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The dizzy patient: don’t forget
disorders of the central vestibular

Vertigo and dizziness are common complaints in
neurological patients. In a general academic emergency
department, these symptoms were evident in 1-10% of
the overall attendances'?, and they account for about
13% of neurological consultations®!. Up to 25% of
patients who present with vertigo and dizziness are dis-
covered to have central disorders®*. Dizziness is often
attributable to benign conditions, in particular, periph-
eral vestibular syndromes (32%) or orthostatic hypo-
tension (13%); however, a serious neurological diagnosis
— most frequently, cerebrovascular disease — has been
established in 5% of cases’.

According to the International Barany Society for
Neuro-Otology, “vertigo is the sensation of self-motion
when no self-motion is occurring; dizziness is the sen-
sation of disturbed or impaired spatial orientation with-
out a false or distorted sense of motion; and imbalance
or unsteadiness is the feeling of being unstable while
seated, standing, or walking without a particular direc-
tional preference” (REF. 8). These sensations can all occur
in peripheral, central and ‘higher’ vestibular disorders.

In this Review, we will focus on central vestibular dis-
orders. We will present key signs and symptoms of these
disorders, as indicated by the patient’s medical history
and appropriate bedside tests. Typical central vestibular
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Abstract | Vertigo and dizziness are among the most common complaints in neurology clinics,
and they account for about 13% of the patients entering emergency units. In this Review, we
focus on central vestibular disorders, which are mostly attributable to acute unilateral lesions
of the bilateral vestibular circuitry in the brain. In a tertiary interdisciplinary outpatient
dizziness unit, central vestibular disorders, including vestibular migraine, comprise about 25%
of the established diagnoses. The signs and symptoms of these disorders can mimic those of
peripheral vestibular disorders with sustained rotational vertigo. Bedside examinations, such
as the head impulse test and ocular motor testing to determine spontaneous and gaze-evoked
nystagmus or skew deviation, reliably differentiate central from peripheral syndromes. We also
consider disorders of ‘higher vestibular functions’, which involve more than one sensory
modality as well as cognitive domains (for example, orientation, spatial memory and
navigation). These disorders include hemispatial neglect, the room tilt illusion, pusher
syndrome, and impairment of spatial memory and navigation associated with hippocampal
atrophy in cases of peripheral bilateral vestibular loss.

disorders elicited by dysfunction within the temporo-
parietal cortex, thalamus, brainstem and cerebellum
can be classified by characteristic perceptual and ocular
motor manifestations, as well as sensorimotor control
of posture and gait. Furthermore, we describe exam-
ples of ‘higher’ (cognitive) vestibular disorders’, such
as hemispatial neglect, room tilt illusion, and deficits in
spatial memory and navigation in patients with bilateral
peripheral vestibulopathy.

Vestibular disorders

The manifestation of vestibular disorders is deter-
mined by how the vestibular system is functioning:
the patient’s perception of body position and motion,
ocular motor control, posture, gait, and spatial orien-
tation are all considered. Among the various causes
of vertigo and balance disorders, peripheral vestibu-
lar syndromes, such as benign paroxysmal positional
vertigo, Méniére disease and acute unilateral vestibu-
lopathy, are well known and are usually correctly diag-
nosed (FICS 1,2). However, for disorders of the central
vestibular system, which manifest with similar signs
and symptoms, the diagnosis is more challenging. In
addition to the structurally defined peripheral and
central vestibular disorders, functional (somatoform)
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Key points

e About 13% of neurological patients in emergency units complain of vertigo or
dizziness; a diagnosis of a central vestibular disorder is established in about 25% of all
outpatients who visit dizziness units

e Vestibular migraine, the most frequent form of spontaneous episodic vertigo, must be
differentiated from attacks of Méniére disease

e Central and peripheral acute vestibular syndromes can be quickly distinguished by
the head impulse test and a search for spontaneous nystagmus, gaze-evoked
nystagmus, ocular skew deviation, and deficits in smooth pursuit and saccadic eye
movements

e Sustained rotational vertigo usually occurs in unilateral peripheral labyrinth,
vestibular nerve or vestibular nuclei disorders, but rarely with lesions of vestibular
structures in the upper brainstem, thalamus or cortex

e Disorders of higher vestibular function affect multisensory modalities and cognition;
examples include hemispatial neglect, the room tilt illusion, pusher syndrome, and
bilateral vestibular loss with spatial disorientation

* A European network for vertigo and balance research, known as DIZZYNET, was
founded in 2014 to establish clinical and educational standards for the management
of dizzy patients

and psychiatric dizziness syndromes comprise about
18% of vertigo and dizziness cases (FIC. 1). These con-
ditions have recently been redefined'®", and will not be
discussed in detail here.

Classification. Vestibular disorders are traditionally
classified by the anatomical site of the lesion, namely,
is it peripheral or central? Sites such as the labyrinth
(semicircular canals and otoliths) and the vestibular
nerve — that is, the first-order neurons — are classified
as peripheral (FIC. 2). By contrast, conditions involving
the vestibular nuclei in the pontomedullary brainstem,

Syndrome

and the vestibular pathways that project from these
nuclei to the vestibulocerebellum (via the cerebel-
lar peduncles), brainstem, thalamus and cortex, are
grouped as central disorders (FIC. 3). FIGURE 1 summa-
rizes the frequency of different peripheral, central and
functional or psychiatric syndromes seen in an interdis-
ciplinary outpatient dizziness unit. In this setting, cen-
tral vestibular disorders, including vestibular migraine,
comprise about 25% of the established diagnoses.

Diagnosis. The diagnosis of a vestibular disorder is
primarily based on a careful patient history that dif-
ferentiates between five categories of key symptoms'?
(BOX 1). These symptoms cover ten distinct disorders
that together account for about 80% of the diagnoses
made in outpatient dizziness clinics. The diagnosis is
established according to the type of vertigo or dizzi-
ness (rotatory, to-and-fro or unsteadiness), duration
of attacks (seconds to days), frequency, triggers or
modulating factors, and associated non-vestibular
symptoms. For example, benign paroxysmal positional
vertigo manifests with rotatory vertigo and nystagmus
lasting less than 1 min, and is typically precipitated by
rapid head and body movements relative to gravity.

Peripheral versus central syndromes. In the emergency
room, it is imperative to quickly differentiate central
from peripheral vestibular syndromes through reliable
bedside tests such as the head impulse test (HIT) for
high-frequency vestibulo-ocular reflex function®*-5,
preferably performed with video-oculography'®',
and ocular motor testing to determine spontaneous and
gaze-evoked nystagmus or skew deviation. If the patient

Benign paroxysmal positional vertigo

| 15.6%

Functional (somatoform) dizziness

|15.0%

Central vestibular vertigo/dizziness

| 13.3%

Vestibular migraine

| 11.8%

Méniére disease

| 10.0%

Unilateral peripheral vestibulopathy

8.9%
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| 6.7%

Vestibular paroxysmia 3.4%
Psychiatric dizziness 2.6%

Perilymph fistula or superior .
canal dehiscence syndrome | ] 0.6%

[[] Peripheral vestibular disorders

[T Dizziness with functional or
psychiatric aetiology

Other disorders*
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Head impulse test
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the function of the
vestibulo-ocular reflex by
eliciting passive, rapid head
movements in the planes of the
semicircular canals.
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Figure 1 | Frequency of vertigo and dizziness syndromes. The graph shows the frequencies of different vertigo and
dizziness syndromes in 23,915 patients seen in an outpatient dizziness unit at the German Center for Vertigo and Balance
Disorders, Munich, Germany. *Other conditions include polyneuropathy, ocular myasthenia and orthostatic tremor.
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Vestibular nerve disorders

Vestibular schwannoma

Spontaneous nystagmus
Involuntary oscillatory eye
movements with quick and
slow phases that are elicited
by an acute vestibular
dysfunction.

