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EMVERT

Emergency vertigo
and balance disorders

Enrollment Emergency room

Patient with acute vertigo,
dizziness, double vision or imbalance

‘ Routine emergency management ‘

'
Allocation ) i

L
Meet inclusion criteria

Meet exclusion criteria
Symptoms lasting > 10 min

Proven peripheral (e.g. typical BPPV) or
central aetiology (e.q. hemiparesis, onset <24 h
hemihypesthesia) age > 18 years

EMVERT Block 1 D v
Diagnostic index test
VOG/HIT/posture/scores

Admission to ward / stroke unit / discharge Admission to ward / stroke unit / discharge

EMVERT Block 2_J T —m

MRI / clinical follow-up within 10 days

A

Final diagnosis (stroke y/n)
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[ Enrollment

Emergency Department (University Hospital, LMU Munich)
Patient screening for acute vertigo, dizziness, double vision (n = 840)

Excluded (n=489)
+ Not meeting inclusion criteria (n = 218)
(proven peripheral / central etiology)
+ Declined to participate (n = 186)
+ Other reasons (n = 85)

l—]

Y

’ [ Allocation ]

Allocated to EMVERT trial (n=351)
+ Received complete acute assessment (e.g., VOG, SVV, scales) (n= 342)
+ Did not receive complete acute assessment (n=9)

A

| ‘ Follow-Up ]

+ Received follow-up assessment (MRI < 7d after symptom onset) (n = 333)
+ Did not receive follow-up assessment (MRI < 7d) (n = 18)
(e.g., not-MRI-compatible cardiac pacemaker, declined)

A

| [ Analysis

+ Analysed with voxel-based lesion-symptom mapping (VLSM) (n=47)
+ Not analysed with VLSM (n = 2) (bilateral lesions)
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Open Access Protocol

BMJ Open Protocol for a prospective interventional
trial to develop a diagnostic index test
for stroke as a cause of vertigo, dizziness
and imbalance in the emergency room
(EMVERT study)

Ken M"hwald, * Stanislavs Bardins,* Hans-Helge M#ller,? Klaus Jahn,*?
Andreas Zwergal**

To cite:M#hwald$K, Bardins$SABSTRACT
Mosller$Hedal Protocol for a |ntroduction Identifying stroke as a cause of acute
prospective interventional trialyertigo, dizziness and imbalance in the emergency ro

Strengths and limitations of this study

06T0-.T0Z-uadolwa/9eTT 0T Sk paysiignd 1s1y :usado CINg

to develop a diagnostic index jo 4jj| 4 clinical challenge. Many patients are admittec
test for stroke as a cause of to stroke units, but only a minority will have strokes
vertigo, dizziness and imbalan%_%_ . ' y nortty i
in the emergency room is imposes a heavy "nancial burden on the healthc
(EMVERT stutBjMJ"Open  System. The aim of this study is to develop a diagnos’
20177:e019073. doi:10.1136/ index test to identify patients with a high risk of havin
bmjopen-2017-019073 stroke as the cause of acute vertigo and imbalance.
Methods and analysi®atients with acute onset of

. . . —_vertigo, dizziness, postural imbalance or double visior
this paper is available online. "7 " . .
To view these "les please visitWithin the last 24 hours lasting for at least 10 min are
the journal online (http://dx.do€ligible to be included in the study. Patients with clinic
org/10.1136/bmjopen-2017- Proven peripheral or central aetiology will be exclude

y Prepublication history for

Q
y The study population includes a broad range oﬁ’

patients presenting with acute vertigo and balancé’
disorders instead of selecting speci'c subgroups©
resembling the daily practice in the emergencys
room. g
Patients will undergo standardised video- ®
oculography measurements during the acute phasks
of symptoms, as symptoms might be transient oﬂ:‘.
'uctuate in acute vertigo and balance disorders. ©
The assessment includes measurements of%
posture, since postural de"cits are present in mosé
patients with acute vertigo and balance disorderg

019073). In the emergency room, all enrolled patients will unde
standardised neuro-ophthalmological/physiological te
(including video-oculography, mobile posturography,

measurement of subjective visual vertical) (EMVERT
1). Within 10 days, standardised MRI will be performe
a reference test to identify stroke (EMVERT block 2).
from EMVERT block 2 will be compared with results f
block 1 in order to devise a diagnostic index test with
high speci'city and sensitivity to predict the risk of stroke

in the emergency room, and gait unsteadiness in association with
Ethics and disseminatiomhe study was approved by spontaneous nystagmus, clinical differen-

. _ the ethics committee of the University of Munich and \ h n between peripheral vestibulobath
German Center for Vertigo  pe conducted according to the Guideline for Good ClieaP 1 Perip pathy
central brainstem or cerebellar stroke is

and Balance Disorders, DSGZpractice, the Federal Data Protecting Act and the Hel@Rki © : S St
w;')\(’ii:i:g’n?ﬁz'\:zlr's'i‘t;‘:w'g' Declaration of the World Medical Association in its recaffficiently well established. The origin and
Moénchen, Munich, Germany yersion._ Study results_ are e>_<pected to be published ird'agr‘OSt'C approgches n AVS have been.WeII
2nstitute of Medical Biometry Nt€rnational peer-reviewed journals and will be presestgdied. Most patients with AVS have perlph-
and Epidemiology, Philipps  at international conferences. eral vestibular causes, 25% infratentorial
University Marburg, Marburg, Trial registration numbeGerman Clinical Trial Registerstrokes? ° Distinguishing both can be chal-
Germany DRKS00008992; Universal trial number: Ullll-ll?Z}enging, as 50% of patients who had stroke
*Neurology, Sch#n Klinik, Bad 8719); pre-results. will not have additional focal neurological
fslzl;)nagr’m?:gtﬁmr;%rai;”fny deficits, and emergency imaging with CT is
University Hospital, Ludwig- not sensitive enough (16%).° Seventeen per
cent of patients with ischaemic stroke in the

Maximilians-Universit&t INTRODUCTION
Mo%nchen, Munich, Germany Acute vertigo, dizziness, balance and gait posterior inferior cerebellar artery present
with the single symptom of vertigo and dizzi-

Correspondence fo disorders are among the most frequent symp-

DrAnd’:eaS Zwergal: toms in the emergency depar?ment.12 Inthe ness! Threg bedside vgstibulgr and ocular
andreas.zwergal@med.uni- Case of the typical acute vestibular syndrome motor findings can differentiate central
(AVS), that is, acute vertigo, nausea/vomiting  from peripheral causes of AVS: the head
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impulse test, nystagmus and test-of-skew (HINTS)? The
horizontal head impulse test (h-HIT) is the single best
predictor of stroke in AVS? a bilaterally normal result
in AVS increases the OR of stroke 18-fold. However, the
h-HIT is technically demanding to perform and interpre-
tation varies with expertise. Performance of the video-re-
corded head impulse test (VHIT) considerably helps to
distinguish between peripheral and central causes of
AVS?

In clinical practice, most patients in the emergency
room do not present with AVS but with symptoms such
as isolated vertigo, dizziness and unsteadiness of stance
or gait without nystagmusbin the following called acute
dysbalance syndrome (ADS). In this case, the clinical diag-
nosis is more challenging. Differential diagnoses include
peripheral vestibular disorders, stroke below the level of
the vestibular nuclei, in the cerebellum (hemispheric/
vermal), thalamus (thalamic astasia) or hemispheres
(pushing behaviour, tilt of subjective postural vertical) as
well as intoxications, acute polyneuropathy, peripheral
skeletomuscular, cardiovascular (eg, exsiccosis) or psychi-
atric problems.! In ADS, HINTS signs are often absent.
There have been no systematic studies, which define a
common diagnostic approach in ADS.

