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Souhrn

Uvod

Vestibulologie je multioborova specializace zabyvajici se rovnovaznym systémem,
jak jeho anatomii, fyziologii a patofyziologii, tak i diagnostikou a terapii poruch
rovnovahy. Zaklady znalosti rovnovazného systému lezi v oborech
otorinolaryngologie a neurologie, souhrnné otoneurologie. Otologie, v ramci
specializace otorinolaryngologie, zahrnuje znalosti anatomie a fyziologie periferniho
vestibularniho ustroji. Znalosti centralniho rovnovazného systému s centralnimi
vestibularnimi jadry, drahami, reflexy a propojeni s ostatnimi nervovymi systémy
jsou zase v dikci neurologie. Do oboru svymi znalostmi nemalou mérou pfispiva i

oftalmologie a oftalmoneurologie a interni obory.

Aktualnost tématu

Zvolené téma disertaCni prace je aktualni. V souCasné dobé dochazi k rozvoji
znalosti fyziologie a patofyziologie rovnovazného systému diky implementaci
novych diagnostickych metod a zdokonalovani stavajicich vySetfovacich pfistrojd.
Spolecné se zkvalitnénim a navySenim poctu diagnostickych testu, jsou na lékafe
kladeny vySSi naroky na zpracovani vysSSiho objemu dat a zaroven se rozSifuji
diferencialné-diagnosticka schémata centralnich a perifernich, akutnich,

chronickych i paroxyzmalnich rovnovaznych onemocnéni.

Cile disertacni prace

1 Navrzeni a provéfeni pfinosnosti nové vytvofeného vestibulogramu -
inovativni vizualizace rozdilnych testl vestibulookularniho reflexu (VOR).

2 Provéfeni potencialu head-shaking testu reflektovat <Casovou osu
kompenzace ztraty vestibularnich funkci.

3 Vytvoreni normativnich dat pro inovativni binokularni variantu video head
impulse testu a zavedeni normy pro dyskonjugované o¢ni pohyby.

4 Matematické testovani vhodnosti Jongkeesovy formule pro vypocet

vestibularni asymetrie vestibulookularniho reflexu.



Komentované publikace

Pro vypracovani disertani prace byly pouzity vysledky Ctyf originalnich publikaci
autora.

1 Estimated Vestibulogram (EVEST) for Effective Vestibular
Assessment: byl vyvinut graf EVEST pro pfehlednou analyzu vysledk( nékolika
vestibularnich testl a diagnostiku rtznych typu perifernich vestibularnich lézi.

2 Head-shaking-induced nystagmus reflects dynamic vestibular
compensation: A 2-year follow-up study: testovani hypotézy nové interpretace
pozitivity HSN. HSN je zaroven jednou z vySetfovacich metod v EVEST grafu.
Studie prokazala potencial HSN rozliSovat mezi dostate¢nou a nedostate¢nou
kompenzaci vestibularni léze.

3 Binocular Video Head Impulse Test: Normative Data Study: byly
stanoveny normativni hodnoty pro inovativni binokularni verzi video impulzniho
testu hlavy (bvHIT). Poprvé byly také stanoveny normativni hodnoty pro
konjugovany o¢ni pohyb béhem impulzovani.

4 Vestibular asymmetry in caloric test and video head impulse test: Do
we interpret it correctly?: kvantifikace vestibularni asymetrie je ve stfedu zajmu
klinickych Iékafu pro spravnou interpretaci funk&niho stavu pacienta. Studie
prokazala teoretickymi a matematickymi ddkazy neintuitivnost, nelinearitu a
nevhodnost sou¢asného vypoctu asymetrie vestibularnich funkci (pfedevsim pro

kaloricky a video impulzni test). Studie navrhla feSeni sou€¢asného stavu.

Metody
Pro vypracovani DP byly pouzity vysledky Ctyf originalnich publikaci autora, které

spolu uzce souviseji a navzajem rozvijeji hlavni téma DP.

Prvni publikace predstavuje vyvoj EVEST grafu. Ve studii jsou zpracovana data 148
ucastniku, z toho 49 zdravych dobrovolnikl a 99 pacientll postizenych riznym
stupném periferniho vestibularniho deficitu. K vytvofeni EVEST grafu byly pouZity

vysledky Ctyr instrumentalnich diagnostickych testa.

V dal8i praci navazuje autor na studii EVEST formou vizualizace dat pacientd a
zdravych kontrol s cilem prokdzat mozZnosti head-shaking testu reflektovat

kompenzaci vestibularniho deficitu.



Treti prace zalozila normativni data rovnovaznych funkci u zdravych jedinct béhem
testovani inovativni binokularni variantou video head impulse testu (binokularni
video head impulse test, bvHIT). Studie poprvé zavedla normativni data pro
konjugované oc¢ni pohyby béhem bvHIT vySetfeni. Test VHIT je soucasti EVEST

grafu.

Posledni z komentovanych praci je teoreticka prace zabyvajici se vypoctem

asymetrie mezi parovymi organy, jakym jsou dvé periferni vestibularni ustroji.

Summary

Title: ,,Balance Multifrequency Examination*

Introduction

Vestibulology focuses on diagnosing balance disorders and requires a
multidisciplinary approach. It is also known as otoneurology. Vestibulology requires
knowledge of the peripheral vestibular system within the field of otology, which falls
under the specialization of otorhinolaryngology. Additionally, expertise in the central
balance system, including the central vestibular nuclei, pathways, reflexes, and
connections with other nervous systems within the field of neurology, is necessary.
Knowledge of ophthalmology, ophthalmoneurology, and internal medicine is also

essential.
Relevance of the topic

The chosen topic of the dissertation is actual and relevant. Currently, there is
significant progress in understanding the physiology and pathophysiology of
balance disorders and other conditions that affect balance. This progress is due to
the implementation and improvement of new diagnostic devices. As a result, there
is an increasing amount of data available for the differential diagnosis of central and

peripheral, acute and chronic balance disorders.
Objectives of the dissertation

1 Design and validation of a newly developed vestibulogram - an innovative

visualization of different vestibuloocular reflex (VOR) tests.



2 To examine the potential of the head-shaking test to reflect the compensation
for vestibular function loss.

3 To create normative data for an innovative binocular variant of the video head
impulse test and establish the normative values for disconjugate eye movements.
4 Mathematical testing of the suitability of Jongkees™ formula for calculating
vestibuloocular reflex asymmetry.

Annotated publications

The results of four original publications by the author were annotated. These are
closely related and mutually develop the main theme.

1 EVEST: The author developed an EVEST graph to analyse the vestibular test
results and calculate estimated multifrequency vestibular function asymmetry (VFA)
in healthy individuals and individuals with different diagnoses. The VFA with a cutoff
value of 6.5% was more sensitive (91%) and specific (98%) for identifying any
vestibular deficit, compared to individual tests. The study demonstrated that EVEST
is a valuable graphical tool for rapid multifrequency comparison and diagnosis of

different types of peripheral vestibular deficits.

2 Head-shaking nystagmus: the second study has the potential to fill a gap in
our understanding of what HSN actually reflects in patients with peripheral vestibular
loss. HSN values tended to decrease to those of the control group once vestibular
compensation was sufficient for the patient's daily life. The persistence of HSN in
patients with inadequate compensation and poor clinical recovery confirmed the
potential of HSN to reflect and discriminate between adequate and inadequate

dynamic compensation.

3 In the third paper, normative data for innovative binocular video head

impulse test (bvHIT) were established.

4 and fourth paper demonstrated by theoretical and mathematical proofs the
nonlinearity, non-intuitiveness and inappropriate use of the current calculation of

vestibular function asymmetry, which has been widely used for the last six decades.
Methods

To develop the dissertation, four original publications were used by the author,

which are interrelated to the main theme of the DP.



The first paper presents the EVEST chart. The study processed data from 148
participants, 49 of whom were healthy volunteers and 99 patients affected by
different degrees of peripheral vestibular deficit. The EVEST chart was created

using the results of four instrumental diagnostic tests.

In the following paper, the author builds on the EVEST study by visualizing data
from patients and healthy controls to demonstrate the potential of the head-shaking

test to reflect compensation for vestibular deficit.

The third paper established normative data of balance functions in healthy subjects
during testing with an innovative binocular variant of the video head impulse test
(binocular video head impulse test, bvHIT). It also established for the first time the

normative data for conjugate eye movements during bvHIT testing.

The last of the commented papers is a theoretical work dealing with the calculation

of asymmetry between paired organs such as the two peripheral vestibular systems.
Results

1) EVEST: We have used EVEST graph to analyze the vestibular test results and
calculate vestibular function asymmetry (VFA) in both healthy individuals and
individuals with different diagnoses. We then compared the sensitivity and specificity
of VFA using the receiver operating characteristic (ROC) curve with that of individual
tests to determine the feasibility of using EVEST to describe vestibular function
deficits. We determined the cutoff value for each test as the point with the highest
sensitivity and specificity. The results showed that the VFA with a cutoff value of
6.5% was more sensitive (91%) and specific (98%) for identifying any vestibular
deficit, compared to individual tests. The study demonstrated that EVEST is a
valuable graphical tool for rapid multifrequency comparison and diagnosis of

different types of peripheral vestibular deficits.

2) Head-shaking test: the second study showed that after unilateral peripheral
vestibular loss, the intensity of head-shaking nystagmus (HSN) decreased
exponentially over time, reflecting improvements in dynamic abilities and self-
perception of deficit. HSN values tended to decrease to those of the control group
once vestibular compensation was satisfactory and sufficient for the patient's daily

life. The persistence of HSN in patients with inadequate compensation and poor
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clinical recovery confirmed the potential of HSN to reflect and discriminate between
adequate and inadequate dynamic compensation. The HSN may serve as an

objective marker of stable unilateral vestibular loss and its compensation.

3) In the third paper, normative data were established for binocular video head
impulse test (bvHIT), which has been tested predominantly monocularly to date. The
study demonstrated the directional bias of monocular vHIT. The adducting eye
always had a significantly higher vestibuloocular vHIT gain than the abducting eye
in the same canal test. One result of the study was the recommendation to compare
VOR pulses from the same duction eye movements to minimize monocular
directional bias (e.g., for adduction: camera over right eye for right-sided impulse

compared to camera over left eye for left-sided impulse).

Another output of the study was the establishment of normative values for conjugate

eye movements during impulsive testing.

4) The last annotated paper demonstrated by theoretical and mathematical proofs
the nonlinearity, non-intuitiveness and inappropriate use of the current calculation

of vestibular function asymmetry, which has been widely used for last sixty years.
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SEZNAM POUZITYCH ZKRATEK

bvHIT Binokularni Video Head Impulse Test

INO

PVS

PVU

VCR

VHIT

VOR

VSR

Internuklearni Oftalmoplegie

Periferni Vestibularni Syndrom

Periferni Vestibularni Ustroji

Vestibulokolicky Reflex (Vestibulokolarni Reflex)
Video Head Impulse Test

Vestibulookularni Reflex

Vestibulospinalni Refle
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1 UvOoD
1.1 Anatomie a fyziologie
1.1.1 Evoluce

Rovnovazna ¢ast vnitfniho ucha se béhem evoluce zménila z jednoduchého torusu
s odliSnymi smyslovymi epitely na labyrint sestavajici se ze tfi kanalk a dvou
otolitovych organu [1, 2]. Tyto periferni senzory se spojuji s mozkovym kmenem
prostfednictvim senzorickych aferentnich drah, které kon&i na dvou typech
neuronalnich cill, extraokularnich motoneuronech a premotorickych vestibularnich
projekénich neuronech. Mezivrstva interneuront umoznuje integraci signall
kédujicich zmény polohy hlavy/téla v gravitaCnim poli se signaly souvisejicimi s
uhlovym ¢i linearnim zrychlenim s propriocepci, coz navic vytvafi schopnost
adaptivni plasticity vizuo-vestibularnich signalll na ménici se ekofyziologické

souvislosti.
1.1.2 Anatomie

Periferni vestibularni ustroji (PVU) se nachazi vzadni a stfedni C&asti
membrandzniho labyrintu vnitiniho ucha. Tvofi ho tfi polokruhovité kanalky (dva
vertikalni a jeden horizontalni) a dva otolitové organy (utrikulus a sakulus). PVU je
parovy senzoricky organ, tzv. mechanoelektrotransduktor, ktery snima informace o
pohybu a poloze hlavy a gravicepci na zakladé fyzikalnich principt hydromechaniky
a transformuje je do formy elektrického akéniho potencialu nervovych drah. Pohyb
hlavy je sniman prostfednictvim pohybu endolymfy polokruhovitych kanalkd,
gravicepce pomoci gravitacniho vektoru krystall uhliCitanu vapenatého (otolitd)

otolitovych makul.

Pohyb endolymfy obou labyrintd (pravé a levé strany) je v obou uSich indukovan
soucCasné a stejnosmérné, ale vzhledem k zrcadlové orientaci senzorickych bunék
pravé a levé strany, je pohyb endolymfy vztazeny k senzorickym burikam sniman
zpravé a levé strany vzdy v opacném sméru (viz dale fyziologie a inhibi¢ni

saturace).