Vestibular neuritis
Superior vestibular nerve

Inferior vestibular nerve

Cochlear
nerve

Vestibular paroxysmia

Bilateral vestibulopathy

Saccule

Labyrinthine ischaemia
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Labyrinth disorders

Superior canal dehiscence syndrome

Superior canal

Horizontal canal

Posterior canal

Benign paroxysmal
positional vertigo

Méniére disease

Figure 2 | Common peripheral vestibular disorders. The figure shows the locations of common peripheral vestibular
disorders that affect the vestibular nerve (left) or labyrinth (right). In multidisciplinary dizziness units, these disorders
account for ~45% of outpatient cases (FIC. 1). Typical vestibular nerve disorders include unilateral peripheral
vestibulopathy (for example, vestibular neuritis or vestibular schwannoma), bilateral vestibulopathy, and vestibular
paroxysmia caused by neurovascular cross-compression. Labyrinthine disorders include benign paroxysmal positional
vertigo due to canalolithiasis of the posterior or horizontal semicircular canals, Méniére disease with endolymphatic
hydrops, superior canal dehiscence syndrome due to a bony defect, and the rare labyrinthine ischaemia.

presents with the key symptom of acute vertigo (acute
vestibular syndrome, or AVS), we recommend per-
forming the following five-step examination procedure
already in the emergency room". First, administer the
HIT to test the vestibulo-ocular reflex. Second, search
for vertical divergence of the eyes (skew deviation) by
means of the cover test. Third, use Frenzel’s glasses to
look for vestibular spontaneous nystagmus. Fourth, test for
gaze-evoked nystagmus in horizontal and vertical direc-
tions. Last, check for smooth pursuit and saccadic eye
movements in horizontal and vertical directions. This
five-step procedure is more sensitive than the three-step
HINTS test (see below) for detecting central disorders,
because additional ocular motor deficits of smooth
pursuit and saccades are examined.

The HIT, combined with tests for gaze-evoked
nystagmus and skew deviation, can quickly distin-
guish a central from a peripheral AVS. In an AVS, the
presence of skew deviation, a normal HIT®, and a gaze-
evoked nystagmus, either in the opposite direction to
that of spontaneous nystagmus or in a vertical direc-
tion, indicates a central lesion within the brainstem
or cerebellum® (FIC. 4). If the root entry zone of the
vestibular nerve is affected — for example, by lacunar
infarcts or multiple sclerosis (MS) plaques — the HIT
might be pathological, suggesting a labyrinthine or
peripheral nerve disorder. Even a three-step bedside
test, known as HINTS (HIT, nystagmus, test of skew
deviation), can detect central ischaemia with a sensi-
tivity of more than 90% and, thus, is superior to early
MRI with diffusion-weighted sequences (88% sensi-
tivity)". This procedure allows the general neurologist
to detect a central cause'>'>'*?" that requires an instant
work-up for further diagnosis, for example, in cases of
monosymptomatic brainstem strokes.

If available, a quantitative video-HIT should be per-
formed in the emergency room to help differentiate the
unilateral and highly asymmetrical semicircular canal
dysfunction in peripheral AVS from abnormalities seen
in central AVS'®*' HIT gains and compensatory saccades
may differ between pontine-cerebellar strokes and acute
peripheral lesions. Peripheral lesions cause an ipsilateral
gain reduction. Central lesions caused by posterior infe-
rior cerebellar artery strokes are characterized by con-
tralateral gain bias, whereas anterior inferior cerebellar
artery strokes are characterized by more-symmetrical
bilateral gain reduction'®. Some anterior inferior cere-
bellar artery strokes with unilateral labyrinthine ischae-
mia are at risk of being misclassified if judged only by
vestibulo-ocular reflex gain'®.

Peripheral vestibular disorders

In peripheral vestibular disorders, specific dysfunc-
tions such as spontaneous or positional nystagmus can
be precisely ascribed to the affected labyrinthine struc-
ture. For example, in benign paroxysmal positional ver-
tigo, canalolithiasis of the vertical or horizontal canals
can be unambiguously identified by the direction of
the positional nystagmus elicited by head movements
in the plane of the affected canal. By contrast, identical
central vestibular disorders can originate from sepa-
rate and distinct lesions within the vestibular circuitry,
especially in the brainstem and cerebellum?-%. This
phenomenon is best illustrated by a vestibular tone
imbalance due to unilateral lesions of the central gravi-
ceptive pathways. The graviceptive pathways originate
from the labyrinthine otoliths and vertical semicircular
canals, and they mediate our perception of verticality
and stabilize the gaze, head and body in the upright
position. Lesions of the peripheral ascending pathways,
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Cortex \

Labyrinth < =

Roll planes
The three major planes of

action of the vestibular system,

namely, the horizontal yaw
plane and the two vertical
planes — the sagittal pitch

plane and the frontal roll plane.

Thalamus
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Thalamic nuclei
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‘ ‘ ' Interstitial nucleus of Cajal
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Figure 3 | The central vestibular system. This schematic drawing shows the bilateral structural organization of the
central vestibular system from the vestibular nuclei to multisensory vestibular cortex areas such as the parieto-insular
vestibular cortex (PIVC) and the medial superior temporal area (MST) of the visual cortex. Vestibular input from the
labyrinth and vestibular nerve ascends ipsilaterally and contralaterally, mainly via the medial longitudinal fascicle,

to the midbrain tegmentum with the interstitial nucleus of Cajal. From there, pathways travel via dorsolateral
thalamic nuclei to vestibular cortex areas. The system includes at least three brainstem crossings: one between the
vestibular nuclei, one in the pons superior to the vestibular nuclei, and one in the rostral midbrain tegmentum. Two
transcallosal crossings connect the PIVC or the MST (not shown) of the right and left hemispheres. No crossing is
observed between the thalamic nuclei of the two hemispheres. The two main cerebellar structures involved in central
vestibular function are the cerebellar flocculus and the cerebellar vermis. Here, the cerebellar vermis, demarcated by a
dashed line, is projected onto the level of the medullary brainstem.

which travel from the peripheral end organ to the ves-
tibular nuclei, and of their centrally located projections
to the ocular motor nuclei and the midbrain integra-
tion centre for eye-head coordination in the pitch and
roll planes, can cause similar syndromes of vestibular
tone imbalance in the roll plane® (FIC. 5).

Central vestibular disorders

The central vestibular system. The bilateral structure of
the vestibular system helps us to understand its sensori-
motor, perceptual and cognitive functions, as well as its
disorders. These functions can be separated into four

anatomically distinct groups: control of balance by vesti-
bulospinal reflexes mediated at pontomedullary and spi-
nal cord levels; reflexive control of gaze during head and
body movements by the vestibulo-ocular reflex medi-
ated at pontomesencephalic and cerebellar levels; per-
ception of orientation and self-motion and integration
of voluntary motion with reflexive motion and balance
control, mediated at cortical and subcortical levels; and
higher vestibular functions involving multisensory inte-
gration and cognitive domains such as spatial memory
and navigation, mediated mainly by the hippocampal
formation and the temporoparietal lobes®.
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Box 1| Diagnosis of vestibular disorders

The diagnosis of a vestibular disorder is primarily based

on a careful patient history that differentiates between

the following five categories of key symptoms. For each
category, the two relevant diseases are mentioned, with
the more frequent one appearing first.

Paroxysmal positional vertigo
Benign paroxysmal positional vertigo or central
positional vertigo

Spontaneous recurrent vertigo attacks
Vestibular migraine or Méniére disease

Longer-lasting attack of rotational vertigo (>24 h)
Acute unilateral peripheral vestibulopathy or central
‘pseudo’ peripheral vestibulopathy

Frequent spells of dizziness or imbalance
Vestibular paroxysmia or superior canal dehiscence
syndrome

Postural imbalance (without other neurological
symptoms)

Functional (somatoform) dizziness or bilateral peripheral
vestibulopathy

The bilateral organization of the vestibular system
requires a continuous interaction between the right
and left circuits at all levels — and especially between
the two hemispheres — in order to produce a global
percept and adequate motor reactions to the actual
sensory input, so as to maintain balance within the
gravitational field. Bilateral representation of vestibular
functions allows substitution of unilaterally damaged
pathways and provides a basis for central compensa-
tion of a tone imbalance in the case of acute unilat-
eral dysfunction??. The latter process is mediated by
several crossings between the right and left circuits
at brainstem and cortical levels. These crossings were
recently visualized in humans by combined structural
and functional MRI-based connectivity mapping®. The
vestibular network has a ‘rope ladder’ structure extend-
ing from the brainstem to the temporoparietal cortex
(FIG. 3). Substitution and compensation of vestibular
dysfunction can also be accomplished by multisensory
— in particular, visual-vestibular — interactions, as the
visual system also senses orientation and motion within
the 3D environment.