Therefore, we aim to develop a diagnostic index test
to identify stroke in patients presenting with AVS and
ADS by use of prospective instrument-based vestibular,
ocular motor and balance testing of consecutive patients
presenting to the emergency room with acute vertigo/
dizziness, double vision, gait instability or falls.

METHODS AND ANALYSIS

Trial "ow

Adult patients with an acute onset of vertigo, dizZness,
postural imbalance, gait instability or double vision with
symptoms in the last 24 hours and a duration of atleast
10 min will be screened prospectively for inclusion in
this single-centre trial within business hours. Theemer-
gency room physician on duty first sees the patierd
and carries out routine emergency diagnostic workup
and therapy as usual. Then the EMVERT physician is
consulted, who performs a structured medical history
and standardised clinical examination with an emphasis
on ocular motor and vestibular function tests and gance
and gait assessment. On the basis of the clinical evkup
by the EMVERT physician, patients with a clinically
proven peripheral or central aetiology will be iden tified
and excluded from the study and further treated in the
routine clinical workflow (see figure 1). The following
criteria are used to define a syndrome as proven peph-
eral or central:

Proven peripheral aetiology

y Typical signs (ie, nystagmus in the plane of the semi-
circular canal involved on diagnostic positioning
manoeuvres) and symptoms of BPPV.

Proven central aetiology

y Clinical signs of acute hemiparesis, hemihypesthesia
or hemiataxia.

y The remaining patients with unclear peripheral or
central aetiology of symptoms will be defined as the
subpopulation of interest for the EMVERT trial to
establish the diagnostic index test (seefigure 1). At
the start of the trial, the EMVERT physician carries
out the workup of EMVERT block 1 (see box 1),
which consists of the following parts:

y Video-oculography (EyeSeeCam, F"rstenfeldbruck,
Germany) recordings of skew deviation, spontaneous
nystagmus, gaze holding, smooth pursuit, saccades
and vestibulo-ocular reflex (VOR) suppression. Speci-
fication of quantified parameters: degree of skew devi-
ation, nystagmus slow-phase velocity with and without
fixation in five different eye positions (including
straight ahead) and with provocation, smooth pursuit
gain, saccade latency, peak velocity and metric, VOR
gain during suppression. Testing will be done with
a mobile device located in the emergency depart-
ment. In order to identify pathological deviations
of video-oculography parameters age-matched and
gender-matched normal values will be implemented
in a cohort of 80 healthy subjects.

y Video-oculography and inertial head sensors (EyeS-
eeCam) to document head impulses. Specification of
quantified parameters: vestibulo-ocular reflex gain,
compensatory and anticompensatory quick eye move-
ment latency, peak velocity, amplitude. Testing will be
done with a mobile device located in the emergency
room. Normal values will be derived from testing a
matched healthy control group.

y Posturography based on accelerometry of postural
sway (Wii Balance Board, Nintendo, Kyoto, Japan).
Specification of quantified parameters: normalised
path length, root mean square and peak-to-peak
values during upright bipedal standing with eyes
open/closed, upright tandem standing with eyes
open/closed and during postural perturbation by
pull test in anteriortposterior and mediolateral direc-
tion. Testing will be done with a mobile device located
in the emergency room. For comparison, healthy
controls will be measured with the same setup.

y Testing of the subjective visual vertical (SVV) using the
bucket test!® Specification of quantified parameters:
mean values of 10 repetitions in a pseudorandomised
order will be calculated. Pathological deviations of
SVV are considered, if mean values are >2.50r <#2.5
degrees.

y Scores: Dizziness Handicap Inventory, Functional
Gait Assessment, Timed Up and Go test, frequency
and severity of falls, attacks of vertigo, dizziness,
imbalance, National Institutes of Health Stroke Scale,
modified Ranking Scale for patients with stroke, Euro-
pean Quality of Life scale-five dimensions-five levels
(EQ-5D-5L), visual analogue scales (VAS), Euro-
Qol-Visual Analogue Scales (EQ-VAS) and ABCD2
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EMVERT

Emergency vertigo
and balance disorders

[ Enroliment ] Emergency room

Patient with acute vertigo,
dizziness, double vision or imbalance

| Routine emergency management

|

Y {__ Allocation ) Y
Meet exclusion criteria Meet inclusion criteria
Proven peripheral (e.g. typical BPPV) or Symptoms lasting > 10 min
central aetiology (e.g. hemiparesis, onset<24 h
hemihypesthesia) age > 18 years

EMVERT Block 1 v
J

Diagnostic index test

VOG/HIT/posture/scores

A4 A4

Admission to ward / stroke unit / discharge Admission to ward / stroke unit / discharge

Y
EMVERT Block Z_J Reference test

MRI / clinical follow-up within 10 days

Y

Final diagnosis (stroke y/n)

Figure 1 EMVERT trial $ow. Study interventions are shown in grey. Proven peripheral or central aetiology ("no stroke")
includes BPPV with typical %ndings on diagnostic positioning (nystagmus in the plane of the semicircular canal involved),
Meni&re's disease with typical recurrent attacks according to Barany Society criteria and other pre-existent disorder with typical
presentation in the emergency situation.*BPPV,*benign paroxysmal positioning vertigo; HIT, head impulse test; VOG, video-
oculography.

score (Age, Blood pressure, Clinical features, Dura- and time of flight angiography. All images are evalu-

tion, Diabetes).™* ated by two specialised neuroradiologists for the pres-
y Afterwards, the patients in the EMVERT subpopula- ence of ischaemic stroke or bleeding.

tion will be admitted to the ward or discharged and y Clinical observation: Specification: during the obser-

undergo EMVERT block 2 within 10 days, which is vational period of the trial, the dynamics of symptoms

used as the reference test. will be assessed. If a new symptom occurs which clar-

. ) ifies the aetiology as clinically proven peripheral or
EMVERT block 2$will include the following tests (see box$2)  central (see above), this observation is included as a

y MRI 3T. Specification: the protocol includes diffu- definite criterion for or against stroke in the refer-
sion-weighted images including brainstem fine slicing ence test.
(3mm), Fluid-attenuated inversion recovery-se-
guence, T2-weighted images including brainstem fine  Frequency and scope of study visits
slicing (3mm), T2*-weighted images, 3D-T1-weighted y Entry (t0; within 24 hours after emergency room
sequences (fast spoiled gradient echo 1 mm isovoxel) consultation):  confirming eligibility, obtaining
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Box 1 Summary of neuro-ophthalmological and
posturographic measurements as well as scaling and
scoring performed at the beginning of the trial in the

emergency room (EMVERT block 1). These parameter
the basis for the elaboration of a future diagnostic inde
test to identify risk of stroke in patients with acute vertig
and balance disorders

EMVERT block 1
Video-oculography

y Saccades

Smooth pursuit

Fixation nystagmus

Spontaneous nystagmus
Vestibulo-ocular re'ex suppression
Video head impulse test
Head-shaking nystagmus