Pohyb endolymfy ohyba vlasky (cilie) senzorickych bunék PVU nakupenych v
oblasti kupul polokruhovitych kanalki a makul otolitovych organd. Gravicepce je
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snimana prostfednictvim krystalkd (otolitd), které ohybaji cilie senzorickych bunék

otolitovych makul ve sméru gravitaéniho vektoru.

Kupuly i makuly obsahuji dva typy bunék s dulezitymi anatomickymi a funk&nimi
rozdily. Podobné jsou diferencované i na né napojené prvni bipolarni neurony

reflexnich drah.

Receptorové buriky jsou 1) amforovité bunky typu | (fazické neboli receptory s
nepravidelnym vybojem, irregular afferents, kinetic or phasic afferents) ulozené
pfedevSim v centralnich ¢astech kupul na ampularnich kristach a v centralnich-
striolarnich zonach otolitovych makul; 2) a soudkovité bunky typu Il (tonické neboli
receptory s pravidelnym vybojem, regular afferents, tonic afferents) uloZené

predevsim v periferni zéné krist a v extrastriolarni zéné otolitovych makul [3-6].

Na tyto burniky se napojuji bipolarni primarni neurony, vedouci bud pfevazné
fazickou-kinetickou informaci (typ spojeni s receptorovou burikou typu | je kalichova
synapse) nebo tonickou informaci (typ spojeni s receptorovou burikou typu Il je
synapticky knoflik (,bouton®)). Pravidelnost aferentnich vyboju (discharge regularity)
a obnova excitability po spiku uréuji citlivost na dalSi depolarizujici vstupy. Citlivost
je mala u aferentace s pravidelnymi vyboiji (regular discharge) a velka u aferentace
s nepravidelnymi vyboji (irregular discharge). Vétsina sekundarnich vestibularnich

neuronu dostava uz smiseny vstup z obou druhl senzorickych bunék.

U nékterych onemocnéni s izolovanym poskozenim jednoho typu receptort, muze
dochazet k typickym klinickym projevim. Mezi testy zaméfené na diagnostiku
patologie aferentace spiSe z regularnich tonickych bunék typu Il, patfi kaloricky test,
spiSe na oba druhy receptorl se zaméfuji rotacni testy a nepravidelnou fazickou

aferentaci bunék typu | testuje video head impulse test [7].
1.1.3 Fyziologie PVU
Hlavnimi fyziologickymi principy rovnovazného vjemu, jsou:

1) Klidovy akéni potencial (resting neuronal discharge) umozniuje aferentnim
neurontm reagovat na zrychleni ve dvou (opacnych) smérech. Primérna hodnota
klidového akéniho potencialu byla pfi experimentech na zvifatech 90 spikes/sec [8].

Hodnoty se pohybovaly od nékolika malo az po 200 spikes/sec. Dle regularity
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klidové aktivity rozdélujeme neurony na ty s pravidelnym klidovym vybojem, které
vykazuji trvalé (tonické) odpovédi na trvaly podnét, zatimco neurony s
nepravidelnym klidovym vybojem vykazuji pfechodné (kinetické nebo fazické)

odpovédi na stejny podnét.

2) Modulace klidového akéniho potencialu na excitacni (zvySeni neuronalni aktivity)
a inhibi¢ni (pokles neuronalni aktivity). Dle Ewaldovych zakonu je excitace silngjsi
signal nez inhibice [9], coZ limituje dynamickou vestibularni kompenzaci (viz dale

kapitola asymetrie) tzv. inhibi¢ni saturaci (viz nize).

3) .Push-pull“ princip ipsilateralni excitace (silnéjSi stimul, viz pfedchozi bod) se
soucasnou kontralateralni inhibici (slabsi stimul) béhem kazdého pohybu hlavou,
odpovidajici opacnému smeéru pohybu kupul obou stran, které jsou k sobé navzajem

zrcadloveé orientovany.

4) Symetrie-asymetrie. Za normalnich okolnosti maji polokruhovité kanalky za ukol
detekovat uhlovy pohyb hlavou. Rozpoznani takového uhlového pohybu zavisi na
vzniku fyziologické asymetrie na urovni perifernich senzor [9, 10], excitace-
inhibice, push-pull mechanismu. Patologicka asymetrie muze vznikat v disledku
rliznych patologickych stavi PVU, nékteré mohou zplisobovat patologickou inhibici
— hyporeflexii az areflexii — jednoho nebou obou PVU, jiné zase patologickou
excitaci. Vysledkem je patologicka asymetrie na urovni PVU, ktera je chybné
interpretovana centralnim vestibularnim systémem jako stav uhlového pohybu
hlavou, coZ se nasledné projevuje v klidu (bez pohybu hlavou) tonickymi pfiznaky
anebo kinetickymi symptomy. Tonickymi pfiznaky jsou spontanni nystagmus,
uchylky a pady téla bez pohybu hlavou, v8e Casto doprovazené vegetativni reakci.
Kinetické symptomy jsou pfiznaky horsici se nebo vznikajici pfi pohybu hlavou —
vice rozostfené vidéni pro zhorSeni nystagmu, nestabilita chize a stoje pfi pohybu
hlavou. PFiznaky tonické se v akutni fazi deficitu PVU vyrazné zhorSuji pfi pohybu

hlavou. O patologické asymetrii dale pojednava kapitola €. 5.1.16.
Inhibiéni saturace

Inhibiéni saturace je jednim ze stéZejnich kompenzacnich mechanizmu deficitd

PVU vznikajici pfimo na urovni periferie se zpracovanim v centralnich Castech
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vestibularnich drah. Mechanismus vychazi z vySe popsanych fyziologickych
principd.

Pfi pohybu hlavou dochazi k identickému pohybu endolymfy v obou labyrintech, ale
vzhledem k zrcadlové anatomii (ampuly s kupulami PVU jsou v kanalcich
orientovany zrcadlové vepredu), pfi stejné indukovaném pohybu endolymfy obou
usi se jedna kupula kanalku ohne v excitatnim sméru, zatimco druhostranna ve
stejné chvili v inhibicnim sméru. PVU detekuje excitacni signal pfi pohybu hlavou
ipsilateralné a zaroven inhibici kontralateralné [9, 11]. Pfi vypadku funkce jednoho
PVU a pfi uhlové rotaci hlavy smérem na nemocnou stranu (excitace deficitni
strany) dochazi ve stejny moment diky indukovanému oboustrannému toku
endolymfy k inhibici strany zdravé. V fe€i neuronalniho pfenosu je klidovy akéni
potencial zdravé strany modulovan — snizovan — dle rychlosti pohybu hlavy, z cca
90 spikes/sec az k minimalni hodnoté 0 spikes/sec., aktivita nejde do zapornych

hodnot, plna saturace je rovna nulové aferentaci. To také urcuje jeji limitaci.

Excitace totiz na rozdil od inhibice mize nékolikrat pfevysit hodnotu klidového
akéniho potencialu, mize se dostat dle vySe akcelerace az na vice jak 300
spikes/sec (regularni jednotky cca 300 spikes/sec, irregularni az 500 spikes/sec)
[12], coz odpovida Ewaldovym zakonUm silnéjSi excitace a slabsi inhibice [9, 11].
Proto kompenzacni mechanismus inhibiéni saturace mize kompenzovat deficit jen
do jisté miry uhlové akcelerace a rychlosti pohybu hlavou a dale jiZ musi nastoupit

centralni kompenzacni mechanismy.

Priklad: V pfipadé areflexie levého lateralniho kanalku, nedochazi k detekci
uhlového pohybu hlavou levym kanalkem pfi pohybu hlavy doleva. Ve stejny
moment ale detekuje pohyb endolymfy kontralateralni zdrava (prava) strana, pohyb
endolymfy tam ale indukuje inhibiéni signal — snizeni klidového akéniho potencialu
z hodnoty cca 90 spikes/sec do nizSich hodnot, maximalné v8ak k O spikes/sec.

Inhibiéni saturace ma tak maximalni rozmezi modulace 90 spikes/sec.

Oproti tomu excita¢ni signal muze dosahnout hodnot az 300-500 spikes/sec, tedy
rozmezi modulace az 400 spikes/sec. Ackoliv ma PVU moznost zastupné informace
pfi vypadku jedné strany, inhibi¢ni saturace ma své limity a PVU samo o sobé

nedokaze plné zastoupit tento vypadek. Subjektivné uspokojiva kompenzace
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jednostranného vypadku PVU je tak dana pfedevsim interakci inhibi¢ni saturace
z periferie s centralnimi mechanismy jako je pacemakerova aktivita vestibularnich
jader mozkového kmene a pfenastaveni referenénich hodnot systému velocity

storage [13].
1.1.4 Vestibularni reflexy

Informace vznikajici v PVU (excitace/ inhibice/ klidovy akéni potencial) jsou pouzity
pro dalsi zpracovani v CNS, mozkovém kmeni a vedeny k provedeni do
efektorovych organu, scilem stabilizovat zrak a pohyb hlavy a téla vuci
gravitaCnimu vektoru béhem lokomoce. Informace z PVU jsou zpracovavany ve

tfech hlavnich reflexnich obloucich.

Reflexni vestibularni oblouk se obecné sklada z periferniho senzoru s aferentnim
nervstvem, zjader a drah v mozkovém kmeni a z efektorového organu jako

motorického vystupu (oko / kyva¢ hlavy / antigravitacni svalstvo téla).

Vestibulookularni reflex (VOR) stabilizuje retinalni obraz pohybem oci v opacném
sméru, nez je indukujici pohyb hlavou. Latence reflexniho oblouku je zanedbatelna
(cca 7-9 ms), rychlost a akcelerace ocCi je videdlnim pfipadé stejna jako u
indukujiciho pohybu hlavou (zisk VOR je idealné 100 %).

Vestibulokolicky reflex (VCR) udrzujici vzpfimeny postoj hlavy vuci télu a
gravitaCnimu  vektoru pohybem  krénich  svall, pracuje v koordinaci

s vestibulospinalnim reflexem (VSR).

Vestibulospinalni reflex (VSR) udrzuje vertikalni postoj téla vici gravitacnimu
vektoru, zajiStuje stabilitu jakéhokoliv pohybu téla, at uz zamysSleného nebo

nahodného.

Obecné se da shrnout, Ze VOR stabilizuje zrak, VCR a VSR zaji8tuji vzpfimeny
postoj a vertikalizaci hlavy vUci télu, rovnovaznou stabilizaci pohybu téla, prevenci
padul a uchylek téla. Na exekuci vestibularnich reflexti se podili podkorova centra a
drahy, neni nutna spoluucast kortexu, ale volni korovy komand ma pfednost

v exekuci a pfednostné moduluje provedeni reflexniho pohybu [14].
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1.1.5 VySetirovaci metody

NejCastéji testovanym reflexem je VOR. K evaluaci a kvantifikaci VOR funkce
existuje nejvice vySetfovacich metod, které jsou jak klinické, tak instrumentalni. Pro
zhodnoceni reaktivity PVU cestou aktivace VCR se vyuziva elektrofyziologicka
metoda, vestibularné evokované myogenni potencialy, u kterych se ale nepouziva
vestibularni stimul (tzn. nedochazi k indukci pohybu endolymfy jako u vSech VOR
dynamickych testu), ale je pouzit akusticky stimul. Pro zhodnoceni funkce VSR Ize
vyuzit statickou nebo dynamickou stabilometrii, ktera se nevyuziva primarné

v diagnostice ale v rehabilitaci a pfi objektivizaci terapeutického efektu.

DP se déle zabyva pouze diagnostickymi metodami pouze vramci VOR.

1.1.6 Vestibulookularni reflex (VOR)
Vestibulookularni reflex (VOR) je tfineuronovy reflexni oblouk zahrnujici:

1) bipolarni aferentni neuron ggl. Scarpae vestibularniho nervu s napojenim na

senzorické bunky labyrintu typu | a ll,
2) centralni vestibularni neurony mozkového kmene (CN VIII)
3) okohybné motoneurony, interneurony (CN llI, 1V, VI), viz Obr.1.

Pro stabilni vizualni vjem béhem lokomoce, je nutné pfesné ovladani binokularnich
oc¢nich pohybu pro nasmérovani fovey kazdého oka na objekt v zorném poli. BEhem
lokomoce vyzaduji koordinované o¢ni pohyby spolupraci mezi reflexy stabilizujicimi
pohled (gaze-stabilizing reflexes, jednim z nich je VOR) a pohyby oci, které méni
smér pohledu (gaze-shifting eye movements, jako jsou napf. sakady a vergencni
pohyby oci), aby byl zajistén ostry zrakovy viem a jeho hloubka. Selhani jednoho
nebo obou okohybnych systému ma za nasledek rozmazané vidéni, nebo diplopii €i

ztratu hloubkové zrakové ostrosti [15, 16].

