rightward
acceleration for RA impulses and leftward accel-
eration for LP impulses. In the anterior-posterior
direction, the right otolith organs experienced a peak
in forward acceleration at the start of RA impulses
and a peak in backward acceleration at the start of LP
impulses. The left otolith organs showed these accel-
eration peaks slightly later in the trajectory of the
impulse compared to the right otolith organs. For RA
impulses, in the vertical direction, the right otolith
organs experienced initial downward followed by
upward acceleration, whereas the left otolith organs
experienced upward followed by downward acceler-
ation. The opposite trend is seen for LP impulses.
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Fig. 6. Average rotational velocities in the semicircular canal (SCC) planes (RALP, LARP, and horizontal) for right anterior (RA) (A) and
left posterior (LP) (B) impulses. Shading represents ± 1 standard deviation of inter-subject variability.

Fig. 7. Average gravitoinertial accelerations experienced by the right (red) and left (blue) otolith organs in the mediolateral (ML), anterior-
posterior (AP), and vertical directions for right anterior (RA) (A, C, E) and left posterior (LP) (B, D, F) impulses. Shading represents ± 1
standard deviation of inter-subject variability.



374 M.J. Karabin et al. / Head and vestibular kinematics during vertical semicircular canal impulses

The left otolith organs experienced smaller accel-
erations than the right otolith organs in the vertical
direction. The magnitude of the peak-to-peak vertical
gravitoinertial accelerations at the otoliths are given
in Table 1.

4. Discussion

This study describes the kinematics of the head
during protocols designed to assess the vertical semi-
circular canals with the vHIT and the resulting
rotational stimuli to the semicircular canals and lin-
ear accelerations to the otolith organs. Non-target
semicircular canal plane velocities reached approx-
imately 20% of those in the target canal plane, even
when performed by a trained clinician. For RALP
plane impulses, the right orbit and right otolith organs
underwent larger displacements and accelerations
than the left orbit and left otolith organs, which may
explain different rotations observed for right and left
eyes [24].

The RALP plane impulses resulted in head rota-
tions that were approximately equal in roll and pitch.
The head moved through approximately 20° excur-
sions and attained peak velocities between 120°/s and
160°/s in roll and pitch for both RA and LP impulses.
Smaller excursions and peak velocities occurred in
yaw. These high velocities and large ranges of motion
were attained in this young population with good neck
mobility. In testing older populations with reduced
neck mobility and range of motion, these excursions
and peak velocities are likely to be reduced. Future
work should consider investigating how impulses of
sufficient velocity can best be applied in populations
with reduced neck range of motion.

For RALP impulses, there was a large difference
in linear displacement between the right and left
eyes, with the right orbit undergoing greater vertical
displacement than the left orbit. Previous work has
suggested that the opposite is true for LARP impulses
[24]. This difference can be attributed to the off-axis
rotation of the orbits, with the left orbit located much
closer to the axis of rotation than the right orbit for
RALP impulses [24]. Because the orbits translate
differently in space, the eyes need to rotate differ-
ent amounts to remain fixated on a visual target. For
RALP impulses, the larger vertical displacements of
the right orbit would theoretically lead to a greater
rotation of the right eye to remain fixated on the target.
The greater rotation and corresponding greater rota-
tional velocity of the right eye would have a higher

signal to noise ratio than the left eye because of its
greater velocity (i.e., signal) and presumably equiv-
alent measurement error between eyes (i.e., noise).
However, the stimulus of interest in the vHIT is the
ocular movement response to rotational head velocity
(i.e., stimulus to the semicircular canals) and not to
linear head translations and accelerations (i.e., stim-
ulus to the otolith organs). While using the left eye
rotation may reduce linear translations and be more
physiologically appropriate, the lower signal to noise
ratio may lead to poorer estimates of the VOR gain.
This reasoning is from assumptions of the required
eye rotations in the head, as opposed to the actual eye
rotation data. Including eye responses is outside of
the scope of this paper, but will be a point of focus in
future work. Regardless, the data shown in this paper
already suggest that the selection of which eye to use
when calculating the VOR gain could significantly
influence clinical results. Certain vHIT devices only
measure right eye movements, which may impact the
gains and cause systematic differences between those
for RALP versus LARP [24]. Future work should be
done to identify which eye should be used to reliably
calculate VOR gain.

The largest head rotational velocities occurred
in the plane of interest (RALP plane); however,
non-negligible velocities occurred in the LARP and
horizontal planes as well, with off-plane movement
velocities up to 20% of the target velocity. This
demonstrates the difficulty of selectively stimulat-
ing the semicircular canal of interest, likely due
to the complexity of the cervical spine biomechan-
ics. Since these off-plane movements will inevitably
occur, it is important to determine how large these
off-plane velocities can be before they significantly
affect the reliability of the results. Previous norma-
tive data shows that there is approximately 5–7◦ of
inter-subject variability in semicircular canal orien-
tation [13]. The data analysis for this paper assumed
average semicircular canal orientation. Subject devi-
ation from average orientation may have had some
effect on the assumed stimulation of the semicircular
canals.

As the objective of the vHIT is to determine
the gain of the eye responses to semicircular canal
stimulation, input from the otolith organs should be
minimized. In the case of the vertical vHIT, the ver-
tical acceleration stimuli to the otolith organs should
be minimized to reduce the potential influence of the
otolithic-ocular reflex on the resultant eye movements
[10, 14]. For RALP impulses, the right otolith organs
experienced larger changes in vertical gravitoinertial
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accelerations than the left otolith organs. Quantify-
ing otolithic contribution to resultant eye rotation can
be challenging [7, 10, 14]. However, this may be
an important consideration for recommending stan-
dardized protocols for performing and interpreting
vertical vHIT results.

While this study has provided foundational data
on the head and vestibular kinematics occurring dur-
ing the vertical vHIT, the following limitations must
be considered. First, only six young healthy adults
were tested. This sample size is small and includes
individuals without neck mobility limitations, which
are likely to be more prevalent in an older popu-
lation. Dizziness is the number one reason people
over the age of 70 seek the care of a physician [22].
Therefore, an older population should be consid-
ered in future work. However, the small sample size
still provides valuable information describing head
and vestibular kinematics during vertical semicircu-
lar canal impulses. Documenting head kinematics
and vestibular stimuli in a population without the
complications of neck mobility is an important initial
step. This study is also limited by only including one
examiner. As some aspects of the trajectories reported
here may be attributed to the personal tendencies of
the examiner, future studies should include multiple
examiners, preferably of different experience levels.

This study describes the head kinematics and
vestibular stimuli experienced during vertical semi-
circular canal impulses. These results demonstrate
the complexities of the head movement, differen-
tial movement of the right and left orbits, and the
combined effects of the rotation and displacement
of the head on vestibular end organs. The kinematic
data provided should engender future research stud-
ies that address remaining questions regarding the use
of the vHIT to assess the vertical semicircular canals,
including the required precision of the impulses and
which eye to use when calculating VOR gain.
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