Cover test

<K <

<

Measurement of subjective visual verticalBbucket test

Mobile posturography

y Eyes open

y Eyes closed

y Tandem, eyes open

y Tandem, eyes closed

Scores and scales

y ABCD2 score

y Dizziness Handicap Inventory

Proposed sample size/power calculation

The sample size of 1000 patients to be allocated is planned
on the basis of a recruitment period of 2 years. This
sample size will allow robust modelling with up to four
parameters in a multivariate logistic regression model
assuming an a priori stroke probability of 4% in the
study population (based on an analysis of patient presen-
tations to the Munich University Hospital Emergency
Room from the year 2010). All efforts will be undertaken
to avoid dropouts. Of the 1000 patients to be allocated
to the trial, a subpopulation of 200 patients (20%) is
expected, in which the origin of symptoms can be clas-
sified as peripheral or central (stroke) to a high degree
of certainty (as compared with an a priori probability of
4% of having stroke) based on the routine clinical testing.
For the remaining subpopulation of 800 patients (80%),
in which the a priori probability of a stroke is estimated
to be 5%, the development and evaluation of a diagnostic
index test for stroke is a central aim in order to guide the
pragmatic decisions on further imaging and prophylactic
therapy. The primary statistical two-sided test for detec-
tion of a likelihood ratio of more than 19/4=4.75 in case
of a positive index test (LR+) has a power of about 80%
to detect an alternative value LR+=247/37=6.6757 in a
sample size of 800 patients. Given an a priori probability
of pre=5%, the positive predictive value is post+=20%
for LR+=4.75, post+=25% for LR+=19/3=6.333 (power

y European Quality of Life scale-"ve dimensions-"ve levels, Euro@p_lz%), post+=26 for LR+=247/37=6.6757 and post+=30%

Visual Analogue Scale

Functional Gait Assessment

Modi"ed Rankin Scale

National Institutes of Health Stroke Scale
Timed Up and Go Test

Visual Analogue Scale

<K

informed consent, structured history taking, standard-
ised neurological workup, scores and scales, video-oc-
ulography, video head impulse test, posturography,
SVV (see EMVERT block 1).

y Study MRI (t1; preferably after day 3 and within 10
days after t0) and clinical assessment of peripheral or
central signs (see EMVERT block 2).

Box 2 MRI protocol and clinical assessment of perip

or central signs to identify stroke (EMVERT block 2) wi
10 days after inclusion (EMVERT block 1)

EMVERT block 2
MRI with 3T scanner

Fluid-attenuated inversion recovery
T1-weighted fast spoiled gradient echo, 1 mm isovoxel
T2-weighted imaging including brainstem "ne slicing (3 mm)
T2*-weighted imaging
Time of 'ight angiography

linical assessment of peripheral or central signs

N <K <K < < <

for LR+=57/7=8.1429 (power 98.6%). In a sample of 1072
patients (instead of 800 patients), a power of 80% would
be reached for LR+=19/3=6.3333, 382 patients would be
sufficient for LR+=57.7=8.1429.

Outcome measures

The primary endpoint (stroke or no stroke) will be deter-
mined on the basis of the reference test. Clinical and
neurophysiological test results from EMVERT block 1
(see above) will be combined to create a diagnostic score
for the risk of stroke (predictor). A first outcome measure
will be the a priori probability of stroke. The second
outcome measure will be sensitivity and specificity, the
pair of diagnostic quality of the index test. The index
test will be determined based on the receiver operating
characteristic curve according to the diagnostic score
with specific cut-off values for sensitivity and specificity in
order to develop a stroke detection test with high sensi-
tivity and acceptable specificity.

Methods against bias
MRI as part of the reference test will be performed after
neurophysiological testing in order to ensure that the

Diffusion-weighted imaging including brainstem "ne slicing (3 rm@ference test is not known at the time of data acquisition

for the index test. Data analysis will be done independently
of data acquisition with the analyst being unaware of
the reference test results. Adherence to standard proce-
dures will be assured by training and supervision of both
the emergency physicians and the EMVERT physician.
Possible confounders and covariates, namely, gender, age,
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previous psychotherapy, duration of symptoms and socio-
economic status will be recorded and taken into account
in the analysis and in the data interpretation.

ETHICS AND DISSEMINATION

The study was approved by the ethics committee of the
University of Munich on 23 February 2015 (57-15). The
trial was prospectively registered in the WHO Interna-
tional Clinical Trial Registry Platform and the German
Clinical Trial Registration on 06/08/2015 (main ID:
DRKS00008992, Universal trial number U1111-1172-
8719) and is currently in the pre-results stage. The diag-
nostic intervention has a good chance of improving
the detection rate of serious causes of the acute symp-
toms, compared with the usual standard care. Thus, the
patient will profit from the additional tests like video-oc-
ulography with quantitative head impulse testing. The
inconvenience for the patient, in contrast, is minimal.
No necessary intervention including medication will
be delayed or withheld from patients during the entire
study period. The trial will be conducted according to the
Guideline for Good Clinical Practice (GCP), the Federal
Data Protecting Act and the Helsinki Declaration of the
World Medical Association in its recent version (revision
of Fortaleza, Brazil, October 2013). The good research
practices for cost-effectiveness and the measures used do
not involve additional risks (routine techniques). Study
results are expected to be published in international
peer-reviewed journals and will be presented at interna-
tional conferences.

DISCUSSION

Although AVS and ADS are very common in the emer-
gency situation, predictive parameters to identify patients
who suffer from stroke are sparse, in particular for ADS.
Numerous patients are admitted to stroke units, receive
extensive diagnostics and long-term treatment without
evidence that they will benefit from these procedures’?
There is a need to define objective parameters and
supportive instrument-based tests that immediately help
to predict whether a patient is suffering from stroke.
Thus, the aim of our prospective cohort trial is to identify
sets of parameters and tests that can be used in the emer-
gency department to predict the cause and the outcome
of acute symptoms. For AVS, we aim to reproduce and
validate the HINTS criteria in a large prospective patient
cohort and identify possible sensitive additional ocular
motor signs. For ADS, a new diagnostic index test for
identification of stroke should be established. The inno-
vative aspects of the EMVERT trials are as follows. (1)
To enrol a large-scale unselected population of patients
with acute vertigo and balance disorders instead of
selecting specific subgroups. Thereby, this study better
resembles the daily practice in the emergency rooms.
(2) To systematically apply video-oculography protocols
in the emergency room in the acute phase of symptoms.

As pathological ocular motor signs may be transient or
fluctuate in acute vertigo and balance disorders early
instrument-based documentation is critical to enable
a definite diagnosis to be made®® It is well known that
clinical estimation, for example, of the head impulse test
may be inaccurate in certain causes, even if performed
by a neuro-otological specialist:* Covert saccades may
be overlooked.® As video-oculography systems become
more widely availablebat least in larger hospitalsbtrans-
lation of pin-pointed protocols into clinical practice
seems possible. (3) To include objective measurements
of posture. Postural deficits are present in a majority of
patients with acute vertigo and balance disorders. Poste-
rior circulation stroke can manifest with isolated postural
deficits.'*Standardised assessment of sway and falling
tendency have been largely neglected in previous trials
on this topic.