VOR stabilizuje pohled na cil, napfiklad béhem lokomoce, tim, Ze staci o€i v
opacném smeéru, nez je indukujici pohyb hlavou. Pozadovanym vysledkem tak je,
Zze oko zustava béhem pohybu hlavy vklidu vzhledem k okolnimu

3dimenzionalnimu prostoru, coZz umoznuje zachovani zrakove ostrosti. V zavislosti
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na vzdalenosti a excentricité zrakového cile pfi pohybech oci vyvolanych VOR by
mély byt linie pohledu obou oci pfi sledovani vzdalenych objektt témérF rovnobézné
(konjugovany pohled) nebo se protinajici (konvergujici) v misté blizkého cile. Zisk
VOR (pomér pohybu hlavy k opaénému pohybu oc€i) se zvySuje s tim, jak se fixovany
cil pfiblizuje k pozorovateli [17-19], coz odrazi interakci mezi systémem vergence a

verze béhem exekuce VOR.

(Pozn: Pohyb jednoho oka se oznacuje jako dukce, pohyb obou oéi ve stejném
sméru jako verze a pohyb obou oCi v navzajem vici sobé v protisméru se

nazyva vergence.)
1.1.7 Projekce anatomie do funkce VOR

Stimulace jednoho SCC vede prostfednictvim VOR k pomalym fazovym oénim
pohybim, které otaceji oko v roviné rovnobézné s rovinou stimulovaného kanalku
[20]. Experimentalni studie identifikovaly VOR projekce kanalkl na oc¢ni svaly:
lateralniho kanalku na ipsilateralalni medialni a kontralateralni lateralni pfimy sval
oc¢ni, horniho kanalku na ipsilateralni horni pfimy a kontralateralni dolni Sikmy ,

dolniho kanalku na ipsilateralni horni Sikmy a kontralateralni dolni pfimy [21].

Znalost geometrického uspofadani labyrintu a centralnich drah, a projekce na
jednotlivé okohybné svaly, umoznuje lokalizovat a interpretovat urcité typy
nystagmu. Nystagmus je mimovolni, rytmicky pohyb o€i s alespon jednou pomalou
fazi, zplsobeny a) patologii v periferni vestibularni nebo centralni kontrole o¢nich
pohybu, b) fyziologicky pfi optokinetické stimulaci nebo pfi testovani rotacnimi testy
Ci kalorickym stimulem. Baranyho spoleCnost vytvofila konsenzus tykajici se
rlznych typu nystagmu [22]. Britska audiologicka spole¢nost (2015) doporucuje
interpretovat SPN bez zrakové fixace vzdy s ohledem na vysledky vySetfeni a

anamnézu pacienta.
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Obrazek 1. Vestibulookularni reflex. Na obrazku jsou schematicky znazornéna hlavni pfima spojeni
("tfi neurony"), které jsou zodpovédna za generovani horizontalnich pomalych o¢nich pohybu v
reakci na Uhlové zrychleni. Ganglion Scarpae odpovida na obrazku ,Primary afferents”, vestibularni
jadra ,Vestibular nucleus®, okohybna jadra : ,Abducens nucleus®, ,Oculomotor nucleus®. Se

souhlasem autora, I. Curthoys [23].

1.2 Testovani VOR

V poslednich tfech dekadach doSlo k rozvoji a narustu dostupnosti novych
vySetfovacich vestibularnich metod. Elektrofyziologické zaznamy pohybu oci typu
elektronystagmografie (ENG) byly postupné nahrazeny videookulografii (VOG),
ktera zaznamenava klidovy stav nebo indukovany pohyb o€i. VOG se pouziva nejen
pro zaznam spontanniho nystagmu, ale hlavné pro zaznam indukovaného
nystagmu kalorickou, rotacni, vibracni, headshaking, optokinetickou stimulaci. Nové
do baterie vestibularnich testd béhem prvni dekady 21. stoleti pfibyly video head

impulse test (vHIT) a vestibularné evokované myogenni potencialy (VEMP).

Pro hodnoceni vestibularnich funkci lze pouzit rizné testovaci podnéty:
mechanické indukujici fyziologicky pohyb endolymfy (rotacni testy, head shaking
test, vHIT), tepelné (kaloricky test), akustické nebo mechanické vibracni (okularni

nebo cervikalni VEMP, test vibraci indukovaného nystagmu). Reakce na podnéty,
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které vyvolavaji (mechanicky nebo tepelné) endolymfatickou akceleraci v oblasti

labyrintu, Ize mezi sebou porovnavat.

V dal$i kapitole nasleduje vysvétleni souvislosti mezi rychlosti a akceleraci

indukujiciho pohybu hlavou a testovanou frekvenci VOR.
1.2.1 Frekvence

Na labyrint je tfeba pohlizet jako na organ, ktery reaguje frekvenéné, podobné jako
kochlea. Zatimco kochlea reaguje topicky v zavislosti na frekvenci zvuku, PVU
reaguje na rtizné frekvence pohybu hlavou. V takto slozitém systému je obtizné,
aby jedina zkouska poskytla vSechny informace potfebné k posouzeni funkéniho
stavu PVU jako celku. NejCastéji testovanou oblasti labyrintu je horizontalni kanalek,

a proto se dale budeme vénovat prfedevsim testovani horizontalniho VOR (hVOR).

Existuji tfi Siroce pouzivané diagnostické testy hVOR; kaloricky test, rotacni testy a
video head impulse test (vHIT). VSechny tfi testy jsou povazovany za dynamické
testy funkce hVOR, protoze kupula (v niz se nachazi senzorické bunky) je
stimulovana (vychylovana) pohybem endolymfy. V pfipadé kalorického testovani se
tohoto vychyleni dosahne pomoci teplotniho gradientu pusobiciho na endolymfu
(ackoli je pravdépodobné, Ze existuiji i jiné mechanismy). V pfipadé rotacniho kfesla
a vHIT pohyb hlavou poskytuje zrychleni potfebné ke stimulaci kupuly. Panuje
shoda v tom, ze kazdy z téchto tfi testl poskytuje dopliujici pohled na funkci hVOR.
Kazdy z testd ma dobfe zdokumentované silné a slabé stranky a ve vétsiné pfipadu
jsou omezeni jednoho z nich feSena silnymi strankami jednoho nebo obou

zbyvaijicich testa.
1.2.2 Frekvence pohybu hlavou

Termin "frekvence” znamena ucinnost dynamického podnétu, potfebného k aktivaci
VOR. Existuje frekvencni rozsah, ve kterém je hVOR optimalné stimulovan (1-10
Hz), hVOR je ale ve skute¢nosti aktivovan zrychlenim, akceleraci. AvSak spiSe nez

pFimo na akceleraci, se stalo béznym odkazovat se na rotacni frekvence.

RozliSujeme riizna frekvenéni pasma stimulace vestibularniho labyrintu: velmi nizké
frekvence (0,001-0,01 Hz), nizké frekvence (0,01-0,1 Hz), stfedni frekvence (0,1-1
Hz), vysoké frekvence (1-10 Hz) a velmi vysoké frekvence (10-100 Hz). Tonické
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receptory (typ Il) se aktivuji pfi velmi nizkych a stfednich frekvencich, zatimco
fazické receptory (typ I) se aktivuji pfi vysokych a velmi vysokych frekvencich.

Pasmo pfirozenych pohybl hlavy se nachazi mezi 0,05 Hz a 5 Hz.

Predstavme si, Zze provadime nasledujici souvisly pohyb hlavou: zaCiname z pfimé
polohy hlavy vuci télu, pak ji oto¢ime doprava smérem k rameni, oto€ime doleva a
pak se zastavime ve vychozi poloze. Vychozi a cilovy bod jsou stejné. Jedna se
tedy o sinusovy pohyb, u néhoz se doba potfebna k dokonéeni celého cyklu nazyva
perioda (T), ktera se méfi v sekundach. Frekvence je pfevracenou hodnotou periody
améfisev Hz (f=1/T). Obecné Ize Fici, Ze frekvence osciluje sinusové a bude pfi
ni dochazet k vSudypfitomnému zrychleni. Proto Ize pfedpokladat, Zze ¢im vySsi je
frekvence, tim vySsi je zrychleni. Pfesny zplsob, jakym se frekvence a zrychleni

vzajemné souvisi, se v kazdém z testu lisi.

Kaloricky test je povazovan za nizkofrekvencni hVOR test, rotacni kfeslo a HST
jako test hVOR na stfednich frekvencich a vHIT jako test s vysokou frekvenci. Pro
objasnéni vztahu mezi zrychlenim a frekvenci se budeme vénovat kazdému testu

zvlast.
1.2.3 Videookulografie, Spontanni nystagmus

Nystagmus je mimovolni, rychly a oscilacni pohyb oCi s alespon jednou pomalou
fazi [22], ktera je nasledovana opacné zaméfenym rychlym pohybem oci (rychla
faze — sakada). Nystagmus jako mimovolni pohyb oCi znemozZnuje uspokojivou

zrakovou fixaci.

Jednu z prvnich klasifikaci nystagmu perifernino plvodu stanovil v roce 1912
Gustav Alexander (Alexanderovy zakony)[24]. Baranyho spole¢nost popsala riuzné
vzorce nystagmu a zhodnoceni sméru a intenzity nystagmu je soucasti evaluace
akutniho i chronického pacienta [22, 25-27]. V posledni dobé se stara kritéria
pouzivana pro ENG v soucasnosti modifikovala pro VOG [28]. Patologické formy
nystagmu maiji mnoho pficin, ale obvykle jsou dusledkem onemocnéni postihujicich
periferni vestibularni aparat, mozkovy kmen nebo mozecek a méné Casto predni

zrakoveé drahy nebo mozkové hemisfeéry [22].

Béhem videookulografie se pofizuje graficky a video zaznam pohybu obou o¢i.

Anatomické a fyziologické znalosti projekce jednotlivych ¢asti PVU na okohybné
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svaly muzou pomoci pfi lokalizaci postizené ¢asti labyrintu. Zaznam spontanniho
nystagmu se provadi v klidu, bez pohybu hlavy testovaného. Nejedna se tedy o
dynamicky test, ale staticky, jeho testovana frekvence je nula, stejné jako rychlost

pohybu ¢€i akcelerace.
Metoda zaznamu

Pacient sedi ve vzpfimené poloze se zapfenou zrakovou fixaci. Zaznamenava se
sledovani po dobu 40 sekund (poloha vsedé s nehybnou hlavou, nasazeny okluzor
bryli). Pokud se objevi nystagmus, software VOG zméfi jeho pomalou fazovou

slozku (slow phase velocity, SPV v jednotkach °/sec).
1.2.4 Kaloricky test

Kaloricky test slouzi k posouzeni integrity vestibularniho systému a pouziva se jiz
priblizné sto let; Baranyho vyzkum na Videnskeé klinice vedl k udéleni Nobelovy ceny
v roce 1914. Jedna se o relativné jednoduchy ale ¢asové narocny test (cca 30
minut), pfi kterém se stimuluje kazda strana periferniho vestibularniho systému
zvlast. Hodnoti prfedevSim nizkofrekvencni aspekty obou horizontalnich
polokruhovych kanalku. V klasické verzi testu se kazdé ucho stimuluje teplou (W) a
studenou (C) vodou (44/30 °C) nebo vzduchem (50/24 °C) ve Ctyfech samostatnych
irigacich, coz umoznuje testovat levé i pravé ucho s obéma sméry indukovaného

nystagmu.

Primarnim klinickym vysledkem kalorického testu je jednostranna slabost (unilateral
weakness, UW), ktera je také znama jako paréza kanalu (canal paresis) nebo
shizena vestibularni odpovéd. Tato slabost se ur€uje porovnanim reakci obou usi
na termalni stimul a vyjadfuje se v procentech UW slabsiho ucha. Ctyfi samostatné
irigace kalorického testu poskytuji Ctyfi intenzity indukovaného nystagmu, které se

pouzivaji jako vstupni proménné k vypoctu UW [29, 30].

Rotacéni frekvence kalorického testu se obvykle uvadi kolem 0,003-0,004 Hz [31].
To znamena, Ze teplotni gradient poskytuje podnét, ktery je ekvivalentni
horizontalnimu pohybu hlavou o oscilaci pfiblizné 0,004 Hz. ProtoZze podnét neni
fyziologicky (je jednostranny) a neni kalibrovany (pfesna akceleracni sila pUsobici

na kupoli neni znama kvuli variabilité kondukce a konvekce mezi subjekty), rotacni
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sila plUsobici na kupoli je neznama. Lze ji pouze odhadnout. Odhad je zalozen na

c¢asoveém profilu kalorické reakce.
Vypocet testované frekvence pro kaloricky test

V pfipadé kalorického testu se akcelerace endolymfy a s tim spojené vychyleni
kupuly L-SCC dosahuje pomoci teplotniho gradientu. Jednu kalorickou reakci
(jedno ucho, teply nebo studeny stimul) Ize povaZovat za polovinu cyklu sinusového
kmitani (plny kmit by opakoval proces v opacném smeéru). ACkoli se tedy odhady
liSi, typicka doba trvani kalorizaci evokovaného nystagmu je u zdravych jedinct
120-180 sekund. Proto by perioda pIné oscilace byla 240 (resp. 360) sekund, jejiz
reciprokd hodnota je 0,004 (0,003) Hz. Kaloricky test je proto povazovan za

nizkofrekvencni test PVU.