The functional characteristics of the vestibular system
are distinct from those of other sensory systems. The sys-
tem lacks a primary vestibular cortex, because all natural
vestibular stimuli simultaneously affect multiple senses
(visual, vestibular, somatosensory and auditory) to medi-
ate awareness of body position and orientation, and the
perception of self-motion. Also, the bilateral central ves-
tibular system exhibits lateralization of functional weight
(dominance), which is influenced by three factors. First,
the input of the ear ipsilateral to a stimulus is stronger
than that of the contralateral ear. Second, with bilateral
stimulation, the input of the right ear is stronger than
that of the left ear’**!. Third, hemispheric dominance
occurs in the right hemisphere in right-handed individ-
uals and in the left hemisphere in left-handed individuals.

REVIEWS

These findings were obtained through brain imaging in
healthy volunteers subjected to caloric irrigation®, gal-
vanic stimulation of the vestibular nerve®, or auditory
evoked vestibular otolith stimulation®-*. The existence
of a human homologue of the parieto-insular vestibular
cortex (PIVC), which was originally identified in mon-
keys*, was confirmed by a meta-analytical functional
connectivity study, and includes the so-called opercular
area®. In right-handed individuals, the PIVC showed
right-hemisphere dominance. In a meta-analysis, Lopez
and co-workers® delineated the human vestibular cor-
tex areas using various types of vestibular stimulation —
caloric, galvanic and sound-induced. The main regions
were found in the insular and retroinsular cortex, the
Sylvian fissure, the frontoparietal operculum, and the
superior temporal gyrus.

The findings described above indicate that vestibular
dominance and handedness are reciprocally located in
the two hemispheres. The question of whether handed-
ness is determined by the lateralization of the vestibular
system or vice versa may be related to the ontogenetic
evolution of these functions early in life*"*5-%°. Both
vestibular control of balance and handedness mature
simultaneously in the first few years of life, and defi-
nite handedness is attained at the age of 3-7 years*'.
Therefore, handedness and vestibular dominance —
each of which requires its own egocentric (self-anchored
handedness) versus allocentric (world-anchored vestib-
ular) coordinate reference system — can slowly mature
in infancy?.

Mimics of peripheral vestibulopathy. If acute lesions
affect the root entry zone of the eighth nerve, the vestibu-
lar nucleus, or the pathways (in the cerebellar peduncles)
from the vestibular nucleus to the cerebellar flocculus
and vermis, then an AVS is elicited. This type of AVS,
which was originally termed ‘vestibular pseudoneuritis,
mimics the symptoms of a unilateral peripheral vestibu-
lopathy®'3!4164243 The central sites in which lesions most
frequently mimic an acute peripheral vestibulopathy are
the inferior cerebellar peduncle, the medial and superior
vestibular nucleus, the nucleus prepositus hypoglossi,
the superior cerebellar peduncle, the cerebellar vermis
(uvula and nodulus), the cerebellar tonsil and flocculus,
and the root entry zone in the pons*>*-2,

FIGURE 4 depicts the overlap of causative ischaemic
lesions in 23 patients who presented with an AVS*¢-41,
Following a single acute episode of vertigo, the risk
of stroke in the next 4 years was found to be 6% —
threefold higher than in a control group®. Additional
vascular risk factors increase the risk of an impending
stroke 5.5-fold.

Central rotational vertigo. Clinical experience has
shown that sustained rotational vertigo with spontan-
eous nystagmus and direction-specific falls is associated
predominantly with peripheral lesions of the labyrinth
and the vestibular nerve, and less frequently with lesions
of the vestibular nuclei and vestibular cerebellum.
Vestibular syndromes due to lesions above the level of
the vestibular nuclei — that is, the midbrain, thalamic
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Nucleus tractus solitarius

Nucleus prepositus hypoglossi

Medial vestibular nucleus

Inferior cerebellar
peduncle

Medial vestibular nucleus
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Spinal vestibular nucleus
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Figure 4 | Brainstem lesions and acute central vestibular syndrome. Overlap areas of brainstem infarct lesions in 23
patients who presented with an acute vestibular syndrome due to a central rather than a peripheral lesion. MRI data
from the literature®*° are superimposed on four sections of the human brainstem (methods described elsewhere®?).
a| Overlap area focusing on the medial vestibular nucleus. b | Overlap area focusing on the inferior cerebellar
peduncle. c | Overlap area within the medial vestibular nucleus. d | Overlap area within the superior vestibular nucleus

and the lateral vestibular nucleus.

and cortical centres — only manifest with transient rota-
tional vertigo in exceptional cases. These syndromes
generally present with to-and-fro vertigo, disorienta-
tion, postural instability, or a static tone imbalance, as
described for ocular tilt reaction (OTR) syndromes™ (see
below).

The absence of sustained rotational vertigo in cases
of thalamic and cortical dysfunction can be explained
by the change that takes place in the neuronal coding
of vestibular signals en route from the vestibular nuclei
to the cortex: velocity perception is transformed into
perception of head position®>-*’. The perception of
self-motion relies on different types of neurons, that is,
neurons that code self-motion velocity (velocity cells)
and direction (head direction cells), in cooperation
with other cell types for orientation and navigation in
space, such as place cells for mapping the environment
and grid cells for measuring distances®>°. Integration
from velocity to direction is necessary to update the

awareness of body position in space. The velocity
cells, which are mainly responsible for the sensation
of rotation, are found primarily in the lower brain-
stem, whereas the head direction cell system is dis-
tributed in a network covering the anterior thalamus,
hippocampal formation and cortical areas®.

A concept has been proposed®' to explain why acute
unilateral vestibular cortex lesions — for example, due
to infarction of the middle cerebral artery territory —
rarely manifest with transient rotational vertigo®>®.
The idea is that a continuous visual-vestibular inter-
active comparison is necessary for global perception of
self-motion. Both the vestibular cortex and the visual
cortex are able to sense self-motion, either via vestibu-
lar input of the semicircular canals and otoliths or via
optic flow. If a vestibular mismatch exists between the
two hemispheres, the hemisphere in which the vestibu-
lar and visual cortices are in agreement determines the
global percept of body position and motion.
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Figure 5| Vestibular lesions manifesting with ocular tilt reaction. Pathways from the
utricles and vertical semicircular canals mediate graviceptive function in the frontal roll
plane. These pathways ascend from the vestibular nuclei (VIII) to the ocular motor
nuclei, including the trochlear nucleus (1V), oculomotor nucleus (lll) and abducens
nucleus (VI). From here, they travel to the supranuclear centres of the interstitial nucleus
of Cajal (INC), and the rostral interstitial nucleus of the MLF (riMLF) in the midbrain
tegmentum. This circuitry is the basis for the vestibulo-ocular reflex, and is connected
with vestibulospinal reflexes to control eye, head and body posture. Projections from
the thalamus (Vim, Vce) to the parieto-insular vestibular cortex (PIVC) subserve
perception of verticality. Unilateral lesions of the graviceptive vestibular pathways
cause vestibular tone imbalance in the roll plane. Patients with such lesions can present
with an ocular tilt reaction — an eye—head synkinesis with vertical divergence of the
eyes (skew deviation), ocular torsion, head tilt, and tilt of the subjective visual vertical.
Right-hand images depict the resulting vestibular syndromes according to the level of
the unilateral graviceptive pathway lesion. These pathways cross at the pontine level,
so the direction of tilt is ipsiversive with peripheral or pontomedullary lesions (bottom
two heads) and contraversive with pontomesencephalic lesions above the crossing
(head at midbrain level). In thalamic and vestibular cortex lesions, there are no eye

and head tilts, and tilts of the subjective visual vertical are contraversive or ipsiversive
(top head). Head images: green arrows in the forehead represent objective visual
vertical; red arrows represent pathological subjective visual vertical; and red arrows
around the eyes represent pathological vertical deviation and torsion of the eyes.

|, inferior; L, lateral; M, medial; S, superior. Reproduced with permission from Wiley &
Sons © Dieterich, M. & Brandt, T. Ann. Neurol. 36, 337-347 (1994).

Ocular tilt reaction. A vestibular tone imbalance in the
roll plane manifests in a pathological eye-head syn-
kinesis called the OTR®*, The OTR is characterized by
a head tilt, vertical divergence of the eyes (skew devi-
ation) with the undermost eye directed towards the head
tilt, a cyclorotation of the eyes, and a tilt of the perceived
visual vertical***%¢” (F|G. 5). All tilts — perceptual and

Body lateropulsion
Direction-specific tilts or falls of
the body due to a vestibular
tone imbalance.