Definition of a standardised diagnostic index test for
identification of stroke in acute vertigo and balance
disorders is an important prerequisite for future multi-
center validation. The long-term perspective will improve
treatment of affected patients, define treatments tailored
to patients' needs and develop standards of practice
including aspects of cost-effectiveness.
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A Prospective Analysis of
Lesion-Symptom Relationships in
Acute Vestibular and Ocular Motor
Stroke

Andreas Zwergal **', Ken Mohwald 2", Elvira Salazar Lépez »22, Hristo Hadzhikolev *2,
Thomas Brandt >4, Klaus Jahn >° and Marianne Dieterich 12¢

! Department of Neurology, University Hospital, LMU Munichyiunich, Germany,? German Center for Vertigo and Balance
Disorders, DSGZ, LMU Munich, Munich, Germany? Department of Human Movement Science, Technical Universitof
Munich, Munich, Germany,* Clinical Neurosciences, LMU Munich, Munich, Germany, Department of Neurology, Schon
Klinik Bad Aibling, Bad Aibling, Germany, Munich Cluster of Systems Neurology, SyNergy, Munich, Gerany

Background: Diagnosing stroke as a cause of acute vertigo, dizziness, atouble vision
remains a challenge, because symptom characteristics candvariable. The purpose of
this study was to prospectively investigate lesion-symptm relationships in patients with
acute vestibular or ocular motor stroke.

Methods: Three hundred and !fty one patients with acute and isolated @stibular
or ocular motor symptoms of unclear etiology were enrolledni the EMVERT lesion
trial. Symptom quality was assessed by the chief complaintvértigo, dizziness, double
vision), symptom intensity by the visual analog scale, futional impairment by EQ-5D-
5L, and symptom duration by daily rating. Acute vestibular md ocular motor signs
were registered by videooculography. A standardized MRI {I-/FLAIR-/T2-/T2 -/3D-

T1-weighted sequences) was recorded within 7 days of symptm onset. MRIs with DWI
lesions were further processed for voxel-based lesion-syptom mapping (VLSM).

Results: In 47 patients, MRI depicted an acute unilateral stroke (18%). The chief
complaints were dizziness (42.5%), vertigo (40.4%) and ddale vision (17.0%). Lesions
in patients with vertigo or dizziness showed a large overlajm the cerebellar hemisphere.
VLSM indicated that strokes in the medial cerebellar layergb, 8, 9 were associated

with vertigo, strokes in the lateral cerebellar layer 8, caul, 2 with dizziness, and

pontomesencephalic strokes with double vision. Symptom itensity and duration varied
largely between patients. Higher symptom intensity and lager duration were associated
with medial cerebellar lesions. Hemispheric lesions of theortex were rare and presented
with milder symptoms of shorter duration.

Conclusions:  Prospective evaluation of patients with acute vestibular roocular
motor stroke revealed that symptom quality, intensity and dration were not suited
to differentiating peripheral from central etiologies. lsons in the lateral cerebellum,
thalamus, or cortex presented with unspecilc, mild and traisient symptoms prone to
being misdiagnosed.

Keywords: vertigo, dizziness, double vision, acute vestib ular syndrome, stroke
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INTRODUCTION trial at the ED of the University Hospital, Ludwig-Maximilians-
University, Munich. Four hundred and eighty-nine patients wer
Vertigo, dizziness or double vision may be symptoms of an acuigxcluded, because of the following reasons: de nite peripheral
cerebral ischemia or hemorrhag®) (Overall, 4-10% of patients vestibular or ocular motor disorders (like nystagmus typical
in the emergency department (ED) presenting with vertigo andor BPPV during repositioning maneuvers, recurrent attacks of
balance disorders su er from stroke. Sixteen percentage of de nite Meniére's disease, de nite peripheral N 1ll, N IV, N
diplopia-related ED visits result from stroke or TIR) Patients | palsy without central ocular motor signs, vertigo/dizzisgs
with vestibular or ocular motor stroke often have no additibna or SV deviation on the non-paretic eyeh © 203); strokes
focal neurological de cits and therefore are at greater w8k with accompanying non-vestibular symptoms (like hemiparesis,
being misdiagnosed!(5). hemihypesthesia, hemiataxia) D 15); decline to participate
Cerebral lesions presenting with vertigo, dizziness, or tub (n D 186); incapability to be included for other reasons (e.g.,
vision mOStIy involve vestibular and ocular motor circuits ireth communications prob|em, psychiatric Co_morbidity' Cognitive
brainstem and cerebellum, whereas thalamo-cortical networkge cits, critical illness, symptoms 10min) (n D 85). Three
are aected only occasionally6( 7). The reason for this hundred and fty-one patients (60.1 16.7 years, 46.6% female)
lesion distribution can be found in the functional anatomy with isolated vertigo, dizziness or double vision of unclear
of the bilaterally organized central vestibular SyStem, Wthfét|O|ogy were included Rigure ]_) Two hundred and Sixty
converts direction-speci ¢ signals of each labyrinth into reor patients had persistent symptoms at the time of inclusion.
global position-in-space signals along the ascending vestibulgifty eight percentage of symptomatic patients had spontaneous

projections §). Consequently, the vestibular syndromes of thenystagmus (SPN) at acute examination.
lower brainstem present with severe vertigo and ipsilesional

falling tendency, while lesions of the parieto-insular vestibulaProtocol Approval and Patient Consent

cortex may cause “higher vestibular symptoms” such as alteréithe study was approved by the Ethics Committee of the

spatial perception or neglec®). However, previous knowledge University of Munich on 02/23/2015 (57-15). The study was

about the topography and symptoms of pure vestibular or oculaconducted according to the Guideline for Good Clinical Preeti

motor strokes is mostly based on retrospective analyses, whitie Federal Data Protecting Act and the Helsinki Declaration

lack detail in the description of the quality, intensity, anché  of the World Medical Association (revision of Fortaleza, Brazi

course of clinical symptoms. October 2013). All subjects gave their informed, written Semt
Therefore, in the prospective EMVERT (EMergencyto participate in the study.

VERTIgo) lesion trial, symptoms and lesion topography were

characterized in consecutive patients, who presented to thérial Flow

ED of a tertiary referral center with acute vertigo, dizase Adult patients with an acute onset of vertigo, dizziness, ortileu

or double vision due to strokel(). This approach focuses on vision within the last 24h and a duration of at least 10 min

the clinical triage practice in the ED, which initially is basedwere screened prospectively for inclusion in this single center

on the description of symptoms by the patient rather thantrial (10). A structured medical history and standardized clinical

on vestibular and ocular motor signs_ The major questiorﬁxamination with an emphasis on vestibular and ocular motor

was whether symptom characteristics could be su cient tofunction tests was performed in the ED. Patients with a cliljca

di erentiate peripheral from central disorders. A further awas ~ proven peripheral etiology (e.g., typical signs of BPPV, recurrent

the evaluation of the distribution of lesion sites in pure vestity ~ attacks of de nite Meniere's disease, peripheral N Ill, N IV, N

and ocular motor stroke in relation to the quality, intensityyda VI palsy), and central etiology (e.g., signs of acute hemiparesis,

time course of the accompanying chief complaint. hemihypesthesia, hemiataxia) were excluded. The remaining
patients with unclear etiology of isolated vertigo, dizziness o
double vision were de ned as the subpopulation of interest for

METHODS the EMVERT trial. Patients, who consented to participate, were

Patient Characteristics included and received a comprehensive assessment of vestibular

Eight hundred and forty consecutive patients with an acuteédcular motor and postural signs by videooculography (VOG,
presentation of vertigo, dizziness or double vision werdeyeSeeCafh), mobile posturography, measurement of SVV, as
prospectively screened for inclusion in the EMVERT lesiorwell as scores and scales in the ED. A standardized magnetic
resonance imaging (MRI) protocol was applied within 7 days
Abbreviations: AICA, Anterior Inferior Cerebellar Artery; BPPV, Benign after symptom onset to identify acute stroke (time to MRI: 2

Peripheral Positional Vertigo; CT, Computed Tomography; DHI, Dizske 2.8 days, 939% of casesl day) Figure 1)_
Handicap Inventory; DWI, Diusion-Weighted Image; EMVERT,Me&rgency

VERTigo and balance disorders; EQ-5D-5L, European Quality ofslif@le—5 Scoring and Scaling Of Chlef Complaint
Dimensions-5 Levels; EQ-VAS, European Quality of life scale—\Visunalog !