Primérné zrychleni se vypocita jako zména rychlosti v asovém useku.
a=Aw/At

kde akcelerace je (a), uhlova rychlost (w), ¢as (t).

Indukovana rychlost endolymfatické tekutiny neni znama pfi Zzadném kalorickém
testu, ale teoreticky a v idealnim pfipadé ji Ize odvodit z vystupni rychlosti (pomala
faze kaloricky evokovaného nystagmu), protoZze obé by se mély shodovat (pokud
hVOR pracuje efektivné). Pfi sinusové rotaci je maximalni rychlost pomalé faze oka
dosazena po cca Y4 celého oscilaniho cyklu; coz je cca po 60 sekund u
standardniho vodniho kalorického testu a 80 sekund u studeného kalorického testu.

Pro standardni vodni kalorizace Ize tedy zrychleni odhadnout jako
25°/sec/ 60 s = 0,42°/sec?

Pro studenou vodni kalorizaci Ize zrychleni odhadnout jako
60°/sec/80 s = 0,75°/sec?.

V nasi laboratofi pouzivame vzdusny bitermalni kaloricky test (24/50 °C). V naSi
skupiné zdravych jedincl byla praimérna ¢asova odezva 150 s, tedy 0,003 Hz, s
priimérnou vrcholovou rychlosti pomalé faze evokovaného nystagmu 20-30°/sec, s

dosazenim vrcholu reakce na 60-70 s, takze primérné zrychleni pro teply
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vzduchovy kaloricky test bylo 0,42°/sec?, pro studeny vzduch 0,35°/sec?, pramérné
0,38°/sec?.

Shrneme-li kaloricky podnét, pouzijeme-li vySsi teplotni gradient a je lepSi teplotni
vodivost tkani pacienta (kondukce), ziskame vyS8Si zrychleni endolymfatické
tekutiny (vyS8sSi vrcholova rychlost), také ale delSi kalorickou odezvu, a tak

paradoxné nizsi frekvenci kalorického testu.
Metoda provedeni

Pouzivame teplou (50 °C) a studenou (24 °C) vzduchovou irigaci do kazdého ucha
po dobu 60 sekund, zaznam indukovaného nystagmu provadime po dobu 120

sekund.
1.2.5 Rotacni testy

V pripadé rotaCniho kfesla poskytuje rotace celého téla spole¢né s hlavou zrychleni
potfebné ke stimulaci kupuly. Zrychleni se zvySuje s rostouci sinusovou frekvenci,
takze frekvenci podnétu lze pouzit jako synonymum pro zrychleni (nebo silu

podnétu).
1.2.6 Head-shaking test (HST)

Head-shaking nystagmus (HSN) je nystagmus vyvolany cyklickym pohybem hlavy,
ktery poprvé popsal v roce 1907 Robert Barany, prvni oficialni popis postupu podal
pozdéji, v roce 1929, Vogel. Indukovany nystagmus je abnormailni, dobfe nastaveny
vestibularni systém by nemél vyvolavat HSN, alespor ne po dobu delSi nez pfiblizné
jednu sekundu, protoze odrazi jednosmérny vystup pro sinusovy vstup. To je
abnormalni a znamena to, Ze vestibularné-okularni motoricky systém bud vstup
usmeérrniuje (ofezava jej v jednom smeéru), nebo Ze je systém vstupem rusen. Hlavni
klinicka uZiteCnost HSN dosud spocivala v identifikaci osob s jednostrannou
periferni vestibularni 1ézi [32]. U normalnich osob nebo osob se symetrickou
vestibularni ztratou (napf. oboustrannou vestibularni ztratou) se neoekava zadny
indukovany nystagmus. U osob s vestibularni asymetrii zaCne zpravidla po
ukonceni cyklického pohybu hlavou nystagmus, u osob s pfitomnym nystagmem

pred zaCatkem HST zpravidla dochazi k zesileni jeho intenzity [33]. Obvykle bije
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smérem K "lepSimu" uchu (pareticky typ nystagmu), nékdy nasledovan obracenim

sméru, a vytraci se pfiblizné do 30 sekund [28, 32, 34].

V pripadé HST zname frekvenci testu z frekvence testovanych opakovanych cykld
pohybu hlavou, tedy cca 2 Hz, dva cykly za 1 s, pokud délame 20 cyklu, za 10 s.
Jeden sinusovy cyklus trva 0,5 s, amplituda pohybu hlavy je 20-30° a maximalni
rychlost pohybu hlavy na jednu stranu 120-150°/s, takze zrychleni je pfiblizné 1000-
1200°/s2.

Metoda provedeni

Jedna se o pasivni pohyb hlavou pacienta. Lékaf uchopi hlavu pacienta a provede

zpravidla 20 cyklickych pohybd v horizontalni roviné.

Pacient sedi vzpfimené, vizualni fixace je zamezena pfiloZzenim krytu VOG
infraCervenych bryli, pasivnimi pohyby hlavy (I€kaf drzi hlavu pacienta hybe s ni) se
dosahne frekvence asi 2 Hz, amplituda pohybu hlavy 20°, 20 cyklU a poté se nahle
zastavi a nahrava se indukovany nystagmus po dobu 2 minut, ktery se dale

analyzuje.
1.2.7 Video head impulse test (VHIT)

Béhem impulzniho testovani hlavou (head impulse test, HIT) u zdravého jedince
kompenzuje pohyb obou oci uhlovou rotaci hlavy s cilem vizualné fixovat
pozadovany fixacni bod. Tato odezva vestibulo-okularniho reflexu (VOR) se obvykle
hodnoti na zakladé jejiho zisku. Zisk pfedstavuje pomér vystupu a vstupu jakéhokoli
dynamického systému. Pro vypocet zisku VOR se méfi rychlost nebo poloha oci a

porovnava se s rychlosti, resp. polohou hlavy.

Video impulzni test (VHIT) je moderni vestibularni test, ktery pfekonava néktera
omezeni kalorického testu a poskytuje dulezité doplfiujici informace. Hodnoti
predevSim vysokofrekvenéni aspekty nejen dvou postrannich polokruhovych
kanalku, ale také Ctyr vertikalnich polokruhovych kanalkd. Na rozdil od kalorického
testu poskytuje vHIT absolutni posouzeni vestibularni funkce, protoze se pfi vypoctu
zisku opira o absolutni referen¢ni hodnotu, rychlost pohybu hlavou. To umoznuje
stanovit dobfe definované klinické limity a definovat idealni zisk VOR 1, ktery odrazi

shodné pohyby oCi a hlavy.
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Pfi VHIT provadime prudkou pasivni rotaci hlavy s amplitudou cca 15°,
s pozadovanou rychlosti vy$8i nebo rovnou 150°/sec, které dosahneme béhem cca

70-90 ms. Testovana frekvence pohybu hlavou je tedy cca 2-5 Hz.
Metoda provedeni

Pacient sedi vzpfimené, s vizualni fixaci mista vzdaleného pfiblizné 125 cm,
nepfedvidatelné a pasivni pohyby hlavou (Iékaf hybe hlavou pacienta), maximalni

rychlost pohybu hlavy je mezi 150° az 250° /s a amplituda pohybu hlavy 10° -20°.
1.2.8 Vestibularni asymetrie

Patologicka vestibularni asymetrie je hlavnim zdrojem vestibularnich symptomd
v akutni fazi deficitu [35, 36]. V dalSim pribéhu deficitniho stavu je tize symptoma

dana schopnosti patologickou asymetrii kompenzovat [23, 37].

Statickou asymetrii vestibularnich jader dokaze systém kompenzovat pomérné
rychle a efektivné (fadové dny az tydny) diky obnoveni neuronalni aktivity v oblasti
vestibularnich jader mozkového kmene [37]. Dynamickd kompenzace je vsSak

limitovana inhibi¢ni saturaci (viz kapitola 5.1.3) zdravé strany.

Zjednodusené lze fFici, ze zatimco symptomy statické asymetrie odeznivaji rychle,
tak dynamicka asymetrie nemuze byt zcela a pIné kompenzovana vzhledem
k inhibi¢ni saturaci zdravé strany. Z vysledkld druhé komentované studie je vSak
ziejmé, ze ackoliv funk&ni asymetrie pretrvava, Ize dynamickou asymetrii detekovat

fadové roky, pficemz ale rovnovazny stav pacientt je uspokojivy dfive.

V akutnim stadiu jsou pfitomny symptomy jak statické (v klidu, bez pohybu hlavou),
tak dynamické asymetrie (pfi pohybu hlavou)[10]. Nahla jednostranna porucha,
ktera rychle naruSi tonickou aferentni aktivitu jednoho z perifernich vestibularnich
ustroji, zplsobi nerovnovahu mezi pravou a levou vestibularni aferentaci, ktera
vede k symptomdm prudkych rotanich zavrati. Pacient ma intenzivni pocit rotace,
ktery se zhorSuje pfi pohybu hlavou a pfi zménou polohy hlavy. Je obtizné stat a
chodit a je tendence k padim na postiZzenou stranu. TéméF vzdy jsou pfitomny
autonomni pfiznaky vcetné malatnosti, bledosti, poceni, nevolnosti a zvraceni.
V dalSim prubéhu onemocnéni dochazi postupné ke statické i dynamické

kompenzaci. Nejprve dojde ke snizeni az Uuplnému vymizeni symptomu statické
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asymetrie (spontanni nystagmus v neutralni poloze hlavy, bez indukovaného
endolymfatického toku ve vnitfnim uchu) a nasledné dochazi i k postupnému
snizeni az subjektivnimu vymizeni symptomd z dynamické asymetrie (symptomu

nestability a rozostfeného vidéni vazanych na pohyb hlavy).

Vymizeni symptomU nemusi znamenat vymizeni asymetrie (deficitu). Pokud je
deficit a s tim spojena asymetrie trvalym stavem, v dlouhodobém horizontu se
nemusi projevovat symptomatologii diky uspokojivé kompenzaci [33]. Naproti
tomu, u nékterych pacientl mohou pfiznaky vestibularni asymetrie pretrvavat trvale
nebo delSi dobu, vzhledem k neuspokojivym kompenza&nim mechanismam. Dle
riznych zdroju dochazi k navratu funkce PVU kolem 50 -70 % na zakladé

kalorického testu, studie se v8ak vyznamneé liSi v metodice [38].

Oboustranné vestibularni poruchy, zplusobené napfiklad ototoxicitou, obvykle
nevyvolavaji prudkou rotani zavrat, protoze dochazi k minimalni nerovnovaze
tonické aktivity. V takovém pfipadé si pacienti stéZuji na oscilopsie a instabilitu

chuze a stoje.

Pomalu se rozvijejici jednostranny proces, jako je pomalu rostouci vestibularni
schwannom, obvykle nevyvolava akutni rotacni zavrat, protoZze asymetrie
vestibularnich aferentace vznika postupné a je pribézné kompenzovana centralnim

nervovym systémem.

1.2.9 Multifrekvenéni testovani — kochlearni (audiogram) a vestibularni

(vestibulogram) analogie

Vestibularni labyrint je zadni €asti vnitfniho ucha. Jeho pfedni €ast tvofi kochlea,
smyslové ustroji pro sluch. Obé& porce vnitfniho ucha jsou spolu anatomicky
propojené, smyslové buriky obou sdileji stejny endolymfaticky prostor s nejuzsim
mistem mezi kochleou a vestibulem v ductus Reuniens. Endolymfaticky prostor je
obklopen i sdilenym perilymfatickym prostorem, ktery ma pro funkci vétsi vyznam u
kochlearni porce, u vestibularni se uplatiiuje spiSe u patologickych stavu tzv. tfetich
okének labyrintu. Kochlearni sluchovy systém ma svou frekvencéni tonotopiku
s rozdilnou citlivosti k percepci tonu frekvencéniho spektra dle lokalizace smyslovych
bunék (v bazalnim zavitu percepce vysokofrekvencnich tonl, smérem k helikotremé

percepce hlubSich tonu). | vestibularni systém vykazuje jistou analogii k frekvenéni
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tonotopii kochlearniho systému a stejné jako u kochlearnich frekvenéné
specifickych onemocnéni, postihuji nékteré vestibularni Iéze typicky urcité
testované frekvence [39-41]. O vestibularnich frekvencich pojednavala kapitola
5.1.9. Analogicky k frekvenénimu testovani kochley existuje pro vestibularni systém
spektrum vySetfeni, ktera jej testuji vrozdilnych frekvencich pohybu
hlavou/endolymfy. MozZnostmi frekvencniho testovani vestibularniho systému se
vénuje prehledné prvni komentovana publikace, dalSi komentované publikace toto
téma cilené rozvijeji.

Muze jeden test nahradit druhy?

