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Abstract: The overall contribution of otolith receptors to eye movements, postural control and perceptual
functions is the basis for clinical testing of otolith function. With such wide range of contributions, it is
important to recognize that the functional outcomes of these tests may vary depending on the specific method
employed to stimulate the hair cells. In this article, we review common methods used for clinical evaluation of
otolith function and how different aspects of physiology may affect the functional measurements in these tests.
We compare the properties and performance of various clinical tests with the emphasis on the newly-
developed video ocular counter roll (vOCR), measurement of ocular torsion on fundus photography, and
subjective visual vertical or horizontal (SVV/SVH) testing.
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1. Introduction

1.1. The Structure and Function of the Otolithic Receptors

A normally functioning vestibular system is critical for spatial orientation, balance, and
steadying gaze while the head is in motion. Unlike the semicircular canals that detect angular
acceleration, the otolith organs detect linear displacement with translational movements of the head
or tilting against the pull of gravity. This is a key function for sensing gravity as a frame of reference
to maintain spatial orientation while interacting with the environment [1]. Natural or electrical
stimulation of otolith organs lead to eye movements and postural changes. The orientation of the
sensory epithelium or the macula within each otolith organ allows detection of motion within the
same plane. The utricular macula is aligned horizontally and the saccular macula is aligned vertically.
The utricular macula has stronger projections to the ocular motor system and the saccular macula has
stronger projections to the vestibulospinal system.

The macula of each otolith organ consists of a mix of type I and II hair cell receptors. Type 1
receptors are mainly located in the striola or central zone of the macula and are connected to afferents
with irregular resting discharge sensitive to sound and vibration [2]. Type Il receptors are located on
either side of the central zone with opposite polarities (i.e., hair cell deflections in opposite directions),
and are connected to afferents with regular discharges sensitive to low frequency linear acceleration.
This different pattern of stimulation is related to the morphology of the hair cell receptors. Type I
receptors have short hair bundles that do not reach the gelatinous layer covering the hair cells, but
type Il receptors have long projections protruding into the gelatinous layer covered by the crystals of
dense otoconia [3]. Because of their short projections, type I receptors are sensitive to higher
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frequency stimulation like sound and vibration while type II receptors are more responsive to low
frequency linear acceleration or static tilt against the constant pull of gravity because of the high
density of otoconia on the hair cell projections (for review see [2,3]).

The unique anatomical characteristics of hair cells highlight the significance of otoconia in
facilitating the function of type Il afferents in particular. These afferents maintain a consistent baseline
activity and are sensitive to gravity or low-frequency linear accelerations, forming what is known as
the static or sustained otoconial system [3]. A good example of a test using the sustained system is
the response to maintained head tilt. Pathologies that affect otoconial mass such as head trauma or
age-related degeneration may also affect the sustained pathway and reduce deflection of hair cell
bundles by the pull of gravity [4-6]. Studies suggest loss of otoconial mass of about 40% in the utricle
and 70% in the saccule at the age of 80 [7-9]. No difference, however, is found between type I or type
IT hair cells on human maculae utriculi or sacculi with aging and both are reduced by about 25% [10].
According to Rauch et al., the ratio of type I to type II hair cells is about 1.3 in the macula based on
67 temporal bones from 49 individuals (age range from birth to 100 y/o) [10]. Similarly, Gopen et al.,
found that the ratio of type I to type II hair cells was about 1.7 in few subjects with an age range of
42t0 96 y/o [11]. Unlike hair cells in the macula receptors, hair cells in the cristae of the semicircular
canals and the cochlea show a reduction of about 40% with aging [10]. In humans, no specific
pathology is associated with the exclusive loss of type II hair cells, although pronounced loss of type
IT hair cells has been reported in Meniere’s disease and following irradiation of the inner ear in animal
models [12,13]. The key role of otoconia in vestibular physiology is also shown with mouse models
of otoconial loss[14,15]. These animals have livelong balance problems despite having normal hair
cell morphology.