Scale; FLAIR, Fluid Attenuated Inversion Recovery; FSPGRSpaied Gradient Symptom Duration, and Functional
Echo; INO, internuclear ophthalmoplegia; MNI, Montreal Neurologibetitute; |mpairment

MRI, Magnetic Resonance Imaging; mRS, modi ed Rankin Scalei RiGsterior . . . . .
inferior cerebellar artery; SCA, superior cerebellar artery; T, Tesla; Vis8al At admission, the patients were asked to categorize thegfchi

Analog Scale; VLSM, Voxel-based Lesion-Symptom Mapping; VORjbuest ~ COmplaint as either vertigo (sensation of apparent self-motion)
Ocular Re ex. dizziness (unspeci ¢ sensation without self-motion), or tde!
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.
[ Enrollment
J
Emergency Department (University Hospital, LMU Munich)
Patient screening for acute vertigo. dizziness, double vision (n = 840)
Excluded (n = 489)
+ Not meeting inclusion criteria (n = 218)
(proven peripheral / central etiology) [¢
+ Declined to participate (n = 186) )
+ Other reasons (n = 85) Allocation
v

Allocated to EMVERT trial (n = 351)
+ Received complete acute assessment (e.g., VOG, SVV, scales) (n = 342)
+ Did not receive complete acute assessment (n=9)

' [ Follow-Up

A

+ Received follow-up assessment (MRI < 7d after symptom onset) (n = 333)
+ Did not receive follow-up assessment (MRI <7d) (n=18)
(e.g.. not-MRI-compatible cardiac pacemaker, declined)

' [ Analysis

A

+ Analysed with voxel-based lesion-symptom mapping (VLSM) (n = 47)
+ Not analysed with VLSM (n = 2) (bilateral lesions)

FIGURE 1 | Flow diagram of the EMVERT lesion trial. Eight hundred andry consecutive patients with an acute presentation of veigo, dizziness, or double vision
were prospectively screened for inclusion in the EMVERT lies trial at the Emergency Department (ED) of the Universifjospital, Ludwig-Maximilians-University,
Munich. Four hundred and eighty nine patients were excludedecause of the following reasons: de!nite peripheral vedtular or ocular motor disorder (like de!nite
BPPV, recurrent attacks of de!nite Meniére's disease, de!ni¢ peripheral N Ill, N IV, N VI palsyi © 203); stroke with accompanying non-vestibular symptoms ite
hemiparesis, hemihypesthesia, hemiataxiap © 15); decline to participate § D 186); incapability to be included for other reasons (e.g.,ammunications problem,
psychiatric co-morbidity, cognitive delcits, critical ihess, symptoms< 10min) g D 85). Three hundred and !fty one patients (60.1 16.7 years, 46.6% female) with
isolated vertigo, dizziness or double vision of unclear efiogy were included. Three hundred and forty two patients reeived complete acute assessment in the ED,
333 patients a follow-up MRI within 7 days after symptom onse Forty-seven of 49 patients with a stroke on MRI were inclued in the voxel-based lesion-symptom
mapping analysis (2 excluded because of bilateral lesiongyIRI, magnetic resonance imaging; SVV, subjective visual ie&al; VLSM, voxel-based lesion-symptom
mapping; VOG, videooculography.

vision. If mixed phenotypes (e.g., vertigo/double vision) ever of life (QoL) and functioning at admissionl(). The Modi ed
reported, the patient had to choose the predominant oneRanking Scale (mRS) was documented at the time of discharge
Accompanying vegetative symptoms like nausea or vomitinfrom the hospital.

were documented. The maximum intensity of the chief complaint .

was measured using a visual analog scale (VAS, range f&ssessment of Vestibular and Ocular

10). Decline of symptoms intensity was estimated by repeatedlotor Signs

testing of VAS for the chief complaint. Duration of vestibular The following vestibular and ocular motor signs were
or ocular motor symptoms was categorized €1l days, 1-4 documented by VOG in the ED: nystagmus in straight
days, and>4 days based on daily reports of the patients. The@head position (slow-phase velocity with/without xation),
Dizziness Handicap Inventory (DHI) and European Quality ofgaze holding (lateral/vertical gaze positions), smooth pursuit
Life scale-5 dimensions-5 levels (EQ-5D-5L) were performed ghorizontal/vertical direction), saccades (horizontaltieal
additional scores for graduation of symptom severity, qualit direction), horizontal vestibulo-ocular re ex (VOR) (gain
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threshold: 0.7, presence of compensatory saccades), haizontariables) corrected for multiple comparison with false discovery
VOR-suppression, skew deviation and ocular motility de citsrate (FDR) were calculated to assess whether behavioral scores
(cover test in lateral, vertical and straight ahead gaze poditi di ered signi cantly between the patients' pattern for lesioned
The main criterion of skew deviation (in contrast to vertica and non-lesioned voxelsl{). Since NPM toolbox interprets
misalignment due to N 1l or N IV palsy) was that the amount that a lower value in the behavioral scoring refers to a poorer
of vertical deviation from both eyes was the same in di erentperformance, the dierent behavioral scores were computed
eye positions on alternating cover test. VOG recording wasdorreversed when necessary for statistical purposes. Only voxels
at the non-paretic eye, if monocular motility was restricted.a ected in 15% of the sample were computed in each analysis
Binocular subjective visual vertical (SVV) was measured ito avoid in ated z-scores. Areas with signi cant di erences in
general, using the bucket test. SVV was determined via the noWLSM were labeled using the Automated Anatomical Labeling
a ected eye in case of monocular paretic eye movements. Téemplate (AAL-Atlas) (5.

repetitions were performed (5 clockwise, 5 counterclockwise)

and the mean SVV deviation was calculated (normal range: 0 Statistics

2.5)(12. ANOVA with post-hoctesting was used to compare the
scoring and scaling data (e.g., lesion volume, VAS) between
MRI Protocol subgroups (e.g., stroke/non-stroke, left-/right-sided dasi

The standardized protocol included whole brain and brainstenvertigo/dizziness) using SPS$24 (IBM). Pearson's correction
ne slice (3mm) DWI, FLAIR-, T2-, T2-weighted images, coe cient was calculated for the correlation of lesion volume
3D-T1l-weighted sequences (FSPGR 1mm) and time-ofand VAS in the total group and subgroups (vertigo, dizziness,
ight angiography. All images were evaluated for thedouble vision).

presence of ischemic stroke or bleeding by two specialized

neuro-radiologists. Data Availability
_ ) Data reported in this article will be shared with any appropriately
Voxel-Based Lesion-Symptom Mapping quali ed investigator on request after pseudonymization.