Kaloricky test je uznavanou metodou hodnoceni periferni vestibularni funkce s
bezmala stoletou tradici. Po objeveni se novych metod vySetfeni vestibularniho
systému na konci dvacatého stoleti [42-44], se otoneurologové zabyvali otazkou
zameénitelnosti jednotlivych testl. PfedevSim objev impulzniho testu (HIT) vnesl do
rovnovazného testovani otazku, zda by bylo mozné nahradit technicky i ¢asové
tfi dekad od objevu HIT jiz existuje evidence, Ze tyto dva testy nejsou zaménitelné,
ale komplementarni [45-47]. Kazdy z vestibularnich testl vysSetfuje vestibularni
systém jinym mechanismem a v jiné frekvenci. Kaloricky test testuje pfi nizkych
frekvencich pohybu endolymfy cca 0.003 Hz, HIT pfi vy$Sich kolem 3-5 Hz, zaznam
spontanniho nystagmu monitoruje 0 Hz, rotaCni testy na Baranyho kresle cca 1 Hz,
headshaking test 2 Hz. Vzhledem k tomu, Ze tyto testy hodnoti rizné frekvence a
atributy polokruhovych kanalkli, jsou pro komplexni vestibularni hodnoceni
nezbytné vSechny [26, 45-51]. Lze je povaZovat za testy, které popisuji tonotopii
(analogie se sluchovou tonotopii) crista ampullaris kanalkd v zavislosti na frekvenci
stimulace. Kalorizace je citlivéjsi pfi identifikaci chronické 1éze [41], vytéZnost vHITu
se zase plné uplatni u akutnich zavrati [48], kde je spolu s evaluaci SPN a skew
deviace o€i soucasti HINTS protokolu [26] pro diferenciaci centralniho a periferniho

akutniho vertiga, headshaking je citlivou monitoraci kompenzace [33].

Opét zde vidime analogii ke kochlearnimu testovani, testovani pouze jedné
frekvence rovnovaznych funkci by stejné jako testovani jedné frekvence sluchu

neumoznilo diagnostiku riznych stavl a onemocnéni.
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2 CILE

Cilem diserta¢ni prace je inovace v multifrekvenéni diagnostice rovnovaznych

onemocnéni.

Prace je zalozena na navrzeni a testovani pfinosnosti inovativni vizualizace

nékolika testl vestibulookularniho reflexu (VOR), na zvySeni diagnostické

vytéZznosti nékterych ztestt VOR a navrhu nového vypocltu asymetrie

vestibularnich funkci.

1

Navrzeni a provéfeni pfinosnosti nové vytvofeného vestibulogramu —
inovativni vizualizace rozdilnych testl vestibulookularniho reflexu (VOR),
zakladajici se na znalostech rozdilné senzitivity periferniho rovnovazného
ustroji (PVU) v Sirokém spektru frekvenci pohybl hlavou. Zvolenou metodou
vizualizace vysledkul riznych metod je vytvoreni pfehledného grafu, ktery by
zvysil diagnostickou vytéznost vybranych vysSetrovacich metod.

Provéfeni potencialu head-shaking testu reflektovat <€asovou osu
kompenzace ztraty vestibularnich funkci.

Vytvofeni normativnich dat pro inovativni binokularni variantu video head
impulse testu a zavedeni normy pro dyskonjugované o¢ni pohyby.
Matematické testovani vhodnosti Jongkeesovy formule pro vypocet

vestibularni asymetrie vestibulookularniho reflexu.
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3 KOMENTOVANE PUBLIKACE
3.1 EVEST: Estimated Vestibulogram
Uvod

Prvni komentovana publikace se zaméfuje na problematiku komplexni vestibularni
diagnostiky a na moznosti vizualizace funk&niho deficitu a vestibularni asymetrie pfi
riznych onemocnéni rovnovazného systému. Pro pochopeni vestibularni
symptomatologie je podstatné pochopit zdroj, patofyziologii a miru patologické
asymetrie a jeji kompenzace, protoze podobné klinické obrazy (vertigo, nestabilita)

mohou byt pfitomny za zcela odliSnych patofyziologickych stava.

Grafické znazornéni v otologii

Periferni vestibularni ustroji (PVU) je senzorem pohybu hlavy a gravicepce. PVU je
uloZzeno ve vnitfnim uchu, spolu se senzorickym organem pro sluch. Stejné jako
kochlea, ktera u riznych onemocnéni mize byt rizné frekvenéné poskozena, tak i
PVU maze byt u riznych typl onemocnéni riizné frekvenéné poskozeno. Proto bylo
hlavni myS$lenkou autora vizualizovat funkci PVU na riznych frekvencich stimulu
(razné frekvence pohybu hlavou).

Cerpani principt z audiometrie

Myslence vytvoreni vestibulogramu pfedchazelo studium vyvoje audiogramu.
Slozitd a nékolik dekad trvajici cesta k nyni uznavané formé audiogramu vedla
autora DP k implementaci jiz znamych principt audiogramu do nového grafického

nastroje — odhadovaného vestibulogramu.

Audiogram proS$el slozitym, bezmala 60letym, vyvojem. Prvni audiogram vytvofil v
roce 1885 Arthur Hartmann [52], ktery do tzv. "sluchového grafu" zakreslil odezvu
levé a pravé ladiCky a vypocitané procento slySeni. Zajimavé je, ze byl prvni, kdo
ve svém grafu poprvé navrhl obracenou vizualizaci hodnot na ose Y, od které se
doCasné upustilo a opét se k ni specialisté vratili az o Ctyfi dekady pozdéji. Poprvé
byly prahy slySeni popsany frekvencné v roce 1903 na "kfivce citlivosti" Maxe
Weina. V roce 1922 Fletcher a Wegel [53] umistili frekvence stimulu na ose X a
zavedli logaritmickou stupnici pro vykresleni prahovych hodnot sluchu a prahové
intenzity stimulu na ose Y. Na prvni pohled je audiogram (stejné tak i vestibulogram)

obraceny vzhlru nohama; hodnoty na svislé ose se pfi pohybu od dolni ¢asti grafu
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k horni spiSe zmensuji, nez zvétSuji, coz neni v souladu s védeckou tradici. Princip
sestupné vizualizace sluchové ztraty (pozdeéji nazvané pouze jako prah sluchu)
vztazené k prumérnému prahu sluchu (odpovidajici na kazdé frekvenci jiné intenzité
stimulu), byl zaveden postupné béhem dalSich dekad (az do 50.let 20. stoleti)
spolupraci vice autord [54]. Navrh se tak opticky vraci k prvnimu navrhu
A.Hartmanna. Popisné se da princip popsat jako ,padani“ sluchové funkce smérem
dold na ose Y (ke slySeni je potfeba vétsi intenzita stimulu, ktera stoupa smérem
doli — smérem dolu se zvySuje hodnota vybavného sluchového prahu v dB). Stejny
princip sestupné vizualizace rovnovazné ztraty na ose Y pouzil autor této DP pro

vestibulogram — pro intuitivnost jiz zazitého formatu mezi ORL lékafi.

Pro porovnani vizualizace audiogramu s vestibulogramem slouzi Obr. 2 a Obr. 3.
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Obrazek 2. Audiogram. Na ose X jsou fazené jednotlivé frekvence, na ose Y ,obraceny” smér intenzit
stimulu od 0 dB v horni &asti osy Y audiogramu; do 90 dB v dolni ¢asti osy Y. Kazdé ucho ma svou
barvu a tvar piktogram0, pravé ucho — ¢ervené kolecko, levé ucho - modry kfizek. Zdroj obrazku:
Wikipedie.

Zpét k vestibulogramu - frekvence stimulu riznych testt

Nami navrzeny EVEST graf je novy nastroj pro vizualizaci vysledkd nékolika
vestibularnich testl a kvantifikaci vestibularni asymetrie (vestibular functional

asymmetry, VFA). Testy zahrnuté v EVEST grafu mezi sebou Uzce souviseji:
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a) testuji stejnou anatomickou strukturu — horizontalni chodbic¢ku (lateralni
semicirkularni kanalek, LSCC), coz je nejCastéji postizena a v soucasnosti i

nejCastéji testovana ¢ast PVU,

b) mechanismem testovani — vSechny testy vySetiuji vestibulookularni reflex
a pracuiji s rychlosti a akceleraci toku endolymfy testovaného kanalku. Proto

se daji srovnat na ose X dle testované frekvence pohybu hlavou/endolymfy.

Graf EVEST kombinuje vysledky Ctyf (péti) vestibularnich testl vestibulookularniho

reflexu:

o Staticky test VOR
o Spontanni nystagmus (SPN)
e Dynamické testy VOR
o Kaloricky test
o Baranyho kreslo (t.¢. neni soucasti nasi studie)
o Head-shaking test (HST)
o Video head impulse test (VHIT)

Ackoliv se vSechny zminéné testy grafu EVEST zaméfuji na vySetfeni funkce LSCC,
kazdy z testl operuje v jiné testovaci rychlosti a zrychleni pohybu endolymfy LSCC

a potazmo tak frekvenci (frekvence vysvétlena vySe v kapitole 5.1.10.).
Analogie s audiogramem

Pro rychlejsi orientaci pfedevSim ORL Iékafl jsme pro EVEST graf zvolili stejné
piktogramy jako pro audiogram (prava strana Cervené kolecko, leva strana modry
kiizek) a i smér deficitu je zakreslen na ose Y stejné v sestupné funkcni formé
(norma je v grafu nahofe a funkce ,klesa“ v grafu po ose Y smérem dold, pficemz

deficit se prohlubuje — jeho hodnota ale stoupa smérem dolu).
Osa X

Kur€itym testovanym frekvencim pohybu hlavou/endolymfy je pfifazeny

vestibularni test, jako analogie testovanych frekvenci v audiogramu.
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OsayY

Vestibulogram od audiogramu adoptoval pro osu Y smér vizualizace deficitu
deficitu se zvySuje smérem dolt na ose Y (hodnoty osy Y maji ,opacny smér” —
procenta VFA vzristaji smérem dol(i). Dal uz ale podobnost s audiogramem kon¢i.
U audiogramu na ose Y smérem dolU stoupa intenzita prahového stimulu, a tim
smérem doll narlsta deficit. U vestibulogramu sice smérem dolG také narlsta
deficit, ten ale neni hlavnim atributem osy Y. Tim je v procentech vztazena
vestibularni funkéni asymetrie (VFA). VFA sama o sobé neni pfimym vysledkem
jednotlivych testu, které jsou k ni jednotlivé vztazeny podle metodiky popsané nize.
VFA se vypocita pro kazdou stranu zvlast. Vysledkem osy Y je celkova vestibularni
funkéni asymetrie (VFA), ktera se vypocita jako rozdil dil¢ich VFA mezi obéma

stranami a udava se v procentech.
Metodika

Pro sestaveni a testovani vlastnosti EVEST grafu byly pouzity udaje od 148
ucastniku, 49 zdravych dobrovolnikd (28 zen, 21 muzl, primérny vék 40,8, SD
10,4), 49 osob postizenych vestibularni neuritidou (30 zen, 19 muzd, priimérny vék
49, SD 13) a 50 pacientd s vestibularnim schwannomem (28 Zen, 22 muzu,
primérny vék 54, SD 15).

Vysledky a diskuze
Spontanni nystagmus, SPN

Prvni z testl, spontanni nystagmus (SPN), odpovida frekvenci pohybu hlavou 0 Hz,
jelikoz pfi jeho zdznamu je hlava v klidu. Vysledkem zaznamu SPN je uhlova
rychlost pomalé faze nystagmu, ktera je udana v uhlovych stupnich za sekundu (°/s

aSPV, average slow phase velocity).

V dobé publikovani EVEST studie nebyl stanoven konsenzus normativnich hodnot

vSech vestibularnich testd v ramci EVEST grafu, v té dobé bylo uznavanymi autory
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v ramci Baranyho spole¢nosti (M.Strupp) doporu€eno, aby si kazda laboratof
vytvofila vlastni normativni data [55]. EVEST graf byl ale vytvofen jako flexibilni

nastroj, ktery je schopny inkorporovat jakakoliv normativni data.

V nasich, po sobé jdoucich publikacich, dosahovali zdravi jedinci SPN primérné 0
°/s aSPV s maximem 1.7 °/s aSPV [7, 33, 56]. Pivodni EVEST studie zaznamenala
nulovy SPN u zdravych jedincu, ale dalSi studie, jizZ hodnoty SPN odliSné od nuly
nameéfily. Sami sobé tak mizeme klast otazku ohledné normativnich hodnot SPN z
nasich dat. Ve vSech nasich studiich vS8ak mean i median udrzely hodnotu 0, i kdyz
doSlo ke zméné SD nebo kvartild vzhledem k maximalné namérenym 1,7 °/s aSPV
ve tfeti opublikované studii [56]. V plvodni EVEST studii jsme problém normativni
hodnoty rovné nule (pfi SD 0) vyfeSili uréenim abnormalni hranice rovné 1°/s aSPV
tak, aby se obé — jak referencni, tak abnormalni hodnota — nerovnaly stejné nule.
Dalsi studie toto rozhodnuti svymi vysledky potvrdily jako spravné. Pokud ale jina
laboratof nebo konsenzus odborniku v oboru zavedou jinou hranici normativity SPN,

EVEST bude s touto hranici pfenastaven v ramci VFA vztazenych hodnot SPN.