REVIEWS

motor — point towards the same side. As the gravicep-
tive pathways from the labyrinth cross in the pons, the
tilts are ipsilateral in peripheral vestibular and ponto-
medullary lesions and contralateral in pontomesen-
cephalic lesions?>*>%-7_ If the level of a circumscribed
brainstem lesion is identified by associated symptoms,
the OTR or its components allow us to determine the
side of the lesion; if the side is known, the direction of
the OTR determines the anatomical level of the lesion
(FIC. 5). A complete OTR only occurs if the lesion lies
between the vestibular end organ (in rare cases with
complete vestibular loss)” or the vestibular nuclei and
the midbrain?. Contralateral body lateropulsion has been
described as a predominant symptom in some patients
with unilateral infarction of the pontine tegmentum’’.
Tone imbalances in the roll plane above and below the
pontomesencephalic brainstem circuit differ in that the
perceptual components prevail in thalamic and ves-
tibular cortex dysfunctions, whereas both perceptual
and postural components (lateropulsion) prevail in
medullary dysfunctions.

The course of an OTR is gradual recovery within days
to months, as seen for tilts of the visual vertical, skew devi-
ation and ocular torsion in medullary infarcts (Wallenberg
syndrome)®7? and mesencephalic infarcts®. Recovery of
the tone imbalance by central compensation, supported
by physical therapy, is also reflected by normalization
of the initially disturbed glucose metabolism reported
in human ¥F-FDG-PET studies®. Central compensa-
tion in unilateral central vestibular lesions preferentially
involves cerebellar and brainstem structures.

Thalamic astasia and lateropulsion. Unilateral central
vestibular lesions of the thalamus” or the vestibular cor-
tex”* were shown to manifest with tilts of the perceived
visual vertical but without head tilt and skew torsion.
These lesions can only be detected through perceptual
deficits, which become apparent when the subjective
visual vertical is measured. These tilts can be ipsilateral
or contralateral, but are not direction-specific as is typi-
cal for lesions of the brainstem. In lesions of the postero-
lateral or centromedial thalamic subnuclei, postural
imbalance with a transient tendency to fall can occur
in the absence of motor weakness or sensory loss — this
phenomenon is called thalamic astasia””. In the case
of medullary lesions below the vestibular nuclei, tone
imbalance in the roll plane can manifest as isolated body
lateropulsion without associated ocular motor signs or
limb ataxia”*. This isolated lateropulsion occurs when
the descending lateral vestibulospinal tract is affected’.
If the medial or superior vestibular nucleus is affected in
dorsolateral medullary infarcts (Wallenberg syndrome),
the lateropulsion is combined with an ipsilateral OTR
and transient torsional nystagmus®-¢". Physical therapy
is recommended to improve postural imbalance and
gait in patients with these conditions.

Higher vestibular dysfunctions

The simple classification of vestibular disorders as
peripheral or central disregards a third category (FIC. 6).
In analogy to disorders of higher visual functions of the
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Cortex

e Cortical vertigo

e Pusher syndrome

* Room tilt illusion

e Spatial hemineglect

e Spatial memory deficit
e Vestibular epilepsy

Thalamus
¢ Thalamic astasia
e Pusher syndrome

Brainstem

e Lateropulsion

e Ocular tilt reaction

e Paroxysmal ataxia/
dysarthria

® Pseudoneuritis

* Room tilt illusion

e Skew—torsion

e Vestibular migraine

Cerebellum

* Downbeat nystagmus

e Episodic ataxia type 2

¢ Ocular tilt reaction

e Positional vertigo/
nystagmus

* Pseudoneuritis

e Upbeat nystagmus

Figure 6 | Central vestibular syndromes and disorders of higher vestibular function.
This figure presents a list of syndromes that have been attributed to cortical, thalamic,
brainstem or cerebellar lesions. Some disorders have been linked to central lesions at
multiple levels; for example, the ocular tilt reaction can be caused by brainstem or
cerebellar lesions, and the room tilt illusion can be caused by brainstem or cortical
lesions. In some conditions, the topographic assignment is uncertain. VC, vestibular
cortex; VL, vestibular labyrinth; VN, vestibular nucleus; VT, vestibular thalamus.

‘what” and ‘where’ pathways®', a new category, namely
disorders of higher vestibular functions, which include
cognition and other non-vestibular modalities, has been
proposed’. The hemispheric dominance of cortical acti-
vation of the vestibular network, as described above, is
reflected in several supratentorial neurological disorders
involving higher vestibular function. These disorders
include impairment of spatial orientation, spatial atten-
tion and balance control, and they are based on inte-
gration of multisensory — that is, visual, vestibular and
somatosensory — input. To illustrate the characteristics
of disorders of higher vestibular function, we describe
four conditions: hemispatial neglect, room tilt illusion,
pusher syndrome, and impairment of spatial memory
and navigation associated with hippocampal atrophy in
peripheral bilateral vestibular loss.

Hemispatial neglect. Hemispatial neglect is a dis-
order caused by interrupted attention to visual stimuli
within one hemifield contralateral to the acute lesion
(usually of the right temporoparietal cortex)®. In rare
cases, transient neglect can occur after acute right or left
lesions of the frontal premotor cortex®’. A milder form
of neglect, termed visual extinction, can occur if spatial
attention is less severely disturbed, or during the course
of recovery from neglect.

A critical cortical lesion site that causes hemispatial
neglect includes the temporo-parieto-insular cortex,
which contains the key region of the multisensory

vestibular network®-*. The organization of multisensory
spatial attention in each hemisphere, as well as the dom-
inance of the right hemisphere, must be accounted for in
computational modelling of the possible neuronal mech-
anisms of neglect®”®. Specific training programmes,
including repetitive galvanic vestibular stimulation, have
been developed to promote recovery from neglect®.

Room tilt illusion. The room tilt illusion is a rare dis-
order of paroxysmal transient upside down vision, and
it reflects cortical dysfunction of visual-vestibular inter-
action®”!. Apparent inversion of vision or 90° tilts of the
environment are misperceptions of verticality. The spatial
orientation of the visual scene is mediated by vestibu-
lar and visual cues; both sensory systems deliver input
for the adjustment of verticality in a 3D environment.
As we cannot perceive two different verticals — a visual
vertical and a vestibular vertical — at the same time, the
two senses must match their spatial coordinates. Thus,
a room tilt illusion indicates a transient mismatch of
the vestibular and visual coordinate systems, and is the
erroneous result of an attempt to make a cortical match®.
The causative lesions of the room tilt illusion are
mostly subcortical, located within the brainstem or even
the peripheral end organ. Examples are found in bilat-
eral vestibular failure or Méniére disease®’. As in hemi-
spatial neglect, the cause of the disease is vestibular, but
the misperception is mainly visual. The spontaneous
course of episodic room tilt illusions is mostly benign?'.
Therapy depends on the underlying cause; for exam-
ple, carbamazepine can be used to treat neurovascular
cross-compression of the vestibular nerve.

Pusher syndrome. During acute stroke management,
the pusher syndrome is often under-recognized by neu-
rologists, but physical therapists are very familiar with
its signs®>. The syndrome is characterized by an appar-
ent tilt of the perceived body position in space, which
the patient attempts to counteract by actively pushing or
tilting the body to the contralesional side. This pushing
is performed by the nonparetic arm or leg”>**. Proposed
causative lesion sites include the thalamus and — per-
haps more likely — the posterior part of the insula®*.
These lesion sites contain components of the multisen-
sory cortical vestibular network. The dominance of the
right hemisphere of this network explains the signifi-
cantly higher frequency of pushing behaviour in right
hemispheric strokes as compared with strokes of the left
hemisphere®. This observation is compatible with the
experience of physical therapists, who find that recovery
from pushing is slower after right hemispheric strokes”.

Peripheral bilateral vestibular loss. Peripheral vestib-
ular disorders can also cause deficits of higher vestib-
ular function; examples include impairment of spatial
memory, orientation and navigation in chronic periph-
eral bilateral vestibular failure®®**. Rodent studies have
shown that intact vestibular function is important for
spatial memory and navigation'®. Navigation requires a
continuous update of the model of the environment and
the relationship of the individual relative to allocentric
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Endolymphatic hydrops
Enlargement of the
endolymphatic space of the
inner ear.

surroundings. The 3D coordinates rely mainly on vestib-
ular and visual input and provide the framework for the
process of updating®. Even incomplete chronic bilateral
vestibular loss can cause atrophy in the hippocampal for-
mation, as well as subjective and objective navigational
deficits'”". Patients with bilateral vestibular loss benefit
from physical therapy'®* however, the efficacy of specific
rehabilitation programmes for spatial memory deficits
has not yet been tested.