Lesions were directly manually delineated on DWI sequences
(MRI < 3 days post stroke) or T2-weighted sequences (MR RESULTS
days post stroke) by an experienced imaging scientist, blinoted f
the clinical information, on a slice-by-slice basis using MRitro Patient Characteristics
(13. DWI or T2-images were co-registered with 3D-T1 imagedMRI indicated acute unilateral stroke in 47 patients (13.4%
to enrich the normalization process. Normalization quality ofof enrolled patients, 5.6% of screened patients, 29 men). The
lesion maps was visually checked by a second operator. Righttean age of stroke patients was 64.713.0 years. The most
sided lesions were ipped to the left for the purpose of analysidrequent chief complaint in stroke patients was dizzinessb%42,
Patients presenting with bilateral lesiomsd 2) were discarded followed by vertigo (40.4%) and double vision (17.0%). Fifty
for analysis. Patients with simultaneous lesions in the mexdidl percentage of patients with the chief complaint double vision
lateral cerebellum, in the medulla and cerebellum and in multipleeported accompanying vertigo or dizziness. 40.4% of stroke
unilateral locations were included in the analysis. None of thgatients had nausea or vomiting, none had hiccups. Age did not
patient had critical ischemic edema. Images were normalizedi er signi cantly between the subgroups dizziness (66.71.4.2
to Montreal Neurological Institute space (MNI) by Statisticalyears), vertigo (63.5 13.2 years), and double vision (61.98.0
Parametric Mapping Software (SPM 8) employing an establishegkars). Forty four patients with vestibular or ocular motorodte
template. For descriptive analysis, the lesion site was assignedre symptomatic at the time of acute VOG assessment. In these
to the respective vascular territory/territories [posterioferior  patients spontaneous nystagmus (SPN) was detected in 45%.
cerebellar artery (PICA), anterior inferior cerebellar arteryln total 74% of patients with vertigo and 30% of patients with
(AICA), superior cerebellar artery (SCA), brainstem perforafo dizziness had SPNéble J). In these cases, HINTS had a central
middle cerebral artery (MCA), posterior cerebral artery (PCA) pattern in 93% vs. 83% of patients (vertigo vs. dizziness). The
and the aected anatomical structure(s) (cerebellar midlinehead impulse test (HIT) was normal in 95, 85, and 63% of cases
nodulus, uvula, pyramis, tonsil, lingula, central lobule; cerebellaivertigo, dizziness and double vision). Skew deviation amzkar
hemispheres: occulus, biventer, inferior/superior semilgna in 26% of patients with vertigo, 20% of patients with dizziness
posterior/anterior quadrangulate lobule; brainstem: medullaand 25% of patients with double vision. SVV was pathological
pons, midbrain; thalamus: dorsolateral, anteromedial; cortexn 68, 65, and 88% of patients with vertigo, dizziness, and
parieto-insular cortex, occipital cortex). double vision. The etiologies of double vision were internuclea
Voxel-based lesion-symptom mapping (VLSM) wasophthalmoplegia (37%), skew deviation (25%) and N 11I, N IV, N
performed using the statistical package Non-Parametri?vl nuclear/fascicular palsy (13%, eactialle 1).
Mapping (NPM) implemented in MRIcron. For lesion analysis
a custom-made mask was applieGupplement), which Lesion Topography and Chief Complaint
included all relevant hubs of the cerebral vestibular networktn the total group, the most common lesion sites were in the
(e.g., brainstem, cerebellum, thalamus and insul@ytest cerebellum (PICA> SCA territory), followed by the brainstem
(numerical variables) or Liebermeistetest (dichotomous (pontomedullary> mesencephalic tegmentum), thalamus and
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TABLE 1 | Vestibular and ocular motor signs in patients with stroke. 0.015 compared to the dizziness group gnd 0.04 compared
) . - to the vertigo group). Patients with nausea or vomiting had a

vertigo (%) Dizziness (%) Double Vision (%) higher VAS during the attack (9.5 1.2), compared to patients
SPN 74 30 Oculomotor palsy 13 without (7.0 2.1) (p< 0.0001). VAS at symptom onset did not
HINTS central* 68 25 Trochlear palsy 13 di er between patients with right-sided (7.7 2.8) and left-sided
HIT normal 95 85 Abducens palsy 13 lesions (8.2 2.0) p D 0.99). The mean decline of VAS per day
Skew deviation 26 20 INO 37 was not signi gantly di erent between groups (dizziness group,
SW 68 65 Skew deviation 25 3.0 1.7; vertigo group, 3.7 1.7; double vision group, 1.9

2.2). Lesions in patients with a high symptom intensity (VAS
An acute vestibular syndrome with SPN was more frequent in patients withertigo ~ 8) Were larger and located in the cerebellar hemispheres (PICA
compared to dizziness. HINTS had a high diagnostic sensitivity, if SPNas present, > SCA territory) and pontomedullary brainstentigure 4A),
irrespective of the chief complaint. Data are shown as % of all patientsith the respective while patients with a lower symptom intensity (VAGS 8) had
chief complaint. HINTS, head impulse, nystagmus, test of skew; HIiead impulse test; . . .
INO, internuclear ophthalmoplegia; SPN, spontaneous nystagmus; SV\bjective visual smaller lesions in '_:he ce_rebellar cortex (PICA/SCA_ terr!tory)'
vertical. "HINTS is supposed to be applied only in patients with SPN. The reported HINTS ~ pontomesencephalic brainstem, thalamus and parieto-insular
sensitivity in the table is irrespective of the presence of SPN. cortex G:igure 4B)_
VLSM conducted with VAS at symptom onset showed

signi cant voxels in the cerebellar layers 7b, 8, 9 in all patients
cortex. Lesion volume did not di er in patients with right-side  with higher symptom intensityt¢test,p D 0.05 (FDR-corrected),
(mean: 8.0 cc, range 0.01-33.6 cc) and left-sided lesionsi(me& D 1.75) Figure 4C). In patients with cerebellar stroke, lesion
8.6 cc, range 0.01-102.2 qgJX 0.89). Patients with vertigo most volume was higher if symptoms were more sever® ( 0.42,
frequently had lesions in the medial PICA territory (biventerp D 0.03), while in patients with cortical and thalamic lesions
lobule 58%, inferior semilunar lobule 37%, nodulus 37%, uvulao correlation was foundr(D ! 0.15,p D 0.85). Analysis of
32%, tonsil 32%) and the pontomedullary brainstem (medulldesion volume and VAS at symptom onset by subgroups indicated
16%, pons 21%)F{gure 2A, Supplement 3. In patients with  no correlation for patients with vertigor(D ! 0.1,p D 0.97),
dizziness the lesions were found mostly in the lateral PICAlizzinessi(D ! 0.14,p D 0.63), or double visionr(D ! 0.14,
territory (biventer lobule 25%, superior semilunar lobule 25%)p D 0.91).
SCA territory (posterior/anterior quadrangulate lobule 15%,
each), the pontomesencephalic brainstem tegmentum (midbrain