Oproti zdravym, méli pacienti v akutni fazi deficitu PVS (prvni dva dny) hodnoty SPN
v priméru 14 °/s aSPV a v maximu 31 °/s aSPV, v dalSi studii (ve které byli méreni
0 néco pozdéji v prubéhu prvniho tydne deficitu) méli hodnoty o néco nizsi 9-10°/s
aSPV s maximy 15 °/s aSPV [33].

Pro vztazeni vysledku SPN (°/s aSPV) k vertikalni stupnici VFA (%), jsme pouZili tfi
kritické body SPN: 1) prvni kriticky bod odpovida nulové VFA (%) a je roven nulové
hodnoté SPN (°/s aSPV), 2) druhy kriticky bod je primérna hodnota SPN u nasSich
pacientl s PVS deficitem 14 °/s aSPV, kterému jsme pfifadili 50% hranici VFA; a 3)
pro 100% VFA jsme vytvofili ,pool” tedy jistou ,rezervu® aSPV do mozného maxima
SPN 50 °/s aSPV (v nasi skupiné bylo maximum 31 °/s aSPV, ale nemlizeme
vylouCit, Ze nékteré laboratofe naméfi i vySSi hodnotu, prfedevSim u perakutnich

stavu).

Z nasich dat, stejné jako z dat nasledujicich studii vyplyva, Ze vétSina stavl bude
ovliviiovat a bude se pohybovat pfedevsim v nizSich hodnotach SPN. Maxima SPN

dosahuji pacienti jen kratce v perakutni fazi, jiz v prdbéhu nékolika hodin zacinaji
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hodnoty klesat. A v dlouhodobém sledovani dosahuji rychle nizkych a postupné
normativnich hodnot i pfi pfetrvavani deficitu. Abychom dosahli mapovani SPN se
zddraznénim zmén SPN predevSim v oblasti nizSich hodnot, kde snizeni nemusi
znamenat uzdravu, ale trvajici deficit, pfizpusobili jsme tfi kritické body VFA
mocninné funkci. Nasledujici analyticky tvar splfioval nase poZadavky nelinearniho
zobrazeni rychlosti pomalé faze nystagmu s akcentem na nizsi hodnoty SPN do
druhého kritického bodu (0-50 % VFA, odpovidajici hodnoté od nuly az po
primérnou hodnotu SPN v nasi skupiné 0-14 °/s aSPV): VFA [%] = 14 x aSPV1/2
[?/s], kde niZ8i zmény SPN, fadové v jednotkach °/s aSPV, odpovidaji vysSim
hodnotam zmény VFA (%), nez v oblasti mezi druhym (50 % VFA) a tietim (100%
VFA) kritickym bodem.

V zavislosti na jednotlivych laboratofich Ize maximalni hodnotu VFA ménit.
Z naseho pohledu je otadzka, zda maximalni kritickou hodnotu 100 % VFA = 50 °/s
aSPV nesnizit, protoze ve vSech naSich dalSich studiich nebyla prekroCena
maximalni hranice 31 °/s aSPV u zadného z pacientl s deficitem. Upravenim této
hranice by doslo k navySeni vztazené hodnoty VFA v procentech k dané hodnoté
SPN v jednotkach °/s aSPV.

Metoda zaznamu SPN

V pfipadé jakéhokoliv zaznamu SPN odliSného od nuly, plati pravidlo zaznamu:

nystagmus vzdy bije k ,silngjSi strané®, proto tuto stranu oznaCime jako zdravou,

vivs ws

Hodnotu nystagmu naméfenou vidookulografii [°/s aSPV] pfifadime ke druhé
strané, od které nystagmus sméfuje pryC. Barevné se odliSi prava a leva strana, dle
jiz vzitého konsenzu pro audiogram, tedy prava strana Cervené, leva strana modfe.
Vznika tak mezi stranami na ose Y rozdil, v tomto pfipadé identicky s naméfrenou
hodnotou SPN v jednotkach °/s aSPV a vztazeny k VFA dle tfi kritickych bodl (viz
Obr. 3).
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Obrazek 3. Vestibulogram. Priimérné hodnoty skupiny s vestibularni neuritidou. Na ose Y je pouzita
u SPN a HST mocninna funkce Iépe mapuijici nizSi hodnoty nystagmu mezi prvnim (0 %) a druhym
(50 %) kritickym bodem VFA. Vztazené hodnoty VFA k SPN jsou nami odhadovany v ramci vysledku
skupin. Mohou se véak ménit dle konsenzu. Cervené prava strana, modke leva. Deficit pravé strany.
Pfiklad zaznamu SPN: naméfeny nystagmus sméroval doleva a mél hodnotu 14 °/s aSPV. Leva
strana je tedy stranou zdravou/silnéjSi/referen¢ni a je vytyéena hodnotou 0 °/s aSPV, prava strana
ziskala deficitni hodnotu 14 °/s aSPV, ktera se na ose y vztahuje t.€. k hodnoté 50 % VFA. Popisné

muzeme Fici, Zze je mezi stranami cca 50% asymetrie v neprospéch pravé strany.

Kaloricky test

Kaloricky test odpovida testované frekvenci 0.003-0.004 pohybu endolymfy. Pohyb
endolymfy je pro vestibularni systém indukovan nefyziologicky (ne pohybem hlavy),
je indukovan tepelnym gradientem a fyzikalnimi principy termalni kondukce a
konvekce. B&éhem testu méfime rychlost pomalé faze indukovaného nystagmu, ale
hlavnim vysledkem kalorizace je relativni hodnota - ,unilateral weakness® (UW)
(pfelozeno jako ,jednostranna slabost®) - udavana jiz pfimo v procentech. Tato
hodnota reflektuje EVEST graf — porovnani reflexie (reaktivity na stimul) - mezi
dvéma testovanymi stranami. Jelikoz kaloricky test nema testovaci referencni

hodnotu — nezname rychlost teplotné indukovaného zrychleni endolymfy —
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porovnava se béhem testu reflexie jedné strany s druhostrannou (rychlost pomalé
faze nystagmu jedné strany se stranou druhou). Pomoci Jongkeesovy rovnice
vysledek normalizujeme — vztahujeme rozdil v reaktivité k celkové reaktivité — a
dojdeme k relativnimu vysledku udavanému v procentech. Normativni data jsou dle
riznych studii 20-30 % UW, dle naSich vysledkl je 24 % UW, hodnota 25 % je

abnormal cutoff.

Pozn.: Diskuzi o vypoctu UW, hlavniho vysledku kalorického testu, pouZzitim
Jongkeesovy formule najde ¢tenar DP v posledni komentované publikaci (zde v DP
Ctvrtd komentovana publikace, ktera je v dobé psani a odevzdani DP

v oponentském rizeni v ¢asopisu Journal of Vestibular Research, Barany Society).
Zaznam vysledku kalorizace do EVESTu

Vysledek kalorizace, UW (%), je zaznamenan jako deficit strany, ktera je UW jiz
navic oznacena, druha strana je zanesena na hodnotu nula. Pfiklad: pokud je UW
= 34 % right, prava strana (Cerveny piktogram) je vyznacena jako 34% deficit na ose
Y, coz pfimo odpovida stejné hodnoté 34 % VFA; leva strana (modry piktogram) je

zaznamenana jako 0 %. Jejich rozdil je opét 34 % VFA.
Baranyho rotacni kieslo

Baranyho kfeslo mlze byt vyznaceno v EVEST v testované frekvenci pohybu
hlavou/endolymfy cca 1 Hz, ale soucasti nasi studie doposud nebyl, jelikoz klinické

pracovisté autora nevlastni nutné technické vybaveni.
Head-Shaking test, HST

HST je testem s frekvenci pohybu hlavou/endolymfy cca 2 Hz. Vysledkem testu je
post head-shaking indukovany nystagmus (HSN), ktery je méfen stejné jako SPN
v jednotkach °/s aSPV. Normativni data pro HST nebyla zatim konsenzem
stanovena. V nasi kontrolni skupiné zdravych jedincu se u Zadného HSN nevyskytl,
ojedinéle bylo pfitomno ne vice nez 1-2 nystagmickych kmitd s nizkou amplitudou

(1-2°/s aSPV). Pokud jsou pfitomny vice nez 3 zfetelné se opakujici nystagmické
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kmity po ukon€eni HST, mély by byt analyzovany. V programu EVEST se pro

vykresleni HST pouZzivaji stejna pravidla jako pro SPN, t.¢. se stejnym cut-off.

Pozn.: Druha publikace DP pfinasi poznatky ohledné HSN, jeho interpretace a

moznosti nového vyuZiti v klinické praxi.
Zaznam HST do EVESTu

Zaznam podléha stejnym pravidlim jako SPN. Vztazena hodnota VFA je také
identicka jako u SPN.

Video Head Impulse Test, VvHIT

Impulzni test hlavou odpovida testované frekvenci pohybu hlavou/endolymfy 3-5
Hz. Je to jediny test v ramci EVEST, kde zname referenéni hodnotu — rychlost
indukovaného pohybu hlavou/endolymfy, a proto je jeho vysledkem pomér znamé
rychlosti hlavy a oka/vztazené k namérené rychlosti o€i. Vysledek je udavan jako
absolutni hodnota v procentech nebo v desetinnych Cislech, pro kazdou testovanou
stranu zvlast. Jako hlavni hodnotu pro EVEST jsme pouZili hodnotu regresniho
zisku VOR (regression VOR gain), ktery se vypocte jako pomér plochy pod kfivkou
rychlosti hlavy vztazeny k ploSe pod kfivkou rychlosti oka/o&i. Abnormal cut-off se
dle jednotlivych autorl pohybuje od 0.75-0.8 a vySe. Primérny zisk VHIT v nasi
skupiné zdravych byl 0,87 (SD 0,04). Mezni hodnoty pro nasi skupinu zdravych jsou
0,79-0,95.

Pozn: Treti publikace DP se zabyva inovaci vHIT — jeho binokularni variantou. Prace
navrhuje novy vypocet gaint (ziskti) VOR béhem impulzovani porovnavanim
rychlosti hlavy s rychlosti addukujiciho oka (ipsilateralni oko k testované strané
PVU) pro kazZdou stranu zviast, nebo porovnani rychlosti hlavy vzdy jen
S abdukujicim okem (kontralateralni oko k testované strané). Binokularni zaznam
odstraniuje smérovou bias doposud celosvetove uznavaného a pocitaného

monokularniho gain VOR vHIT.

Diskuzi o vypoctu asymetrie vHIT pouzitim Jongkeesovy formule najde ctenaf DP

ve Ctvrté komentované publikaci DP.
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Zaznam vHIT do EVESTu

Prevedenim desetinnych Cisel regresniho zisku vHIT pro kazdou stranu zvlast na
procenta, dostaneme ihned hodnoty VFA (%) pro kazdou stranu zvlast. Obé strany
na VFA ose vyznacCujeme dle naméfenych vysledki samostatné (na rozdil od vSech

ostatnich vysledkd, kdy je vzdy jedna strana na hodnoté nula).
Pro¢ je vestibulogram tzv. ,,odhadovany*

Vestibulogram neposkytuje absolutni hodnoty ztrat vestibularni funkce ve vsech
testovanych frekvencich. Absolutni vysledky muzZe poskytnout pouze VHIT a
Baranyho kfeslo, kde zname referenéni hodnoty pohybu hlavy a endolymfy, které
se s vestibularni odpovédi (rychlosti pomalé faze indukovaného nystagmu nebo
pomalé faze pohybu oci béhem impulzu hlavou) daji porovnat a daji se tak ziskat

absolutni ziskové hodnoty VOR pro kazdou stranu samostatné.

Naproti tomu je hlavni vysledek kalorického testu pouze relativnim vysledkem,
porovnanim odpovédi pravé a levé strany mezi sebou. Vysledek nystagmu
spontanniho a indukovaného head-shakem je také pouze odhadovanym funkénim
deficitem, vztaZzeny ke tfem namérenym kritickym hodnotam ve skupinach zdravych

a nemocnych, jak bylo vySe u jednotlivych testl popsano.

Proto je celkova hodnota VFA [%] odhadovanou primérnou multifrekvenéni

hodnotou asymetrie mezi pravou a levou stranou, ne absolutni.
Asymetrie vestibularni funkce (VFA)

Abychom mohli posoudit, zda Ize pomoci EVEST grafu popsat deficit vestibularnich
funkci, zavedli jsme pojem asymetrie vestibularni funkce (VFA) mezi obéma
testovanymi stranami, vyjadfenou v procentech. Pro kazdou stranu se VFA vypocita
jako pramér vSech vysledkl zobrazenych v EVEST. EVEST VFA = [14 x SPN1/2
[°/s] + CT UW [%] + 14 x HST1/2 [ °/s] + (1 - VHIT) x 100]/4, pfi€emz se od postizené
strany odecte zdrava, nebo od vysSi hodnoty nizsi. Abychom prokazali, Ze je mozné

pomoci EVEST identifikovat rizné vestibularni |éze, vypocitali jsme pro kazdou

40



skupinu pramérnou VFA. Ve skupiné zdravych byla VFA 3 %, ve skupiné s

vestibularnim schwannomem byla VFA 20 % a ve skupiné s neuritidou 61 %.