Vestibular migraine

Vestibular migraine is the most frequent form of epi-
sodic vertigo, affecting both adults and children'*>'*.
In the general population, lifetime prevalence is about
1%, with a 1-year prevalence of 0.9%'®. The condition
accounts for 7-11% of outpatients seen in specialized
dizziness units'®®'” and 9% of outpatients seen in
migraine units'®. Women are affected 1.5-5.0 times
more often than men'%61%51%%,

Following the detailed clinical description of
this entity'®, more than 15 years elapsed before the
International Headache Society and the International
Barany Society for Neuro-Otology finally accepted the
term ‘vestibular migraine’ and its clinical manifesta-
tions. The latter society developed a consensus docu-
ment with diagnostic criteria for vestibular migraine'*°.
The diagnosis of vestibular migraine was also included
in the Appendix of the International Classification of
Headache Disorders, third edition (beta version) as
an emerging entity requiring further research''. The
diagnostic criteria for vestibular migraine and probable
vestibular migraine are outlined in BOX 2.

Diagnosis of vestibular migraine is difficult if typ-
ical migraine headache is absent, which is the case
in about 30% of patients'*®'%. According to various
studies, spontaneous vertigo is reported in 21-83% of
attacks'®'%!12, positional vertigo or dizziness in 17-65%
of attacks'®*'"*!4 and head motion intolerance and pos-
tural imbalance in 31-77% of attacks'®'!'. Vertigo can
precede, accompany or even follow the headache!**'®.
The attack can last from seconds to days'®!%!13, but is
most frequently in the range of minutes to hours. Central
ocular motor dysfunctions, such as gaze-evoked nystag-
mus, pursuit deficits, central positional nystagmus, and
dysmetric or slow saccades, manifest in 8.6-66.0% of the

Box 2 | Diagnostic criteria for vestibular migraine

The International Barany Society for Neuro-Otology and the International Headache
Society have proposed the following criteria for the diagnosis of vestibular migraine!'®!!*,
A. At least five episodes fulfilling criteria C and D below

B. A current or past history of migraine without aura or migraine with aura

C. Vestibular symptoms of moderate or severe intensity, lasting 5minto 72 h

D. At least 50% of episodes are associated with at least one of the following three

migrainous features:

* Headache with at least two of the following four characteristics: unilateral location,
pulsating quality, moderate or severe intensity, aggravation by routine physical activity

* Photophobia and phonophobia

e Visual aura

E. Not better accounted for by another diagnosis from the third edition of the
International Classification of Headache Disorders, or by another vestibular disorder

REVIEWS

patients!0®102112113115116 Qver the course of the condition,
interictal ocular motor abnormalities become more
frequent and severe. In a study involving follow-up of
5.5-11.0 years, these abnormalities occurred in 16-41%
of the patients'"?, with central positional nystagmus being
the most frequent dysfunction'®.

The differential diagnosis of vestibular migraine
and Méniere attacks can be challenging, especially at
an early stage of Méniere endolymphatic hydrops when
aural symptoms are absent'”. The diagnosis can be
ambiguous, as auditory dysfunction, tinnitus and aural
pressure were reported by 38% of patients with vestib-
ular migraine'®'">!"*, Additional tests may be helpful;
for example, cervical vestibular evoked potentials are
often pathological on the affected ear in Méniere dis-
ease but not in vestibular migraine'**'". The picture is
further complicated by the fact that Méniére disease and
vestibular migraine often coincide'”!'": the prevalence
of migraine was found to be twofold higher in patients
with Méniere disease than in otherwise healthy indi-
viduals'®. In a retrospective study on familial cluster-
ing of migraine, episodic vertigo and Méniére disease,
13% of the patients fulfilled the diagnostic criteria for
both Méniére disease and vestibular migraine'®.

Another important — though rare — differential
diagnosis for vestibular migraine is episodic ataxia type 2
(EA2), an autosomal dominant disorder caused by a
mutation in the calcium channel gene CACNA1A'™'. The
clinical manifestations of vestibular migraine and EA2
are very similar, including central ocular motor abnor-
malities in the symptom-free interval'??, and genetic
differentiation is sometimes necessary.

The pathophysiological mechanism of vestibular
migraine, in particular, the simultaneous involvement
of vestibular and cranial nociceptive pathways, remains
unclear'®. In humans, reciprocal interactions between
the vestibular and trigeminal nuclei have been shown,
along with enhanced excitability of the vestibular system
during processing of sensory information. Spreading
depression, the cortical cause of migrainous aura, has
been shown to also occur in the brainstem of rats'** and
might contribute to vestibular migraine in humans'®.

Only two small randomized controlled trials of med-
ical prophylaxis for vestibular migraine are available,
one on the effects of flunarizine'” and the other on the
effects of propranolol and venlafaxine'*. These drugs
significantly reduced the frequency and severity of ver-
tigo. Large, prospective, double-blind crossover trials
are still lacking.

Conclusions

Central vestibular disorders are caused by lesions —
mostly infarcts and MS plaques — affecting the ipsi-
laterally and contralaterally ascending pathways and
neuronal assemblies that originate from the vestibular
nuclei and extend to the vestibular cortical network.
Around one-quarter of patients who present with the key
symptoms of vertigo, dizziness and imbalance are found
to have central vestibular disorders. The lateralization of
the vestibular cortex (right hemispheric dominance in
right-handed individuals and left hemispheric dominance
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Box 3 | DIZZYNET

Despite the high prevalence of vertigo and dizziness, afflicted patients often receive inadequate treatment, mainly
because interdisciplinary cooperation among the physicians involved in their management is still weak or nonexistent?’.
A European network for translational research into the management of patients with vertigo and balance disorders,
known as DIZZYNET, was founded in 2014 to improve patient care and support?.

In the long term, an international network of interdisciplinary dizziness units will be established with various working
groups responsible for organizing international clinical trials, setting standards for clinical management,
professionalizing data banking, and modernizing teaching and training. The network will also promote public awareness
of the socioeconomic need to improve quality and efficacy of the clinical management of dizzy patients.

in left-handed individuals) is reflected in the frequency
and severity of disorders of higher vestibular functions,
such as hemispatial neglect and pusher syndrome.
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three-step or five-step bedside tests. Further elaboration

Moulin, T. et al. Impact of emergency room
neurologists on patient management and outcome.
Eur. Neurol. 50, 207-214 (2003).

Vanni, S. et al. Can emergency physicians accurately
and reliably assess acute vertigo in the emergency
department? Emerg. Med. Australas. 27, 126—-131
(2015).

de Falco, F. A. et al. The neurologist in the emergency
department. An Italian nationwide epidemiological
survey. Neurol. Sci. 29, 67-75 (2008).

Royl, G., Ploner, C. J. & Leithner, C. Dizziness in the
emergency room: diagnoses and misdiagnoses.

Eur. Neurol. 66, 256-263 (2011).

Kerber, K. A. Vertigo and dizziness in the emergency
department. Emerg. Med. Clin. North Am. 27, 39-50
(2009).

Newman-Toker, D. E., Kattah, J. C., Alvernia, J. E. &
Wang, D. Z. Normal head impulse test differentiates
acute cerebellar strokes from vestibular neuritis.
Neurology 79, 458-460 (2008).

Navi, B. B. et al. Rate and predictors of serious
neurologic causes of dizziness in the emergency
department. Mayo Clin. Proc. 87, 1080-1088 (2012).
Bisdorff, A., Von Brevern, M., Lempert, T. & Newman-
Toker, D. E. Classification of vestibular symptoms:
towards an international classification of vestibular
disorders. J. Vestib. Res. 19, 1-13 (2009).

Brandt, T., Strupp, M. & Dieterich, M. Towards a
concept of disorders of “higher vestibular function”.
Front. Integr. Neurosci. 8, 47 (2014).

Staab, J. B. in Oxford Textbook of Vertigo and
Imbalance (ed. Bronstein, A. M.) 333—-346 (Oxford
Univ. Press, 2013).