The overall contribution of otolith receptors to eye movements, postural control and perceptual
functions is the basis for clinical testing of otolith function. With such wide range of contributions, it
is important to recognize that the functional outcomes of these tests may vary depending on the
specific method employed to stimulate the hair cells. In the next section, we review common methods
used for clinical evaluation of otolith function and how different aspects of physiology may affect the
functional measurements in these tests.

2. Clinical Evaluation of the Otolith Organs

Common clinical tests for evaluation of otolith function include (i) the vestibular evoked
myogenic potentials (VEMP) [16], (ii) the video ocular counter-roll (vOCR) [17], (iii) measurement of
the torsional eye position or ocular torsion using fundus photography [18], and (iv) the tests of
subjective visual vertical (SVV) or horizontal (SVH) for assessment of perceived direction of gravity
[19]. Other less common tests are off-axis rotation (OVAR)[20,21] and translational VOR (tVOR) [22].

As supported by recordings from type I hair cells, VEMP testing is based on activation of hair
cells by high frequency air-conducted sound or bone-conducted vibration [23]. VEMP responses
from ocular muscles or oVEMP are used as a measure of utricular function, and responses from
cervical muscles or cVEMP are used as a measure of saccular function. The common stimulus
frequency for VEMP testing is 500 Hz, which results in selective activation of irregular neurons from
the striola. At this frequency, the irregular afferents within the semicircular canals are not usually
stimulated by sound or vibration [23]. Because of the high density of otoconia, type II receptors are
more responsive to low frequency linear acceleration or static tilt against the constant pull of gravity.
Clinical tests of otolith function that involve static head tilt exploit this property. Tilting the head
results in a torsional vestibular ocular reflex (VOR) or ocular counter roll (OCR), during which the
eyes roll in the opposite direction of the head tilt. During the movement of the head, a combination
of otolith and semicircular canal stimulation results in a torsional nystagmus with the slow phase in
the opposite direction of the head tilt. During the static head tilt, however, the OCR is driven
primarily by inputs from the utricle [24].

The static OCR has a normal gain (eye position divided by head position) of about 0.15 that can
be measured using a video oculographic method known as the vOCR [17] (Figure 1).
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Figure 1. The video ocular counter roll (vVOCR) is a clinical test of ocular-otolith function. The tilt
maneuver is a 30° lateral tilt of the lateral tilt of the head and trunk en bloc. During sustained head
tilt, the eyes maintain roll in the opposite direction driven primarily by inputs from the utricle. In a
normal subject, vVOCR is greater than 4° (blue) with 30° head tilt in (red); i.e., gain of larger than 0.15.
In contrast, a patient with otolith loss shows a significantly reduced vOCR.

While the vOCR is a test of torsional VOR, measurement of ocular torsion with the head upright
can be used to evaluate otolith-ocular tone balance [25]. In humans, ocular torsion is the major
component of vestibular response during lateral head tilt known as the physiological ocular tilt
reaction. This involves rolling of the eyes in the opposite direction of the head tilt to realign with the
direction of gravity. Consider a motorcycle rider going around a tight bend to the right. The lateral
tilt of the body excites the right utricle resulting in:1) A head tilt to the left, and 2) an ocular counter-
roll with the top pole of each eye rotated toward left. and 3) a compensatory skew deviation with
upward movement of the lowermost right eye and downward movement of the uppermost left eye.
In cases where a pathology leads to utricular tone imbalance, an ocular tilt response may also emerge
even with the head upright. This pathological or ‘false’ ocular tilt response consists of the same three
components including a lateral head tilt, skew deviation, and pathological ocular-roll or torsional
misalignment of the eyes with the top poles rotating toward the side of the lower eye.

The otolith-ocular pathway decussates within the brainstem, and as a result, lesions of the same
pathway at different levels can lead to different direction of pathological ocular-roll. In lesions of the
utricle and lower brainstem (i.e., prior to decussation), the top pole of each eye is rotated towards the
ipsilateral side. Conversely, if the pathway is lesioned in the upper brainstem (i.e., after decussation),
the top pole of each eye is rotated toward the contralateral side [26-28]. This feature of the pathway
is outlined in greater detail in the section on SVV.

