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Abstract
The mechanism of perverted vertical responses during horizontal head impulse tests (HITs) requires further elucidation. A 47-
year-old woman with a Chiari malformation showed alternating skew deviation, downbeat nystagmus with an increasing slow
phase velocity, impaired smooth pursuit, and upward ocular deviation during horizontal HITs and corrective downward saccades
in the presence of normal bithermal caloric tests and intact tilt suppressions of the post-rotatory nystagmus. These findings
suggest dysfunction of the inferior cerebellum including the tonsil, nodulus, and uvula. We propose that disruption of signals
from the medial part of the vestibulocerebellum, which normally inhibits the lateral and anterior canal pathways, may elicit an
upward misdirection of the eye velocity during rapid horizontal head rotation. Otherwise, the Chiari malformation may have
directly affected the brainstem structures involved in the direction matrix of the vestibulo-ocular reflex.
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Introduction

The head impulse test (HIT) allows evaluation of the
vestibulo-ocular reflex (VOR) during high velocity stimula-
tion [1, 2]. Peripheral vestibular hypofunction gives rise to
corrective saccades that occur in the same axis and in the
opposite direction of the head rotation. While head impulse
responses are mostly normal in central vestibular disorders,

recent studies have described decreased [3–5] or increased
[6] gains of the VOR, and inappropriate vertical (perverted)
responses during horizontal HITs in cerebellar dysfunction [4,
7, 8]. Since the cerebellar flocculus sends inhibitory projec-
tions to the floccular target neurons that take part in the ante-
rior and horizontal semicircular canal pathways, the flocculus
has been considered critical for those abnormal HITs in central
lesions [3, 9]. The perverted vertical responses during hori-
zontal HITs, however, have been described in patients with
diffuse cerebellar dysfunction of infectious, degenerative, or
unidentified etiologies [4, 7, 9], and therefore have not permit-
ted a localization of the responsible neural structure(s).

Chiari type 1 malformation consists of an elongation of the
cerebellar tonsils and medial parts of the inferior lobes of the
cerebellum enveloping the medulla and displacement of these
structures into the upper cervical vertebral canal [10]. A vari-
ety of eye movement abnormalities have been observed in
Chiari malformation, including horizontal spontaneous nys-
tagmus, vertical upbeat or downbeat nystagmus, saccadic
dysmetria, impairment of smooth pursuit, and positional nys-
tagmus [2, 10, 11]. However, only a few studies have mea-
sured the VOR in Chiari malformation. A previous study re-
ported spared horizontal VOR during low frequency (0.5 to
2 Hz) head motion in most patients with Chiari malformation
[12]. Herein, we report upward deflection and downward cor-
rective saccades during horizontal head impulses in a patient
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with Chiari malformation, which provoked speculation on the
responsible structures for the perverted VOR during HITs.

Material and Methods

Case Reports

A 47-year-old woman had suffered from progressive dizzi-
ness, unsteadiness, and posterior neck pain for years. She also
reported heaviness in the posterior neck and bilateral shoul-
ders, and clumsiness of both hands. Examination showed
spontaneous downbeat nystagmus (DBN) that increased dur-
ing lateral gazes and with removal of visual fixation. She
showed orthotropia in the straight ahead gaze, and hypertropia
of the abducting eye during lateral gaze in each direction, but
without abnormal heat tilt. The ocular motor ranges were full.
Bedside HITs in each horizontal direction showed an inappro-
priate upward deviation and downward corrective saccades
(Video). The patient also had dissociated sensory deficits pri-
marily involving the pain and temperature sensation in the
upper extremities, decreased biceps jerks, impaired position
and vibration senses in the lower extremities, and unstable
tandem gait. MRIs showed downward displacement of bilat-
eral cerebellar tonsils and syrinx at the C4–5 level (Fig. 1),
compatible with Chiari type I malformation.

Oculography

Eye movements were recorded binocularly at a sampling rate
of 60 Hz using a video-oculography (SensoMotoric
Instruments, Teltow, Germany). Spontaneous nystagmus was
recorded both with and without fixation in the primary eye
position. Eccentric gazes were induced in the horizontal

(± 30°) and vertical (± 20°) planes. Head shaking nystagmus
was evoked by horizontal head-shaking in a sinusoidal pattern
at a rate of 2.8 Hz with an approximate amplitude of ± 10° for
15 s [13]. To induce positional nystagmus, the patients lay
supine from sitting and turned their heads to either side while
supine. The patient also had straight head-hanging and
Dix-Hallpike maneuver in either direction [3].