Dieterich, M., Staab, J. P. & Brandt, T. Functional
(psychogenic) dizziness. Handb. Clin. Neurol. 139,
447-468 (2017).

Brandt, T., Strupp, M. & Dieterich, M. Five keys for
diagnosing most vertigo, dizziness, and balance
syndromes: an expert opinion. J. Neurol. 261,
229-231 (2014).

Kattah, J. C., Talkad, A. V., Wang, D. Z., Hsieh, Y. H. &
Newman-Toker, D. E. Hints to diagnose stroke in the
acute vestibular syndrome: three-step bedside
oculomotor examination more sensitive than early
MRI diffusion-weighted imaging. Stroke 40,
3504-3510 (2009).

Cnyrim, C. D., Newman-Toker, D., Karch, C., Brandt, T. &
Strupp, M. Bedside differentiation of vestibular neuritis
from central “vestibular pseudoneuritis”. J. Neurol.
Neurosurg. Psychiatry 79, 458—460 (2008).
Halmagyi, G. M. & Curthoys, I. S. A clinical sign of
canal paresis. Arch. Neurol. 45, 737-739 (1988).
Mantokoudis, G. et al. VOR gain by head impulse
video-oculography differentiates acute vestibular
neuritis from stroke. Otol. Neurotol. 36, 457-465
(2015).

Mossman, B., Mossman, S., Purdie, G. & Schneider, E.
Age dependent normal horizontal VOR gain of head
impulse test measured with video-oculography.

J. Otolaryngol. Head Neck Surg. 44, 29 (2015).
Weber, K. P., MacDougall, H. G., Halmagyi, G. M. &
Curthoys, I. S. Impulsive testing of semicircular-canal

22.

23.

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

function using video-oculography. Ann. NY Acad. Sci.
1164, 486-491 (2009).

Strupp, M., Dieterich, M. & Brandt, T. The treatment
and natural course of peripheral and central vertigo.
Dtsch. Arztebl. Int. 110, 505-515 (2013).

Chen, L, Lee, B., Chambers, B. R. & Dewey, H. M.
Diagnostic accuracy of acute vestibular syndrome at the
bedside in a stroke unit. J. Neurol. 258, 855-861 (2011).
Chen, L., Todd, M., Halmagyi, G. M. & Aw, S. Head
impulse gain and saccade analysis in pontine-
cerebellar stroke and vestibular neuritis. Neurology
83, 1513-1522 (2014).

Brandt, T. & Dieterich, M. Vestibular syndromes in the
roll plane: topographic diagnosis from brain stem to
cortex. Ann. Neurol. 36, 337-347 (1994).

Dieterich, M. & Brandt, T. Ocular torsion and tilt of
subjective visual vertical are sensitive brainstem signs.
Ann. Neurol. 33,292-299 (1993).

Baier, B., Bense, S. & Dieterich, M. Are signs of ocular
tilt reaction in cerebellar lesions mediated by the
dentate nucleus? Brain 131, 1445-1454 (2008).
Baier, B. et al. A pathway in the brainstem for roll-tilt
of the subjective visual vertical: evidence from a
lesion—behavior mapping study. J. Neurosci. 32,
14854—-14858 (2012).

Dieterich, M. & Brandt, T. The bilateral central
vestibular system: its pathways, functions, and
disorders. Ann. NY Acad. Sci. 1343, 10-26 (2015).
Straka, H., Vibert, N., Vidal, P. P., Moore, L. E. &
Dutia, M. B. Intrinsic membrane properties of
vertebrate vestibular neurons: function, development
and plasticity. Prog. Neurobiol. 16, 349-392
(2005).

Cullen, K. E., Sadeghi, S. G., Beraneck, M. &

Minor, L. B. Neural substrates underlying vestibular
compensation: contribution of peripheral versus central
processing. J. Vestib. Res. 19, 171-182 (2009).
Kirsch, V. et al. Structural and functional connectivity
mapping of the vestibular circuitry from human
brainstem to cortex. Brain Struct. Funct. 221,
1291-1308 (2016).

Bense, S. et al. Three determinants of vestibular
hemispheric dominance during caloric stimulation.
Ann. NY Acad. Sci. 1004, 440445 (2003).
Dieterich, M. et al. Dominance for vestibular

cortical function in the non-dominant hemisphere.
Cereb. Cortex 13, 994-1007 (2003).

Fink, G. R. et al. Performing allocentric visuospatial
judgements with induced distortion of the
egocentric reference frame: an fMRI study with
clinical implications. Neuroimage 20, 1505-1517
(2003).

Janzen, J. et al. Neural correlates of hemispheric
dominance and ipsilaterality within the vestibular
system. Neuroimage 42, 1508—-1518 (2008).
Schlindwein, P. et al. Cortical representation of
saccular vestibular stimulation: VEMPs in fMRI.
Neuroimage 39, 19-31 (2008).

Guldin, W. O. & Grisser, O. J. Is there a vestibular
cortex? Trends Neurosci. 21, 254-259 (1998).

zu Eulenburg, P., Caspers, S., Roski, C. &

Eickhoff, S. B. Meta-analytical definition and functional

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

of higher vestibular functions, which cover multisensory
interaction, spatial memory, navigation and other cog-
nitive functions, is necessary. Clinicians involved in the
management of dizzy patients are aware of the deficiencies
of multidisciplinary units for outpatients, and this issue is
now being addressed by DIZZYNET, a European network
for research into vertigo and balance disorders (BOX 3).

connectivity of the human vestibular cortex.
Neuroimage 60, 162—-169 (2012).

Lopez, C., Blanke, O. & Mast, F. W. The vestibular
cortex in the human brain revealed by coordinate-
based activation likelihood estimation meta-analysis.
Neuroscience 60, 162—169 (2012).

Brandt, T. & Dieterich, M. Does the vestibular system
determine the lateralisation of brain functions?

J. Neurol. 262, 214-215 (2015).

Romand, R. & Varela-Nieto, I. (eds) Development of
Auditory and Vestibular Systems 4th edn (Academic
Press, 2014).

Butterworth, G.& Hopkins, B. Origins of handedness
in human infants. Dev. Med. Child Neurol. 35,
177-184 (1993).

Scharoun, S. M. & Bryden, P. J. Hand preference,
performance abilities, and hand selection in children.
Front. Psychol. 5, 82 (2014).

Lee, H. et al. Cerebellar infarction presenting isolated
vertigo: frequency and vascular topographical
patterns. Neurology 67, 1178-1183 (2006).

Ahn, B. Y. et al. Pseudovestibular neuritis associated
with isolated insular stroke. J. Neurol. 257,
1570-1572 (2010).

Thomke, F. & Hopf, H. C. Pontine lesions mimicking
acute peripheral vestibulopathy. J. Neurol. Neurosurg.
Psychiatry 66, 340-349 (1999).

Kim, H. A. & Lee, H. Isolated vestibular nucleus
infarction mimicking acute peripheral vestibulopathy.
Stroke 41, 1558-1560 (2010).

Chang, T. P. & Wu, Y. C. A tiny infarct on the
dorsolateral pons mimicking vestibular neuritis.
Laryngoscope 120, 2336-2338 (2010).

Kim, S. H., Park, S. H., Kim, H. J. & Kim, J. S. Isolated
central vestibular syndrome. Ann. NY Acad. Sci. 1343,
80—-89 (2015).

Lee, H. Isolated vascular vertigo. J. Stroke 16,
124-130 (2014).

Lee, S. U. et al. Dorsal medullary infarction: distinct
syndrome of isolated central vestibulopathy. Stroke
46,3081-3087 (2015).

Edlow, J. A., Newman-Toker, D. E. & Savitz, S. I.
Diagnosis and initial management of cerebellar
infarction. Lancet Neurol. 7, 951-964 (2008).
Tehrani, S. A. et al. Small strokes causing severe
vertigo: frequency of false-negative MRIs and
nonlacunar mechanisms. Neurology 83, 169-173
(2014).

Choi, K. D., Lee, H. & Kim, J. S. Vertigo in brainstem and
cerebellar strokes. Curr. Opin. Neurol. 26, 90-95
(2013).

Lee, C. C. et al. Risk of stroke in patients hospitalized
for isolated vertigo: a four year follow-up study. Stroke
42, 48-52 (2011).