Senzitivitu a specificitu VFA jsme vypocitali pomoci kfivky ROC (receiver operating
characteristic curve) a porovnali ji s jednotlivymi testy. U vSech testl jsme urcili
mezni hodnotu jako bod s nejvy$Si senzitivitou a specificitou. Ve skupiné
schwannomu vykazoval EVEST vy3&Si senzitivitu 80 % a podobnou specificitu 98 %
VFA s mezni hodnotou 6,5 % ve srovnani se vSemi samostatnymi testy (maximalni
senzitivita 70 % a specificita 98 % u kalorického testu, senzitivita 24 % u SPN). Ve
skupiné s neuritidou prokazaly vSechny testy vestibularni patologii, a proto mél
kazdy jednotlivy test i EVEST VFA stejnou senzitivitu a specificitu (100 %). Pro
identifikaci jakéhokoli vestibularniho deficitu byl VFA s cut-off 6,5 % senzitivngjsi
(91 %) a specifi¢téjsi (98 %) nez jednotlivé testy (maximalni senzitivita byla 84 % u
kalorické a HST, zatimco specificita 98 % u kalorické, HST a VHIT). Vysledky
ukazaly pfinos EVEST pro spravnou identifikaci nemocnych jedinci jako

nemocnych a potvrdily schopnost EVEST zobrazit deficit vestibularnich funkci.
Shrnuti

Autofi studie otestovali proveditelnost zaznam( do grafu EVEST u tfi skupin
ucastnikd: zdravych dobrovolnikl, pacientl s vestibularni neuritidou a pacientt s
vestibularnim schwannomem. Graf EVEST dokazal uspésné zobrazit rizné typy
vestibularnich deficitd. U pacientd s vestibularni neuritidou byl pozorovan
multifrekvenéni deficit hVOR, zatimco u pacientl s vestibularnim schwannomem byl

deficit omezen na specifické frekvence.

Abychom prokazali, ze je mozné pomoci EVESTu specifikovat vzorce ,chovani®
rliznych vestibularnich lézi, vypocitali jsme pro kazdou skupinu primérnou VFA. Ve
skupiné zdravych byla VFA 3 %, ve skupiné s vestibularnim schwannomem byla
VFA 20 % a ve skupiné s neuritidou 61 %. Graf EVEST ukazal, ze VFA je citlivéjSim
nastrojem pro detekci vestibularniho deficitu nez jednotlivé testy. Autofi studie

planuji v budoucnu rozsifit graf EVEST o dalSi vestibularni léze.

Vyhodou EVEST je snadna Ccitelnost pro otolaryngology diky podobnosti s

audiogramem (bézny test sluchu). Zobrazeni multifrekvenéniho charakteru
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vestibularnich poruch mulze odhalit i skryté deficity. EVEST ma potencial pro
sledovani pribéhu vestibularnich poruch v &ase. Studie prokazala, ze EVEST

uspésné rozliSuje mezi riznymi typy vestibularnich poruch.

Pro mozZnost rozSifit uziti EVEST grafu je volné pfistupna webova stranka, kde se
po zadani vstupnich dat z provedenych vySetfeni vykresli EVEST graf: https://jan-
kremlacek.shinyapps.io/evest/.
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Background. The availability and development of methods testing the vestibuloocular reflex (VOR) brought a broader view into the
lateral semicircular canal (L-SCC) function. However, the higher number of evaluated parameters makes more difficult the
specialist’s diagnose-making process. Purpose. To provide medical specialists, a new diagnostic-graphic tool, Estimated
Vestibulogram- EVEST, enabling a quick and easy-to-read visualization and comparison of the VOR test results within the L-
SCC. Methods. The development of EVEST involved 148 participants, including 49 healthy volunteers (28 female and 21 male)
and 99 (58 female and 41 male) patients affected by different degrees of peripheral vestibular deficit. The corresponding L-SCC
VOR test results, from patients meeting the diagnostic criteria, were used to create the EVEST. Results. Based on the test results,
we depicted and calculated the EVEST vestibular function asymmetry (VFA) in all the groups. To assess a feasibility of EVEST
to describe a vestibular function deficit, we calculated sensitivity and specificity of VFA using a receiver operating characteristic
curve (ROC) and compared it to single tests. In all the tests, we determined the cutoff value as the point with the highest
sensitivity and specificity. For discrimination of any vestibular deficit, the VFA with cutoff 6.5% was more sensitive (91%) and
specific (98%) than single tests. Results showed that EVEST is a beneficial graphic tool for quick multifrequency comparison
and diagnosis of different types of the peripheral vestibular loss. Conclusions. EVEST can help to easily evaluate various types of
peripheral vestibular lesion.

1. Introduction induce (mechanically or thermally} endolymphatic accelera-

tion can be easily compared between each other. Although
The field of otoneurology has greatly improved by the useof  different parts of a peripheral vestibular endorgan can be
new testing tools. For assessing a vestibular function, differ- evaluated nowadays, lateral semicircular canal (L-SCC} still
ent testing stimuli can be used, such as mechanical, thermal, ~ remains the most frequently tested part with the widest test
acoustical, or vibrational. The responses to stimuli which  choice. Clinicians carrying out vestibular tests usually look
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Ficure 1: Empty EVEST, normal range in grey [SPN: spontaneous nystagmus; CT: caloric test; RCH: rotatory chair—not applied; HST: head-
shaking test; VHIT: video head impulse test; aSPV: average slow phase velocity; MWST: monothermal warm screening test; hyperreflexy of
the caloric test according to each lab cutoff values; UBN: upbeating nystagmus; DBN: downbeating nystagmus; DP: directional preponderance
of the caloric test; TR: total response of the caloric test, VHIT differ.-- VHIT difference between both sides].

for asymmetries of the vestibular function between the two
sides [1]. In order to assist the clinicians in data analysis of
different test results, we have developed a new graph called
an Estimated Vestibulogram (EVEST). The EVEST com-
pares the results from the different hVOR tests and shows
relations between evaluated parameters, which makes inter-
pretation of test results easy to clinicians.

The EVEST has some graphic similarities to pure tone
audiogram, which make graph easy to read for the otelaryn-
gologists. The main aim of the EVEST is to provide a graphic
overview of the hVOR frequency-specific characteristics in
different vestibular lesions or deficits. The aim of this study
was to assess the graphic effectiveness of the EVEST to show
findings in different vestibular lesions (Figure 1).

2. Methods

Data from 148 participants were used to construct EVEST, 49
healthy volunteers (28 female, 21 male, mean age 40.8, SD
10.4}, 49 subjects affected by vestibular neutitis (30 females,
19 males, mean age 49, SD 13), and 50 patients with vestibu-
lar schwannoma (8 females, 22 males, mean age 54, SD 15).

The inclusion criterion for healthy volunteers was no evi-
dence of any unsteadiness nor vertigo currently or in the past
with normal hearing thresholds, for the vestibular schwan-
noma group was an MRI confirmed diagnosis and for the
vestibular neuritis group was an acute unilateral peripheral
vestibular lesion without neurological nor cochlear deficit
(acute peripheral vestibular deficit confirmed according to
HINTS plus protocol [2-4]) and normal MRI result. Partici-
pants were examined from January 2016 to July 2019. We
tested the feasibility of the EVEST by plotting the different
vestibular test results from 3 patticipants groups in EVEST
graphs. We tested the graphic ability of the EVEST to visual-
ize and identify significant vestibular function asymmetry in
different vestibular lesions.

2.1. Devices Used for a Study. All participants underwent
complex neutotologic examination performed by VOG
VisualEyes™ 525 (Interacoustics} and VHIT EyeSeeCam
(Interacoustics), and examination included measurement of
spontaneous hystagmus (SPN), head shaking test (HST),
caloric test (CT), VHIT, gaze test, smooth pursuit and
saccadic and optokinetic eye movements, cerebellar
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Fieure 2: Mean EVEST (mean values were used) for the neuritis group. The right ears are like to be affected, and the left ears are like to be
healthy. Note that the multifrequency involvement of all the tests on the affected (red) side and multifrequency significant abnormality of

EVEST VFA (61%).

examination (dystaxia, dysdiadochokinesis, dysmetria, dys-
artria), evaluation of a gait, grading a truncal ataxia, and skew
deviation.

2.2. 8PN Recording Method. The patient sits upright with
visual fixation denied. Tracing for 40 seconds is recorded
(sitting position with a head still, goggle closure). If any
nystagmus occurs, the VNG software measures its slow phase
component.

2.3. VOG- Assisted Bithermal Air Caloric Test Procedure. We
use warm (50°C) and cold (24°C) air irrigation in each ear
for 60 seconds, recording for 120 seconds.

2.4. Head-Shaking Test (HST) Procedure. The patient sits
upright, visual fixation denied, passive head movements to
obtain a frequency of about 2Hz, amplitude of the head
movement 20°, 20 cycles, and then abruptly stopped.

2.5. VHIT Procedure. The patient sits upright, with visual
fixation of the spot approximately 125 cm distance, unpre-
dictable and passive head turns, peak head velocity is
between 150° to 250°/s, and amplitude of head turn 10°-20".

3. Results

3.1. Vestibular Neuritis Group. Measured mean spontaneous
nystagmus (SPN) was 14°/s average slow phase velocity
(aSPV) (SD 5.7, min 5, max 31), and mean head shaking test
(HST) was 17.2°/s aSPV (SD 5.3). The mean VHIT on the
affected side was 0.35 (SD 0.11) and 0.84 (SD 0.11) on the
unaffected side. The caloric test showed mean unilateral
weakness (UW)} 76.6% (SD 24) on the affected side
(Figure 2).

3.2. Vestibular Schwannoma Group. Mean SPN was 0.287/s
aSPV (SD 0.53, min 0, max 2}, mean HST was 1.76"/s aSPV
(SD 2.46), and mean VHIT gain on the affected side was
0.74 (SD 0.21). Mean caloric unilateral weakness on the
affected side was 49.8% (SD 32.3}. The mean group EVEST
visualized a slowly progressing vestibular deficit, detectable
in all the patients especially in the caloric test (Figures 3
and 4).

3.3. Control Group. No SPN was recorded. No HST was
evoked. Unilateral weakness (caloric asymmetry) in the
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Fraure 3: Mean EVEST (mean values were used) for the schwannoma group. The right (red) ears are like to be affected. The caloric test is
mostly involved in all Koos schwannoma stages. The EVEST interaural VEA is 20%.

caloric test was within a normal range 0-25% UW (mean
12.7%, SD 73). Mean VHIT gain was 0.87 (SD 0.04)
(Figure 5).

3.4. EVEST Graphic Principles. Different vestibular tests were
placed on the horizontal axis according to the tested fre-
quency of the head/endelymph movement. On the vertical
axis, there is a vestibular function asymmetry (VFA) between
the left and right L-SCC function expressed as a percentage
loss (0-100%).

To create the EVEST, we used four mechanical hVOR
tests. SPN represents the only hVOR static test with a tested
head/endolymph movement frequency of 0Hz. The caloric
test (head-static test which thermally induces acceleration
of an endolymphatic flow), HST, and VHIT are hVOR
dynamic tests. The caloric test equals the frequency of
0.003-0.004 Hz, HST of 2 Hz, and VHIT of 3-5Hz. These
tests provide complementary insight into the multifrequency
hVOR function.

Nowadays, there is still no worldwide agreement on
normal and pathologic values for each hVOR test [5]. It is
recommended that each department develop their own
normative data. We provide our normative data.

The rotatory chair, which is another hVOR dynamic
test (tested VOR frequency 0.01-1Hz), was not used in
the construction of the EVEST (both university hospitals
included in our study do not perform the rotatory chair
tests).

3.5. Spontaneous Nystagmus. Nystagmus is an involuntary,
rhythmic eye movement with at least one slow phase [6].
The Bardny Society made a consensus regarding the different
nystagmus patterns [6]. Few studies have focused on the def-
inition of significant spontaneous nystagmus (SPN} without
fixation [7-14].

In our healthy group, none of participants had SPN in a
single sitting upright and a head still position. Our data are
in line with studies showing no evidence of SPN in healthy
subjects in the upright sitting position [14-19]. We agree
with The British Society of Audiclogy’s recommendation
(2015) that a spontaneous nystagmus with fixation removed
should be interpreted in light of the overall pattern of the test
results and the patient’s complaints.