Head Impulse Tests

Head and eye movements were measured during HITs using a
magnetic search coil technique in a 70-cm cubic search coil
frame (Skalar, Delft, The Netherlands) [14]. A scleral annulus
ring was placed on the subject’s left eye after anesthetizing the
conjunctiva. The patients were instructed to fixate on a red
target placed 1.2 m in front of them. The head impulses were
a passive, unpredictable, low-amplitude, and high-
acceleration head rotation in the three planes of the both hor-
izontal canals (HCs), right anterior canal (AC) and left poste-
rior canal (PC), and left AC and right PC. A minimum of five
impulses were applied in each direction. The gain of the VOR
was calculated for each trial as the ratio of the peak velocity of
the eye over the peak velocity of the head. Eye and head
position signals were digitized at 200 Hz with an analog to
digital converter and were displayed on a computer screen for
eye motion monitoring during the tests. Digitized data were
analyzed with MATLAB software (The Math-=Works Inc.,
Natick, MA, USA). Ten healthy subjects (sevenmen and three
women, age 29–70 years, mean ± SD = 52 ± 14 years) served
as controls [3]. We defined reduced responses of the eye ve-
locity during HITwhen the mean VOR gains were less than a
mean-2SD of the control data (normal HC = 0.85 ± 0.07, nor-
mal AC = 0.86 ± 0.08, and normal PC = 0.87 ± 0.06) [14].
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Fig. 1 MRIs show downward displacement of the cerebellar tonsils with cervical syringomyelia. The dotted line on the sagittal image indicates the plane
of the axial one



Other Neuro-otologic Tests

The caloric stimuli comprised alternate periods of irrigation
for 30 s with 150 ml of cold (30 °C) and hot (44 °C) water.
Horizontal VOR was also measured using the rotary chair
system (ICS Medical, Schaumburg, IL, USA) [15]. To evalu-
ate the VOR, the patient underwent sinusoidal oscillation
about a vertical axis with a peak angular velocity of 50°/s at
frequencies of 0.04 and 0.32 Hz. For the velocity step test, the
participant was subjected to a series of velocity steps, first to
the right and then to the left. In response to the stimuli, time
constants (TCs) of the per- and post-rotatory nystagmus were
calculated. To measure the tilt suppression of the post-rotatory
nystagmus, forward head pitch was actively performed. The
tilt suppression index (TSI) was calculated using the following
formula, TSI (%) = (TC of post-rotatory nystagmus − TC of
post-rotatory nystagmus after tilt suppression) / TC of post-
rotatory nystagmus × 100. Normative data were obtained from
50 healthy volunteers whose ages ranged from 24 to 70 years
(43.0 ± 15.4%) [15].

The subjective visual vertical (SVV) tilt was measured by
seating the patient upright in a dark room and asking her to
align a rod (10.0 cm long and 0.5 cm wide) vertically. The
SVV tilt was considered abnormal when it exceeded normal
values (− 2.4°~2.6° in both eyes; a negative value indicates a
counterclockwise rotation from the patient’s perspective) [16].
Cervical and ocular vestibular-evoked myogenic potentials
(VEMPs) were also performed. Detailed methods have been
described in the literatures [3, 5, 17].

All experiments followed the tenets of the Declaration of
Helsinki, and this study was approved by Institutional Review
Board of Seoul National University Bundang Hospital.

Results

Nystagmus

Video-oculography documented spontaneous DBN with an
increasing slow phase velocity (SPV) during visual fixation
(3.7 ± 0.4°/s) (Fig. 2a). The DBN increased without a visual
fixation in darkness (5.4 ± 0.8°/s), during convergence (7.9 ±
1.2°/s), during rightward (8.9 ± 1.0°/s), leftward (5.4 ± 0.4°/s)
and downward (4.0 ± 1.0°/s) gazes, and in the straight head-
hanging position (17.9 ± 6.5°/s) (Fig. 2b–d). Right beating
spontaneous nystagmus was also noted in darkness without
a visual fixation (0.8 ± 0.3°/s). Horizontal head shaking did
not affect the spontaneous DBN.

The Vestibulo-ocular Reflex

Recording of HITs showed a delayed onset of the VOR for
both HCs and catch-up saccades for left HC even though the

velocity gains were within normal range for both HCs (Fig. 3).
In contrast, the head impulse VOR gains for both ACs were
increased with premature deceleration. The head impulse
VOR appeared delayed for both PCs and decreased for left
PC. Thus, the upward VOR gains were greater than the down-
ward ones on both sides (ratio AC/PC gain = 1.67 on the right
side and 2.05 on the left side).

Sinusoidal harmonic accelerations showed normal gain and
phase of the horizontal VOR without an asymmetry. During
step velocity rotation, the average TCs of the per- and post-
rotatory nystagmus were increased (TC of right beating nys-
tagmus = 22.4 and 21.7 s and TC of left beating nystagmus =
18.7 and 20.4 s, normal TCs = 14.6 ± 3.6 s) with a normal tilt
suppression of the post-rotatory nystagmus (TSI of right beat-
ing post-rotatory nystagmus = 53.7% and TSI of left beating
post-rotatory nystagmus = 46.5%). Bithermal caloric tests
were normal.