25%, pons 20%) and the thalamus (dorsolateraI/anteromediEIeSion Topography and Symptom Duration
5%, each)Rigure 2B Supplement 3. Lesions of patients with In 6 patients symptom duration was 1 day, in 12 patients

vertigo and dizziness showed a considerable overlap in t}*hc_a_4 days and in 29 patients4 days. Duration of symptoms
PICA territory (biventer, inferior semilunar lobule). Patienwith was not signicantly dierent between the subgroups with

double vision had pontomesencephalic and mesodiencephau/%rtigo dizziness or double vision. In the total group, patgent
Iesi(_)ns Figure 20). Lesionv_olu_mewas di erent in patients with with a, shorter symptom duration <4 days) had ’Iesions
vgr.tlgo (13.2 243 cc), dizziness (.7'4 7'7. cc) and dquble mostly in the lateral and distal cerebellar hemisphere (PICA
vision 05 06cc)pD 0'0.4)' Patients with strokes n thg territory), pontomesencephalic brainstem and parieto-insular
medial cerebellum (PICA territory) had nausea or vomiting N Cortex Eigures 5A,B, while patients with symptoms lastinga
91%, in the lateral cerebellum, pontomesencephalic brainste%ys had larger Ies’iolnsinvolving the medial and lateral cembell
and thalamus in only 17%, respectively. Symptomatic StrOI(ﬁemispheres (PICA SCA territory), the mesencephalon and

pati_ents without SPN_r( D 24) had I_esions in the lateral P_ICA thalamus Figure 5C). Comparison of patients with a symptom
territory (30%), medial PICA territory (8%), SCA territory ration of less and more than 4 days using VLSM showed

. : d
.(8%)’ pontomesencephalic brainstem (38%), thalamus (8%), a?#at areas in the cerebellar layer 7b, 8, 9, and Crus 1, 2 were
insular cortex (8%).

associated with longer symptom duratiohi¢bermeistetest,
VLSM in vestibular networks revealed that lesions in th 9 ymp ¢ P

D 0.05 (FDR-corrected), B 1.72] Figure 5D).
medial cerebellar layers 7b, 8, 9 were signi cantly associatad w ( ) 1Fig )

the vertigo Liebermeistetest,p D 0.05 (FDR-corrected), D

1.66] Figure 3A). For the chief complaint dizziness, a lesion . L. . L.

core area was found in the lateral cerebellar layer 8 and crds€Sion Distribution, QoL, and Functioning

1, 2 using VLSM [[iebermeistetest,p < 0.05 (uncorrected), Z Parameters

D 0.65] Figure 3B). VLSM analysis conducted in patients with The health-related QoL measured by the EQ-5D-5L
double vision did not reveal a signi cant association to atager  questionnaire was worse in the vertigo (12.21.0) compared to

brain area (data not shown). the dizziness group (9.4 3.6;p D 0.02). In the vertigo group
) _ higher scores were found in the EQ-5D-5L subtests for mapilit
Lesion Topography and Symptom Intensity (p D 0.047), overall activityyD 0.042), and anxietyp(D 0.024).

The maximum symptom intensity (measured by VAS) was higheSimilarly, DHI was higher in the vertigo (52.022.1) compared
in the dizziness group (8.4 1.8) and vertigo group (8.3 to the dizziness group (34.4 20.2,p D 0.01) and lowest in
2.3) and lower in the double vision group (6.2 1.6) @ D  patients with double vision (42.3 27.9).
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FIGURE 2 | Overlap lesion plots for chief complaints. Overlap lesionlgts for the chief complaints vertigo(A), dizziness(B), and double vision(C). The number of
overlapping lesions is illustrated by the color bar from dérred (0 D 0) to bright yellow (maximum number). Coordinates are given MNI space. MNI, Montreal
Neurological Institute; L, left; R, right.

VLSM in vestibular networks indicated that areas in cerebellamore likely associated with medial cerebellar lesions (biventer
layers 8, 9, and Crus 2 were associated with higher EQebule, nodulus, uvula), while dizziness appeared more frequently
5D-5L scores in the total groupt-fest, p D 0.05 (FDR- in lateral and superior cerebellar lesions. (2) Symptom intgnsit
corrected), ZD 1.69). VLSM for the subtest anxiety/depressionand duration varied largely in vestibular and ocular motor
showed a signi cant specic engagement of cerebellar layestroke patients. Higher symptom intensity and longer symptom
8 [t-test,p D 0.05 (FDR-corrected), » 1.79]. The analysis duration were associated with medial cerebellar lesions.i€drt
within patient subgroups revealed that the cerebellar laydesions presented with milder symptoms of shorter duration. (3)
6 and Crus 1 correlated with worse QoL in patients withQoL and functioning was worst in patients with vertigo and
vertigo (Figure 6A), while the cerebellar layer 8 was relatedlesions in the medial cerebellar structures.
to higher EQ-5D-5L scores in patients reporting dizziness

(Figure 6B. When VLSM was performed for DHI, areas in .. . .
cerebellar layer 8 were signicantly associated with highesymptom Characteristics and Diagnostic

DHI scores. Classi!cation of Vestibular Stroke

The diuse lesion-symptom topography in vestibular and

ocular motor stroke has direct practical implications for
DISCUSSION the processing of patients. The symptom quality does not

allow dierentiation of peripheral and central etiologies of
In the prospective EMVERT lesion trial, symptoms of patientssestibular syndromes. Therefore, the traditional approach
with acute vestibular or ocular motor stroke were systemélgica of assessment by the symptoms vertigo, dizziness, postural
documented and correlated to lesion topography. The majoinstability or disequilibrium has major limitations in acute
ndings were the following: (1) Vertigo and dizziness werevestibular disorders 16, 17). Similar conclusions have
equally frequent in vestibular stroke and underlying lesiondeen drawn in previous studies, where symptom quality
showed a large overlap in the cerebellar hemisphere. Vertigo wass imprecise even in peripheral vestibular disordets).(

Frontiers in Neurology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 822



Zwergal et al. Lesion-Symptom Mapping in Vestibular Stroke

FIGURE 3 | Voxel-based lesion-symptom mapping (VLSM) analysis for ¢hchief complaints vertigo and dizziness(A) VLSM for the presence of the chief complaint
vertigo showed an association with areas in the medial ceredllar hemisphere (cerebellar layers 7b, 8, 9JB) VLSM analysis for the chief complaint dizziness indicated
related voxels more laterally in the cerebellar hemisphefeerebellar layer 8, Crus 1, 2). Presented are voxels that esed a p < 0.05 (*FDR-corrected for vertigo;
uncorrected for dizziness). The color bar from dark to lighted indicates the z-scores. Coordinates are given in MNI spe. MNI, Montreal Neurological Institute; L, left;
R, right.