The effect of isolated loss of utricular function is also shown in animal models. Unilateral loss of
utricular function in guinea pig resulted in strong postural changes at the acute stage with head roll-
tilt toward the affected side [29]. These responses are similar to the ocular tilt reaction with complete
unilateral vestibular loss in humans, gradually diminishing with time as recovery and vestibular
compensation occur [30].
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Figure 2. Fundus photography showing normal binocular cyclorotation. Excyclotropy left eye 4.8,
excyclotropy right eye 3.8°.

The pathological ocular-roll can be assessed on fundus photos by measuring the angle between
the optic disc and fovea (Figure 2) [31]. The normative value for the disc foveal angle is within a range
of 5-7°[32]. Another method for evaluation of torsional alignment of the eyes is with the use of the
double Maddox rod (Figure 3) [25]. This test can be easily performed at the bedside for assessment
of otolith-ocular tone balance. The Maddox rod is a filter that converts a source of light into a line
when held in front of the eye. The visual line orientation seen with each eye can be used to assess
torsional alignment of the eyes. The degree of torsional misalignment with the pathological ocular
roll is fairly uniform in both eyes (i.e., there is no difference between the two eyes and the deviation
is comitant).

Maddox rod test

/

Figure 3. In pathological ocular roll there is no or little torsional disparity in fundus photos. Patient
view shows the relative position of the images from each eye with the double Maddox rod test.

The perceptual consequence of the ocular counter roll is shift in the visual vertical (SVV),
measured as the angle between their perceptual and gravitational (true) vertical. Consequently, SVV
is another sensitive sign of a disturbance in the otolith--ocular pathways. Measurement of SVV can
be done reliably and quickly at the bedside using the bucket test [33]. In this test, the subject places
their head inside a bucket to align a straight line visible on the bottom of a bucket to vertical
orientation Visual cues are removed as the subject’s head is inside the bucket, and proprioceptive
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cues are removed as the bucket is randomly rotated to the right or left by the examiner. SVV can also
be measured by presenting a visual line on portable devices in a completely dark room. In the
upright position, normal individuals can position a visual line in an otherwise completely dark room
within two degrees of true vertical [34,35]. Patients with acute peripheral or central vestibular lesions,
however, have subjective vertical that deviates from the true vertical by several degrees. As a
topographic rule, lesions affecting the labyrinth or the lower brainstem (caudal pons and rostral
medulla) cause ipsilateral SVV deviations and lesions in the higher brainstem (rostral pons and
midbrain) cause contralateral SVV deviations (Figure 4) [36] . As a measure of spatial orientation in
reference to gravity, SVV measurement is also affected by other sensory modalities including vision
and body proprioception. Because of such multisensory contribution, SVV deviation and ocular
torsion can be dissociated [37], and thus cannot be a specific test of utricular function. Therefore,
while SVV deviation can be caused by vestibular imbalance, pathologies affecting other sensory
modalities and their sensory integration may also lead to SVV abnormalities [19,38].

Figure 4. Both SVV and pathological ocular roll show deviations in the same direction. Pathologies
affecting the labyrinth or the lower brainstem (medulla and lower pons/A) result in SVV and ocular
roll deviations towards the lesion side whereas pathologies within the higher brainstem (higher pons
and midbrain/B) result in deviations away from the lesion side. VN: Vestibular Nucleus, VI: sixth
cranial nerve, IV: 4th cranial nerve, iii:3rd cranial nerve.

3. Comparisons of Clinical Tests of Otolith Function

When comparing different tests of otolith function, one must consider the difference between
subjective and objective measurement methos, how they could be specifically affected by
multisensory or otolith-specific contributions, and how these tests may vary in stimulation of hair
cell populations.

Studies that have compared SVV and VEMP measurements have shown mixed results without
clear association between VEMP and perception of gravity in pathologies such as Meniere’s disease
or vestibular neuritis, with more discrepancies between acute and chronic patients [39-41].These
findings are in line with the multisensory nature of SVV compared to VEMP as a more specific and
objective measure of otolith function [42]. Similar dissociation is found between ocular torsion and
SVV measurements in patients with vestibular pathologies [41,43]. The SVV deviation normalized
in most patients within few months of recovery whereas ocular torsion remained abnormal even a
year later [40], suggesting some role for central compensation in patient’s perception of upright.