Other Vestibular Function Tests

The SVV was tilted counterclockwise (− 3.6°) from the pa-
tient’s perspective during binocular viewing (Fig. 4a).
Cervical VEMPs elicited by sound stimuli and ocular
VEMPs in response to vibratory stimuli were normal.

Saccades and Smooth Pursuit

Horizontal saccades were hypometric, more to the left, but
without a directional bias in the vertical plane (Fig. 4b).
Vertical saccades were normal. At a peak target velocity of
10°/s, horizontal smooth pursuit was impaired in both direc-
tions (rightward gain = 0.56, leftward gain = 0.57, age-
matched normal = 0.73 ± 0.08) (Fig. 4c). The downward
smooth pursuit was also impaired (downward gain = 0.36,
age-matched normal = 0.50 ± 0.11), while the upward smooth
pursuit was normal (upward gain = 0.88) (Fig. 4d).

Discussion

Our patient with a Chiari malformation showed upward eye
deviation and corrective downward saccades during horizon-
tal head impulses in addition to spontaneous and positional
downbeat nystagmus with an increasing slow phase velocity,
alternating skew deviation during lateral gazes, asymmetric
head impulse VOR gains of the vertical semicircular canals
(AC > PC), and asymmetric vertical smooth pursuit.

The upward deflection of the eyes was previously observed
during yaw head impulses in patients with diffuse cerebellar
degeneration [4, 7, 9]. This cross-coupled VOR during rota-
tion of the head around an earth-vertical axis has been attrib-
uted to disinhibition of the AC pathway due to floccular dys-
function [7, 9]. Given that an isolated unilateral floccular
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Fig. 2 The patient shows spontaneous downbeat nystagmus with an
increasing slow phase velocity during visual fixation (3.7 ± 0.4°/s),
which increases in darkness (5.4 ± 0.8°/s) (a). The downbeat nystagmus

also increases during rightward (8.9 ± 1.0°/s) and leftward (5.4 ± 0.4°/s)
gazes (b), and in the straight head-hanging position (17.9 ± 6.5°/s) (c). LH
horizontal position of the left eye, LV vertical position of the left eye

Fig. 3 Recording of the head impulse tests documents increased
vestibulo-ocular reflex (VOR) gains and premature decelerations for both
anterior canals (ACs) (right AC gain = 1.36, left AC gain = 1.38, normal
AC = 0.86 ± 0.08, mean ± SD), decreased gain for left posterior canal
(PC) (0.67, normal PC = 0.87 ± 0.06), and normal gains for right posterior

and both horizontal canals (HCs, normal HC = 0.85 ± 0.07). Initiation of
the VOR is delayed for both HCs and PCs, but was normal for both ACs.
Normal range of VOR gain for each canal is determined by mean ± 2SD
(HC = 0.71 to 0.99, AC = 0.70 to 1.02, PC = 0.75 to 0.99)
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lesion produced increased horizontal VOR gain during low
speed stimulations and decreased gain during horizontal head
impulses [3], the flocculus appears to serve for calibrating and
facilitating the horizontal VOR during the HITs. In our patient,
the preserved VOR gains for both HCs indicate mostly spared
floccular function. Thus, the cross-coupled head impulse re-
sponses in our patient may be ascribed to other neural struc-
ture(s) affected by Chiari malformation.

Partial resection of the nodulus and uvula in monkeys abol-
ishes the ability to orient the eye velocity vector to the shifted
gravito-inertial acceleration vector [18]. Based on loss of the
cross-axis VOR adaptation in experimental lesions involving
the nodulus and uvula, there has been a speculation on the
presence of collateral projections connecting the horizontal
and vertica1 canal-ocular reflex pathways [9]. Given this hy-
pothetical projection, the inferior cerebellar vermis may sup-
press the AC pathways via the inhibitory projections. When
the inhibitory action of the inferior vestibulocerebellum is
impaired in Chiari malformation, inappropriate upward eye
velocity vector can be elicited during horizontal head impulses
due to disinhibition of the collateral projections and resultant
activation of the AC pathway. Of note, decompressive surgery
with unilateral tonsillectomy produced new smooth pursuit
deficits in four of ten patients with Chiari malformation and
DBN in one of them, but without a change in head impulse
responses [19]. Taken together with normal HITs in patients
with an isolated hemi-tonsilar infarction [20], unilateral
tonsilar dysfunction appears not enough to generate the
cross-coupled responses during horizontal head impulses.
Thus, factors such as bilaterality of the lesions or combined
dysfunction of the nodulus-uvula complex seem to be required

to produce vertical eye movements during horizontal head
impulses in Chiari malformation.