Becker-Bense, S. et al. Functional plasticity after
unilateral vestibular midbrain infarction in human
positron emission tomography. PLoS ONE 11,
e0165935 (2016).

Muir, G. M. et al. Disruption of head direction cell
signal after occlusion of the semicircular canals in the
freely moving chinchilla. J. Neurosci. 29,
14521-14533 (2009).

10| ADVANCE ONLINE PUBLICATION

www.nature.com/nrneurol

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

T4.

75.

76.

7.

78.

79.

80.

Winter, S. S., Clark, B. J. & Taube, J. S. Spatial
navigation. Disruption of the head direction cell
network impairs the parahippocampal grid cell signal.
Science 347, 870-874 (2015).

Valerio, S. & Taube, J. S. Head direction cell activity is
absent in mice without the horizontal semicircular
canals. J. Neurosci. 36, 741-754 (2016).

Jeffery, K. J., Jovalekic, A., Verriotis, M. & Hayman, R.
Navigating in a three-dimensional world. Behav. Brain
Sci. 36,523-587 (2013).

Jeffery, K. J., Wilson, J. J., Casali, G. & Hayman, R. M.
Neurol encoding of large-scale three-dimensional
place-properties and constraints. Front. Psychol. 6,
927 (2015).

Dumont, J. R. & Taube, J. S. The neural correlates of
navigation beyond the hippocampus. Prog. Brain Res.
219,83-102 (2015).

Dieterich, M. & Brandt, T. Why acute unilateral
vestibular cortex lesions mostly manifest without
vertigo. Neurology 84, 1680—-1684 (2015).
Anagnostou, E. et al. Incidence of rotational vertigo in
supratentorial stroke: a prospective analysis of 112
consecutive patients. J. Neurol. Sci. 290, 33-36
(2010).

von Brevern, M., Stipmilch, S. & Zeise, D. Acute
vertigo due to hemispheric stroke: a case report and
comprehensive review of the literature. J. Neurol. Sci.
339, 153-156 (2014).

Westheimer, G. & Blair, S. M. Synkinesis of head and
eye movements evoked by brainstem stimulation in
the alert monkey. Exp. Brain Res. 24, 89-95
(1975).

Halmagyi, G. M. et al. Tonic contraversive ocular tilt
reaction due to unilateral meso-diencephalic lesion.
Neurology 40, 1503—-1509 (1990).

Dieterich, M. & Brandt, T. Wallenberg’s syndrome:
lateropulsion, cyclorotation and subjective visual
vertical in 36 patients. Ann. Neurol. 31, 399-408
(1992).

Brandt, T. & Dieterich, M. Pathological eye—head
coordination in roll: tonic ocular tilt reaction in
mesencephalic and medullary lesions. Brain 110,
649-666 (1987).

Brandt, T. & Dieterich, M. Skew deviation with
ocular torsion, a vestibular brain stem sign of
topographic diagnostic value. Ann. Neurol. 33,
528-534 (1993).

Yang, T. H. et al. Topology of brainstem lesions
associated with subjective visual vertical tilt.
Neurology 82, 1968—-1975 (2014).

Halmagyi, G. M., Gresty, M. A. & Gibson, W. P.
Ocular tilt reaction with peripheral vestibular lesion.
Ann. Neurol. 6, 80—83 (1979).

Yi, H.-A., Kim, H.-A., Lee, H. & Baloh, R. W. Body
lateropulsion as an isolated or predominant symptom
of a pontine infarction. J. Neurol. Neurosurg.
Psychiatry 18, 372-374 (2007).

Cnyrim, C. D., Rettinger, N., Mansmann, U., Brandt, T.
& Strupp, M. Central compensation of deviated
subjective visual vertical in Wallenberg’s syndrome.

J. Neurol. Neurosurg. Psychiatry 18, 527-528
(2007).

Dieterich, M. & Brandt, T. Thalamic infarctions:
differential effects on vestibular function in the roll
plane (35 patients). Neurology 43, 1732—-1740
(1993).

Brandt, T, Dieterich, M. & Danek, A. Vestibular cortex
lesions affect the perception of verticality. Ann. Neurol.
35, 403-412 (1994).

Masdeu, J. C. & Gorelick, P. B. Thalamic astasia:
inability to stand after unilateral thalamic lesions.
Ann. Neurol. 23, 596-603 (1988).

Lee, P. H,, Lee, J. H. & Joo, U. S. Thalamic infarct
presenting with thalamic astasia. Eur. J. Neurol. 12,
317-319 (2005).

Elwischger, K. et al. Thalamic astasia from isolated
centromedian thalamic infarction. Neurology 78,
146-147 (2012).

Thomke, F. et al. A topodiagnostic investigation on
body lateropulsion in medullary infarcts. Neurology
64, 716-718 (2005).

Kim, J. H., Kim, S., Lee, D. H,, Lee, T. K. & Sung, K. B.
Isolated axial lateropulsion with ipsilesional subjective

visual vertical tilt in caudal lateral medullary infarction.

J. Vestib. Res. 25, 41-45 (2015).

Nakazato, Y., Tamura, N., Ikeda, K., Tanaka, A. &
Yamamoto, T. Neuroanatomy of isolated body
lateropulsion. Brain Nerve 68, 263-270 (2016).

De Haan, E. H. & Cowey, A. On the usefulness of ‘what’

and ‘where’ pathways in vision. Trends Cogn. Sci. 15,
460-466 (2011).

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

102.

103.

104.

105.

106.

107.

108.

Vallar, G. & Perani, D. The anatomy of unilateral
neglect after right hemisphere stroke lesions: a clinical
CT correlation study in man. Neuropsychologia 24,
609-622 (1986).

Husain, M. & Kennard, C. Visual neglect associated
with frontal lobe infarction. J. Neurol. 243, 652-657
(1996).

Karnath, H.-O. et al. The anatomy of cortical neglect
based on voxelwise statistical analysis: a study of 140
patients. Cereb. Cortex 14, 1164—1172 (2004).
Karnath, H.-O. & Dieterich, M. Spatial neglect — a
vestibular disorder? Brain 129, 293-305 (2006).
Karnath, H.-O. & Rorden, C. The anatomy of spatial
neglect. Neuropsychologia 20, 1010-1017 (2012).
Brandt, T., Dieterich, M., Strupp, M. & Glasauer, S.
Model approach to neurological variants of visuo-
spatial neglect. Biol. Cybern. 106, 681-690 (2012).
Dietz, M. J., Friston, K. J., Mattingley, J. B.,
Roepstorff, A. & Garrido, M. . Effective connectivity
reveals right-hemispheric dominance in audiospatial
perception: implications for models of spatial neglect.
J. Neurosci. 34, 5003-5011 (2014).

Volkening, K., Kerkhoff, G. & Keller, I. Effects of
repetitive galvanic vestibular stimulation on spatial
neglect and verticality perception — a randomised
sham-controlled trial. Neuropsychol. Rehabil. http://dx.
doi.org/10.1080/09602011.2016.1248446 (2016).
Brandt, T. Cortical matching of visual and vestibular
3D coordinate maps. Ann. Neurol. 42, 983-984
(1997).

Sierra-Hidalgo, F. et al. Clinical and imaging features
of the room tilt illusion. J. Neurol. 259, 2555-2564
(2012).

Pedersen, P. M. et al. Ipsilateral pushing in stroke:
incidence, relation to neuropsychological symptoms,
and impact on rehabilitation. The Copenhagen Stroke
Study. Arch. Phys. Med. Rehabil. 77, 25-28 (1996).
Karnath, H.-O. Pusher syndrome — a frequent but
little-known disturbance of body orientation
perception. J. Neurol. 254, 514—424 (2007).
Pérennou, D. A. et al. Lateropulsion, pushing and
verticality perception in hemisphere stroke: a causal
relationship? Brain 131, 2401-2413 (2008).

Ticini, L. F, Klose, U., Naegele, T. & Karnath, H.-O.
Perfusion imaging in pusher syndrome to investigate
the neural substrates involved in controlling upright
body position. PLoS ONE 4, e5737 (2009).

Baier, B. et al. Pusher syndrome — its cortical
correlate. J. Neurol. 259, 277-283 (2012).

Abe, H. et al. Prevalence and length of recovery of
pusher syndrome based on cerebral hemispheric
lesion side in patients with acute stroke. Stroke 43,
1654-1656 (2012).

Brandt, T. et al. Vestibular loss causes hippocampal
atrophy and impaired spatial memory in humans.
Brain 42,2732-2741 (2005).