When analyzed separately, oVEMP and ocular torsion abnormalities were present in about 70%
of cases with vestibular neuritis [39,41,44-46]. However, when measured together in a same group of
patients, the ocular torsion and oVEMP abnormalities overlapped in about 50% of cases [43]. The
oVEMP alone was abnormal in 40% of cases, and ocular torsion alone was abnormal alone in about


https://doi.org/10.20944/preprints202405.1309.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2024 d0i:10.20944/preprints202405.1309.v1

10% of cases [43]. This discrepancy could be related to different aspects of utricular function captured
differently by oVEMP and ocular torsion measurements. While oVEMP responses mainly reflect the
activity of type I hair cells on the utricular macula that are sensitive to sound or vibration, ocular
torsion reflects the overall balance of utricular inputs with the torsional deviation pointing towards
the weaker side.

The oVEMP response to sound or vibration is primarily transmitted by irregular utricular
afferents [3,47,48]. These striolar type 1 hair cells and their irregular afferents are called the transient
system, which may remain unaffected in cases with loss of otoconia. While the transient system is
preferentially reacting to dynamic stimulation, i. e., high frequency linear acceleration, the sustained
system reacts more to stimulation by lower frequencies. As a constant, low frequency acceleration,
the pull of gravity is transmitted by the sustained system. Since the vOCR response is generated by
the pull of gravity on the utricular macula, it may primarily reflect the function of type II hair cells,
whereas the VEMP response would reflect the function of the type I hair cells sensitive to sound and
vibration. Such distinction could be valuable to examine differential involvement of the transient and
sustained pathways of utricular afferents. As a test of utricular-ocular function, vOCR demonstrates
a sensitivity level comparable to VEMP in detecting vestibular loss [49]. However, unlike VEMP
responses, VOCR deficits often recover after vestibular injury [17,30,50]. With acute vestibular loss,
vOCR is mainly reduced on the affected side, but there is a symmetrical reduction on both sides with
chronic vestibular loss [49,50]. In line with this finding, the largest vOCR deficit is observed in
bilateral vestibular loss [49].

4. Conclusions

The overall contribution of otolith receptors to eye movement, postural control and perceptual
functions is the basis for clinical testing of otolith function. With such wide range of contributions, it
is important to recognize that the functional outcomes of these tests may vary depending on the
specific method employed to stimulate the hair cells. Within the otolithic maculae, different neural
afferents have different selectivity; type 1 afferents are sensitive to sound and vibration while type II
afferents are tuned to low frequency linear acceleration and static head tilt. The type 1 hair cells and
their irregular afferents are called the transient system and type II hair cells with their constant
baseline activity are called the sustained system. These unique anatomical characteristics of hair cells
highlight the significance of otoconia in facilitating the function of type II afferents in sensing the pull
of gravity.

Common clinical tests for evaluation of otolith function include VEMP, vOCR, assessment of
ocular torsion using fundus photography, and SVV for assessment of perceived vertical. VEMP is an
objective test that exploit a low-level reflex, mostly reflecting the function of type I hair cells. The new
vOCR test assesses the physiologic ocular counter roll in response to a static head tilt, mostly
consistent with type II hair cells and otoconial function. While the vOCR is a test of torsional VOR,
measurement of ocular torsion with the head upright can be used to evaluate for otolith-ocular tone
imbalance. The perceptual consequence of the ocular counter roll is shift of perceived vertical that
can be measured as SVV error. When comparing different tests of otolith function, one must consider
the difference between subjective and objective measurement methods, how they may vary in
stimulation of hair cell populations, and the results be affected by multisensory or otolith-specific
contributions. Further validation of, and comparison of, tests of bedside otolith function is an active
area of research.2. Materials and Methods

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
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the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval must list the authority that provided approval and the corresponding ethical approval code.
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