In the current study, symptom duration and intensity vestibular stroke §). In these scenarios, the probability for
varied largely and consequently could not be takemmissing stroke was about 10-fold compared to other focal
as an indicator or criterion for exclusion of stroke. A neurological presentations. In total about 10% of strokes were
recent study showed that functional impairment in acutemissed at rst contact in the ED25). This problem is also
central vestibulopathies is lower than in acute unilaterate ected in a 50-fold increased risk of being readmitted to a
peripheral vestibulopathies, which may increase the riskospital with a secondary stroke diagnosis in the rst weeld an
of a false-benign diagnosis in vestibular strokd9)( a9.3-times higher stroke risk after 30 days in patients disgéd
Furthermore, previous studies described that suspectefdlom the ED with a suspected benign diagnosis of acute vertigo o
ischemic attacks with vestibular symptoms may presemndizziness compared to matched controfS), Lesion-symptom
with short-lasting and transient symptoms (50% lastingrelationships from the current EMVERT lesion trial point out
<1h) (20-22). Consequently, modern concepts of symptom-that especially patients with lesions in the lateral cerebellar
based dierentiation of vestibular disorders rely more onhemispheres, mesencephalon and parieto-insular cortex may
the presence of triggers preceding vestibular symptomise at risk of being falsely processed. In these localizations
and the time course of symptom onset and evolution (e.gpatients do complain about more unspeci ¢ symptoms (such
TiTrATE algorithm, including timing, trigger, and targeted as dizziness, unsteadiness), transient symptenisday), lower

examination) @3, 24). symptom intensity (VAS< 8), and less vegetative symptoms
L . (like nausea or vomiting)Rigures 2 3, 5). Furthermore, patients

Symptom Characteristics and the Risk of with lesions in the lateral cerebellum, upper midbrain and cortex

Misdiagnosis of Vestibular Stroke do not show clinical signs of an acute vestibular syndrome

Based on a recent meta-analysis, unspecic presentations (£.9., SPN), which further complicates the diagnosis. HINTS
dizziness, short duration, and subtle intensity of symptomds not applicable in the majority of these cases. In contrast,
may increase the risk for a misdiagnosis in patients with acutlesions in the pontomedullary tegmentum and medial cerebellar
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FIGURE 4 | Overlap lesion plots and voxel-based lesion-symptom mappg (VLSM) for symptom intensity. Maximum intensity of the é@bf complaint was measured by
the visual analog scale (VAS) (range 0-10). Overlap lesiolots for patients with higher symptom intensity (VAS 8) ( D 34) (A) and lower symptom intensity (VAS<
8) (h D 13) (B). The degree of lesion overlap is illustrated by color barsdm dark to bright yellow or blue.(C) VLSM analysis in 47 patients based on VAS indicated an
area in the medial cerebellar hemisphere (cerebellar lay@r 9) related to more severe symptoms. Presented are voxel$hat exceed ap < 0.05 (*FDR-corrected). The
color bar from dark to light red indicates the z-scores. Coatinates are given in MNI space. MNI, Montreal Neurological Ititute; L, left; R, right.

hemispheres may be more apparent, because patients repaddulus, uvula, and medial cerebellar hemisphere are associated
more intense and longer-lasting symptoms and show moreavith vertigo symptoms of the highest intensity and a high
prominent clinical signs (such as SPN, ocular tilt reaction, andate of nausea or vomiting. The most likely explanation is that
HINTS central pattern) 27-29). Lesion size may be another these regions are directly involved in processing of vesdibul
relevant factor, because patients with smaller lesions had leasd ocular motor signals. The nodulus has been implicated
intense vertigo. For lesions 10 mm, MRI has a high false- in integration of otolith and semicircular canals signalst til
positive rate (about 50%) in the rst 1-2 days after symptomsuppression of post-rotatory vertigo and the judgement of
onset, which questions the rationale of a purely imaging-baseeerticality perception {, 31-33). Nodular lesions often present
diagnosis of acute vestibular or ocular motor stroR€)( Patients  with SPN and ocular tilt reactior84). Anatomically, the nodulus

in our study received MRI in 93% of cases later than 1 dayas inhibitory ipsilateral projections to the vestibular nuse
post symptom onset to increase the sensitivity to capture smal1). Functionally, medial cerebellar lesions cause an excitation
DWI lesions. of the ipsilesional vestibular nucleus (via disinhibition) and

. . . . resemble the clinical picture of a vestibular nucleus lesion on
PathOphyS'()log'Cal PrerCIples th'nd the other side. The lateral and superior cerebellar hemispheres
Lesion-Symptom Relationships in are not specically dedicated to vestibular processing but
Vestibular Stroke rather to sensorimotor and posture control. Therefore, lesions
Despite the variety of symptomatic presentations across lesionay cause less specic dizziness, as a sign of disturbed
sites, some general principles seem to exist: (1) Lesions in theultisensory integration or balance control, and only rarely
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FIGURE 5 | Overlap lesion plots and voxel-based lesion-symptom mappg (VLSM) for duration of symptoms. Overlap lesion plots arghown for patients with a
duration of symptoms< 1 day (W D 6) (A), 1-4 days f D 12) (B) and > 4 days (1 D 29) (C). The degree of lesion overlap is illustrated by color barsdm dark to bright
blue, green or red.(D) VLSM analysis in 47 patients based on symptom duration in dayshowed an area in the medial cerebellar hemisphere (cereliar layer 7b, 8, 9,
and Crus 1, 2) associated with longer duration of symptoms. Resented are voxels that exceed g < 0.05 (*FDR-corrected). The color bar from dark to light red
indicates the z-scores. Coordinates are given in MNI spaceD, day; MNI, Montreal Neurological Institute; L. left; R, righ

nausea or vomiting. (2) Perceived impairment of QoL andwith medial cerebellar lesions had a prolonged course of
functioning follows the degree of vestibular asymmetry. Padie compensation §6). Furthermore, symptoms from unilateral
with vertigo had a higher EQ-5D-5L anxiety score than dizzyparieto-insular cortex lesions may be compensated by the intact
patients. VLSM found an association of higher EQ-5D-5Lcerebral hemispheré). (4) Symptom quality changed along the
scores in the medial cerebellar hemisphere. In accordancerainstem-thalamic axis from more direction-speci ¢ symptoms
a recent study found that the degree of horizontal SPN igi.e., vertigo) in the lower brainstem to more position-speci c
the most important factor for worse health-related quality ofsymptoms (i.e., dizziness) in the midbrain and thalamus. The
life in acute vestibulopathiesl). In another previous study, reason for this topography may be the specic computation
patients with unilateral vestibular disorders had more ankiet of vestibular signs at dierent brain levels. Vestibular signs
than patients with bilateral vestibulopathy). (3) Symptom at the lower brainstem level drive direction-specic ocular
duration was higher in medial compared to lateral cerebellamotor and postural responses. Along the ascending vestibular
and thalamo-cortical lesions. This nding could be explainedprojections head direction signals from both sides are irdespt
either by the dierent peak levels of initial symptoms in to head position in space signal87( 39). In the thalamo-
these subgroups or by a less e ective central compensation obrtical networks, a global percept of the environment is bujlt b
strategic lesions in vestibular cerebellar networks. The latténtegration of multisensory information. In consequenceidas
hypothesis may be substantiated by the nding that patientsat the midbrain level and above will rather give dizziness as a
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FIGURE 6 | Voxel-based lesion-symptom mapping (VLSM) analyses baseah the QoL scale EQ5D-5L.(A) VLSM based on EQ5D-5L in the vertigo subgroup
showed an association of voxels in the medial cerebellar heisphere (cerebellar layers 8, 9, vermis, and crus 1, 2) withavse QoL scores.(B) VLSM analysis using
EQS5D-5L in the dizziness subgroup indicated a more lateralrea (cerebellar layer 6, and Crus 1) engaged in higher EQ50-5cores. Presented are voxels that exceed
ap < 0.05 (*FDR-corrected). The color bar from dark to light redhiicates the z-scores. Coordinates are given in MNI space. @D-5L: European Quality of Life scale|
! 5 dimensions! 5 levels, MNI, Montreal Neurological Institute; L, left; R gft.
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