Previc, F. H., Krueger, W. W., Ross, R. A.,

Roman, M. A. & Siegel, G. The relationship between
vestibular function and topographical memory in older
adults. Front. Integr. Neurosci. 8, 46 (2014).

Smith, P. F. & Zheng, Y. From ear to uncertainty:
vestibular contributions to cognitive function.

Front. Integr. Neurosci. T, 84 (2013).

. Kremmyda, O. et al. Beyond dizziness: virtual

navigation, spatial anxiety and hippocampal volume
in bilateral vestibulopathy. Front. Hum. Neurosci. 10,
139 (2016).

Hall, C. D. et al. Vestibular rehabilitation for peripheral
vestibular hypofunction: an evidence-based clinical
practice guideline: from the American Physical
Therapy Association Neurology Section. J. Neurol.
Phys. Ther. 40, 124-155 (2016).

Batu, E. D., Anlar, B, Topcu, M., Turanli, G. & Aysun, S.
Vertigo in childhood: a retrospective series of 100
children. Eur. J. Paediatr. Neurol. 19, 226-232 (2015).
Jahn, K., Langhagen, T. & Heinen, F. Vertigo and
dizziness in children. Curr. Opin. Neurol. 28, 78-82
(2015).

Neuhauser, H. K. et al. Migrainous vertigo: prevalence
and impact on quality of life. Neurology 67,
1028-1033 (2006).

Neuhauser, H. K., Leopold, M., von Brevern, M.,
Arnold, G. & Lempert, T. The interrelations of
migraine, vertigo and migrainous vertigo. Neurology
56, 436—441 (2001).

Brandt, T., Dieterich, M. & Strupp, M. Vertigo and
Dizziness: Common Complaints 2nd edn (Springer,
2013).

Dieterich, M. & Brandt, T. Episodic vertigo related to
migraine (90 cases): vestibular migraine? J. Neurol.
246, 883-892 (1999).

12

N

123.

124.

125.

126.

127.

128.

. Cass, S. P. et al. Migraine-related vestibulopathy.

. Lempert, T. et al. Vestibular migraine: diagnostic

REVIEWS

Ann. Otol. Rhinol. Laryngol. 106, 182—-189 (1997).

criteria. J. Vestib. Res. 22, 167-172 (2012).

. Headache Classification Committee of the

International Headache Society (IHS). The
International Classification of Headache Disorders,
3rd edition (beta version). Cephalalgia 33, 629-808
(2013).

. Cutrer, . M. & Baloh, R. W. Migraine-associated

dizziness. Headache 32, 300-304 (1992).

. Kayan, A. & Hood, J. D. Neuro-otological

manifestations of migraine. Brain 107, 1123-1142
(1984).

. Cohen, J. M., Bigal, M. E. & Newman, L. C. Migraine

and vestibular symptoms — identifying clinical
features that predict “vestibular migraine”. Headache
51, 1393-1397 (2011).

. Radtke, A., von Brevern, M., Neuhauser, H.,

Hottenrott, T. & Lempert, T. Vestibular migraine: long-
term follow-up of clinical symptoms and vestibulo-
cochlear findings. Neurology 79, 1607-1614 (2012).

. von Brevern, M., Zeise, D., Neuhauser, H.,

Clarke, A. H. & Lempert, T. Acute migrainous vertigo:
clinical and oculographic findings. Brain 128,
365-374 (2005).

. Radtke, A. et al. Migraine and Méniére’s disease: is

there a link? Neurology 59, 1700—-1704 (2002).

. Taylor, R. L. et al. Vestibular evoked myogenic

potentials to sound and vibration: characteristics
in vestibular migraine that enable separation from
Meniere’s disease. Cephalalgia 32, 213-225
(2012).

. Neff, B. A. et al. Auditory and vestibular symptoms

and chronic subjective dizziness in patients with
Meéniere’s disease, vestibular migraine, and Méniére’s
disease with concomitant vestibular migraine.

Otol. Neurotol. 33, 1235—-1244 (2012).

. Cha, Y. H., Kane, M. J.& Baloh, R. W. Familial

clustering of migraine, episodic vertigo, and Méniére’s
disease. Otol. Neurotol. 29, 93-96 (2008).

. Ophoff, R. A. et al. Familial hemiplegic migraine and

episodic ataxia type-2 are caused by mutations in the
Ca?* channel gene CACNL1A4. Cell 87, 543-552
(1996).

. Strupp, M., Versino, M. & Brandt, T. Vestibular

migraine. Handb. Clin. Neurol. 97, 755-771 (2010).
Furman, J. M., Marcus, D. A. & Balaban, C. D.
Vestibular migraine: clinical aspects and
pathophysiology. Lancet Neurol. 12, 706-715
(2013).

Richter, F.,, Bauer, R., Lehmenkiihler, A. &

Schaible, H. G. Spreading depression in the brainstem
of the adult rat: electrophysiological parameters and
influences on regional brainstem blood flow. J. Cereb.
Blood Flow Metab. 28, 984—994 (2008).

Lepcha, A., Amalanathan, S., Augustine, A. M.,

Tyagi, A. K. & Balraj, A. Flunarizine in the prophylaxis
of migrainous vertigo: a randomized controlled trial.
Eur. Arch. Otorhinolaryngol. 271, 2931-2936
(2014).

Salviz, M. et al. Propranolol and venlafaxine for
vestibular migraine prophylaxis: a randomized
controlled trial. Laryngoscope 126, 169-174 (2016).
Crill, E., Penger, M. & Kentala, E. Health care
utilization, prognosis and outcomes of vestibular
disaese in primary care settings: systematic review.

J. Neurol. 263 (Suppl. 1), S36—-S44 (2016).

Zwergal, A., Brandt, T., Magnusson, M. & Kennard, C.
DIZZYNET — a European network initiative for vertigo
and balance research: visions and aims. J. Neurol.
263 (Suppl. 1), S2-59 (2016).

Acknowledgements

The authors thank Judy Benson for copyediting the manu-
script. The authors’ work is supported by the Federal Ministry
for Education and Science of Germany (BMBF 01 EO 0901),
the Hertie Foundation, the German Research Foundation
(SyNergy — Munich Center for Systems Neurology), and the
German Foundation for Neurology.

Author contributions
Both authors contributed equally to all aspects of manuscript
preparation.

Competing interests statement
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

NATURE REVIEWS [ NEUROLOGY

ADVANCE ONLINE PUBLICATION | 11

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



	Abstract | Vertigo and dizziness are among the most common complaints in neurology clinics, and they account for about 13% of the patients entering emergency units. In this Review, we focus on central vestibular disorders, which are mostly attributable to
	Vestibular disorders
	Key points
	Figure 1 | Frequency of vertigo and dizziness syndromes. The graph shows the frequencies of different vertigo and dizziness syndromes in 23,915 patients seen in an outpatient dizziness unit at the German Center for Vertigo and Balance Disorders, Munich, G
	Peripheral vestibular disorders
	Figure 2 | Common peripheral vestibular disorders. The figure shows the locations of common peripheral vestibular disorders that affect the vestibular nerve (left) or labyrinth (right). In multidisciplinary dizziness units, these disorders account for ~45
	Figure 3 | The central vestibular system. This schematic drawing shows the bilateral structural organization of the central vestibular system from the vestibular nuclei to multisensory vestibular cortex areas such as the parieto-insular vestibular cortex 
	Central vestibular disorders
	Box 1 | Diagnosis of vestibular disorders
	Figure 4 | Brainstem lesions and acute central vestibular syndrome. Overlap areas of brainstem infarct lesions in 23 patients who presented with an acute vestibular syndrome due to a central rather than a peripheral lesion. MRI data from the literature45–
	Figure 5 | Vestibular lesions manifesting with ocular tilt reaction. Pathways from the utricles and vertical semicircular canals mediate graviceptive function in the frontal roll plane. These pathways ascend from the vestibular nuclei (VIII) to the ocular
	Higher vestibular dysfunctions
	Figure 6 | Central vestibular syndromes and disorders of higher vestibular function. This figure presents a list of syndromes that have been attributed to cortical, thalamic, brainstem or cerebellar lesions. Some disorders have been linked to central lesi
	Box 2 | Diagnostic criteria for vestibular migraine
	Vestibular migraine
	Conclusions
	Box 3 | DIZZYNET