The matrix of the VOR direction may be a function of the
vestibular structures and their connecting fibers in the
brainstem even though the cerebellum would also modulate
this function. In our patient, the Chiari malformation may
have directly affected the brainstem structures involved in
the direction matrix of the VOR and may have distorted the
directionality of the VOR. Thus, the cross-coupled horizontal
VOR observed in our patient may also be ascribed to an alter-
ation in the matrix of the VOR direction due to a direct effect
of Chiari malformation onto the brainstem. Given the no
cross-coupled responses during horizontal saccades, this alter-
ation appears to have been specific for the VOR.

While the flocculus modulates the VOR through its direct
connections with the brainstem vestibular and olivary nuclei,
the cerebellar tonsil mostly participates in the control of pur-
suit eye movements [20]. Isolated unilateral tonsilar infarction
in humans indeed impaired smooth pursuit in both horizontal
and vertical directions [20]. Our patient with cerebellar
tonsilar displacement also showed impaired smooth pursuit
in the horizontal and downward directions.

Of note, the DBN in our patient had an accelerating slow
waveform. Nystagmus with an increasing SPV has been oc-
casionally found in acquired cerebellar disorders [21], includ-
ing partial destruction of the uvula [22], and following a lum-
bar puncture in Chiari malformation [23]. A prior study of
paraneoplastic cerebellar degeneration ascribed spontaneous
DBN with an increasing SPV to inappropriate accentuation
of neural integration that converts the eye velocity commands
into position commands [21]. Since the brainstem neural

Fig. 4 a The subjective visual
vertical is deviated
counterclockwise (− 3.5°) from
the patient’s perspective during
binocular viewing (normal = −
2.4°~2.6°). b Horizontal saccades
are hypometric, more to the left,
but without an abnormal upward
eye deviation during the saccades.
d At a peak target velocity of 10°/
s, horizontal smooth pursuit is
impaired in each direction
(rightward gain = 0.56, leftward
gain = 0.57, age-matched
normal = 0.73 ± 0.08). e The
downward smooth pursuit is
impaired (downward gain = 0.36,
age-matched normal = 0.50 ±
0.11), while the upward smooth
pursuit is normal (upward gain =
0.88). LH horizontal position of
the left eye, LV vertical position
of the left eye
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integration system is inherently leaky, the cerebellum has been
considered to improve the integration via a feedback loop
[21]. In our patient with a Chiari malformation, the DBN of
an accelerating slow waveform may also be attributed to un-
stable brainstem integration network owing to cerebellar
dysfunction.

The spontaneous upward ocular drift and downbeat nystag-
mus in our patient was affected by head position changes with
respect to gravity as well as by the eye-in-orbit position. The
SPVof DBN increased by only about 0.3°/s during eccentric
downward gaze in the head upright position, but increased by
up to 12.5°/s during straight head hanging in darkness. Central
positional DBN is mostly observed with lesions involving the
nodulus and uvula [24]. Lesions involving these structures
also cause alternating skew deviation and a tilt of the SVV
[22], as shown in our patient. The ocular tilt reaction is also
under the inhibitory control of the caudal cerebellum, possibly
the nodulus [25]. The skew deviation and tilts of the SVV
found in the nodular lesion appears to be due to an interruption
of the inhibitory projections from the damaged nodulus to the
graviceptive neurons in the ipsilateral vestibular nucleus [25].
Diffuse and symmetric cerebellar dysfunction results in in-
creased variance rather than tilt of the SVV [26]. Thus, the
counterclockwise tilt without an increase in the variance of the
SVVobserved in our patient indicates a partial and asymmet-
ric damage of the nodular inhibitory projection. In addition to
the ocular tilt reaction, the long-term alteration of this neural
pathway induced by downward herniation of the caudal cere-
bellum and secondary compression of the brainstem vestibular
structure(s) may have produced the perverted HITs found in
our patient. Given the preserved tilt suppression of the VOR
[27], however, impairment of the nodulus and ventral uvula, if
any, should have been partial. A previous study on tilt sup-
pression of post-rotatory nystagmus reported that patients with
Chiari malformation show a behavior that was intermediate
between that of normal subjects and the patients with midline
cerebellar lesions [28].

In conclusion, the oculomotor findings observed in the
present patient suggest impairments of the inferior cerebellar
structures including the tonsil, nodulus, and uvula. We pro-
pose that disruption of signals from the medial part of the
inferior cerebellum that inhibits the lateral and vertical canal
pathways may have elicited an upward misdirection of eye
velocity during rapid horizontal rotations. Otherwise, the
Chiari malformation may have directly affected the brainstem
structures involved in the direction matrix of the VOR and
may have distorted the directionality of the VOR.
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