Based on our healthy group data, our reference value for
SPN is 0°/s aSPV. The cutoff criteria should be based on the
mean + 2 SD, which is still 0 in our healthy group. Since the
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Figure 4: Single patient’s EVEST of vestibular schwannoma ldx., Koos 4 stage. Caloric test and VHIT show severe canal paresis. No
spontaneous nystagmus is present, but induced head shaking nystagmus is present. The EVEST interaural VFA is 42%.

cutoff and reference values would be the same, our abnormal
cutoff starts at slow phase velocity of 17/s aSPV.,

To display aSPV on a vertical VFA scale, we determined
three critical values of 0°/s, 14°/s, and 50°/s with correspond-
ing 0%, 50%, and 100% of VFA. The critical values of aSPV
were based on the measured parameters described in our
study. The value of 0°/s corresponds to the maximum value
in our control group, the SPN value of 147/s aSPV is the
mean, and 50°/s is an augmented SPN maximum value (our
maximum was 31°/s) in the neuritis group. The augmenta-
tion we made because we presumed the maximum SPN value
may be even higher when measured at a vertigo onset (our
patients from acute neuritis group were examined at the
carliest from 12 hours and later after the vertigo onset}. To
achieve such mapping, we fitted a power function to these
points. The following analytical form fulfilled our constrains:
VEA [%] = 14 x aSPVY2 [°/s].

This composition allows detailed insight into the regres-
sion of the nystagmus intensity (slowdown of aSPV) regard-
ing vestibular compensation and its time course (initially, fast
reduction of SPN intensity in the acute vestibular deficit is
followed by the slowed reduction}.

The scale on the vertical axis for SPN is an arbitrary
composed nonlinear representation of nystagmus slow phase
velocity.

Depending on individual labs, the maximum value can be
changed, and the Y axis may extend to even higher values, if
necessary.

To summarize, the SPN axis evaluates the intensity of the
spontaneous nystagmus and serves as an arbitrary composed
approximative index of the vestibular function loss and
functional asymmetry between both sides.

3.6. Plotting the Results. We used the average slow phase
velocity (aSPV) [*/s] of a detected nystagmus to construct
the EVEST. If no spontaneous nystagmus is detected, both
ears are plotted as a zero value, If a spontaneous nystagmus
is present, we plot its aSPV [*/s] on the vertical axis. The
ear from which the spontaneous nystagmus is beating away
should be matched on the VFA scale with aSPV measured
value [*/s]. Increased SPN (stronger nystagmus intensity)
value reflects decrease of a vestibular function in the depicted
ear. The remaining ear should be plotted as a zero value. Up
or downbeating nystagmus [*/s aSPV] is plotted into the table
below the EVEST (see Figure 1).
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Figure 5: Mean EVEST for the healthy volunteer group. The EVEST interaural VFA is 3%.

3.7. Caloric Test. The caloric test evaluates the a/symmetry of
the caloric responses between the left and right ear and
assesses the function of each L-SCC, separately.

If the department’s normative data of the caloric
responses are not available, the normal limits of both canal
paresis and directional preponderance may be taken as
+20% [20].

3.8. Plotting the Results. We used unilateral weakness (UW)
as a principal result to construct the EVEST [20-23]. There
are also directional preponderance (DP), total response
(TR), each irrigation response results, and monothermal
warm caloric screening test (MWST) that can be used when
describing the caloric test results.

In our healthy group, the mean unilateral caloric weak-
ness according to Jongkee’s formula [22-24] was 12.7% (SD
7.3%} from which abnormality cutoff was 27.3%. The weaker
ear is plotted on the VFA axis with the UW value while the
remaining ear is plotted as a zero value.

The monothermal warm screening test (MWST),
directional preponderance (DP} and total response (TR}
should be written in a table under the EVEST (see Figure 1).

3.9. HST. Head-shaking-induced nystagmus is a jerk nystag-
mus that may follow a prolonged sinusoidal head oscillation

[6,25] In subjects with a dynamic imbalance, a HST-induced
nystagmus is often observed, usually beating towards the
“better” ear, which decays over about 30 seconds [26]. In gen-
eral, HST-induced nystagmus is due to a peripheral or central
vestibular asymmetry. It should always be interpreted in
relation with other data from the EVEST, such as SPN,
VHIT, and side of caloric weakness [27].

3.10. Plotting the Results. For an EVEST graph, we used the
aSPV results [*/s] from head-shaking-induced nystagmus.
We did not find any recommendation for normative values
and cutoff values in literature for HST-induced nystagmus.
In our healthy control group, none had head-shaking-
induced nystagmus, or even more than 1-2 nystagmic beats
of low amplitude (1-2°/s aSPV) were elucidated. If more than
3 dearly repetitive nystagmus beats after the end of head
shake are present, they should be analyzed. In the EVEST,
plotting of HST uses the same rules as for an SPN.

3.11. VHIT. The head impulse test (HIT} was first described
in 1988 by Halmagyi and Curthoys [28]. Implementation of
an eye tracking system introduced the routine video head
impulse testing (VHIT). The VHIT evaluates the functional
state of the all six semicircular canals by measuring the
eye movement during an unpredictable head movements
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[28-32]. In patients with unilateral vestibular lesion, eyes do
not compensate for the ipsilesional head turn, and a correc-
tive saccade occurs to return the gaze back to the target [1].
The VHIT calculates the angular VOR gain and visualizes
the occurrence of the corrective saccades. Curthoys suggests
saccades to be a confirmation of the VHIT gains. And VOR
gain to be the most important clinically primary indicator
of the vestibular function [1].

3.12. Plotting the Results. We used the regression VOR gain
value as the principal value for an EVEST. The VOR gain side
asymmetry [%] and the presence of the corrective catch-up
saccades (overt and covert) are provided in the table below
the EVEST. In contrast to other hVOR tests within the
EVEST, the VHIT is the only test where measured gains are
plotted from both sides, separately.

Mean VHIT gain in our healthy group was 0.87 (SD
0.04). Cutoff values for our healthy group are 0.79-0.95. In
the literature, there is still doubt about reference values and
cutoffs when assessing VHIT VOR gain [5, 33].

4, Discussion

4.1. Vestibular Function Asymmetry. To assess a feasibility of
EVEST to describe a vestibular function deficit, we intro-
duced a vestibular function asymmetry (VFA} between both
sides, expressed as a percentage value. The VFA expresses
affected fellow side difference of hVOR deficit. For each side,
the VFA is calculated as an average of all results depicted in
the EVEST. The EVEST VFA =[14 x SPN'2 [*/s] + CT UW
[%] + 14 x HSTY? [*/s] + {1 — VHIT) x 100)4, while the fel-
low side is subtracted from the affected, in healthy lower
FVA value (side} that should be subtracted from a higher
one. To demonstrate the feasibility of EVEST to emphasize
patterns of different vestibular lesions, we calculated a mean
VFA for each group. In the healthy group, the VFA was
3%; in the vestibular schwannoma, VFA was 20%, and in
the neuritis group was 61%.

We calculated sensitivity and specificity of VFA using a
receiver operating characteristic curve (ROC) and compared
it to single tests. In all the tests, we determined the cutoff
value as the point with the highest sensitivity and specificity.
In the schwannoma group, EVEST showed higher sensitivity
80% and similar specificity 98% of VFA with cutoff 6.5%
comparing to all the tests alone (max sensitivity 70% and
specificity 98% in the caloric test, sensitivity 24% in SPN).
In the neuritis group, all the tests showed vestibular pathol-
ogy and therefore, each single test as well as EVEST VFA
had the same sensitivity and specificity (100%). For identifi-
cation of any vestibular deficit, the VFA with cutoff 6.5%
was more sensitive (91%) and specific (98%) than single tests
(max sensitivity was 84% in caloric and HST, while specificity
98% in caloric, HST, and VHIT). Results showed EVEST
benefit to correctly identify diseased individuals as diseased
and confirmed an ability of an EVEST to depict a vestibular
function deficit.

4.2. Limitations of the Study. For EVEST evaluation, we used
only two vestibular diagnoses. The true impact on dlinical

practice will not be known until the other vestibular diagno-
ses and more patients will be included into the EVEST
system. We aim to show the remaining vestibular diagnoses
on the EVEST in the next study.

5. Conclusions

We are presenting an effective graphical tool to visualize dif-
ferent vestibular deficits. EVEST depicts frequency charac-
teristics of L-SCC from hVOR tests and estimates
vestibular function asymmetry (VFA) between both sides.
EVEST is an easy-to-read graph, especially for otolaryngolo-
gists, who are familiar with graphically similar pure tone
audiograms and visualization of a function decrease on a
vertical axis and frequency testing on a horizontal axis. We
tested feasibility of a graph to visualize a vestibular deficit
in two groups with different vestibular lesions. Group with
acute vestibular neuritis showed multifrequency hVOR
involvement, while the group with vestibular schwannoma
had impairment only in some frequencies, which in fact
reflects a slow growth of a tumor allowing an ongoing vestib-
ular compensation. Results emerge the need for multifre-
quency hVOR testing to improve the detection of any
vestibular deficit within the L-SCC, which results EVEST
serves. The EVEST vestibular function asymmetry (VFA)
had higher sensitivity and similar specificity to standalone
tests.

EVEST is able to visualize significant vestibular deficits in
different vestibular lesions. The EVEST can be also used to
visualize patient’s follow-up results in order to assess the
characteristics of the compensation and reach better con-
clusions. Future plan is to visualize hVOR-frequency char-
acteristics of the remaining peripheral vestibular lesions
(especially paroxysmal diseases) on an EVEST graph.
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3.2 Head-shaking-induced nystagmus reflects dynamic vestibular

compensation: A 2-year follow-up study
Uvod

Head-shaking nystagmus (HSN) je nystagmus, ktery muze byt indukovan po delSim
oscilacnim pohybu hlavou a trva alespon nékolik sekund [57-59]. Pozorovanim bylo
zjisténo, ze u zdravych jedincu neni pfitomen, nebo jen ve velice nizké intenzité a
kratce, proto je jeho pfitomnost povazovana za abnormalni [32]. Naopak Casto se
vyskytuje u lidi s asymetrii vestibularni funkce. U nich obvykle rychla faze nystagmu
smeéfuje k "silngjSimu" uchu (pareticky typ nystagmu), ale mize i béhem zaznamu
zménit smér (bifazicky HSN) [34, 60].

HSN je jednim z testd zahrnutych v EVEST vestibulogramu.

V literatufe nepanuje shoda, co pfesné HSN reflektuje. Néktefi autofi popsali, Ze
HSN odpovida asymetrii vestibularnich funkci [61-63] a mohl by tak souviset se
stupném funkéniho deficitu [64]. Naproti tomu jiné studie [65, 66] zjistily rznou miru
senzitivity a specificity pfi identifikaci takové asymetrie (do studii byli zahrnuti
pacienti s riznym ¢asovym odstupem od vzniku Iéze). Rozpor mezi zavéry vyvolava
otazku, zda abnormalni pozitivita testu odrazi vestibularni asymetrii nebo napfiklad
dynamickou kompenzaci. VSechny zminéné studie totiz nepozorovaly jednotlivé
pacienty v Case, nesledovaly dynamiku zmén intenzity HSN u jednotlived s trvalym
deficitem vestibularnich funkci a trvalou periferni vestibularni asymetrii. Tuto

mezeru v observaci jsme se nasi studii snazili doplnit.

Cilem nasi studie bylo zjistit, zda se HSN u pacientl s jednostrannou vestibularni
|ézi méni (intenzita vyvolaného nystagmu) v ¢ase (perioda pozorovani dva roky od
vzniku akutni 1éze) a pokud ano, zda by HSN mohl reflektovat uroven kompenzace
u pacientu s pretrvavajicim deficitem. Nasi hypotézou bylo, ze pokud HSN reflektuje
kompenzaci, tak u subjektivné spokojenych kompenzovanych pacientl s trvalym
deficitem (subjektivné, a i funkénimi testy hodnocena kompenzace jako uspokojiva
pfi trvale pfitomném deficitu), bude intenzita HSN klesat. Pokud ale bude
kompenzace nedostacujici (at' uz subjektivné nebo objektivné), bude HSN spise

stagnovat nebo klesat na intenzité pomaleji. Otazkou bylo i pozorovani popsané
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v literatufe, Zze HSN mUZze i zcela vymizet u trvalého deficitu, nasim predpokladem

bylo, Ze k tomu muze dojit u vyborné kompenzace.
Metodika

Prospektivni observaéni case-control studie sledovala 38 pacientd s akutni
jednostrannou vestibularni ztratou po dobu 2 let (22 s vestibularni neuronitidou a 16
po vestibularni neurektomii), u kterych byl po sledovanou dobu méfen pretrvavajici
deficit (nedo$lo k uzdravé) a 28 zdravych kontrolnich osob. VSichni uc€astnici
absolvovali vestibularni testy (SPN, kaloricky test, HST, vHIT), objektivni testy
chlze (timed up and go test, TUG) a subjektivni dotaznik reflektujici subjektivné
vnimany rovnovazny deficit (Dizziness Handicap Inventory, DHI). Pacienti byli post
hoc na zakladé TUG a DHI rozdéleni do skupin s dobrou a Spatnou kompenzaci,
TUG a DHI spolu korelovaly. Treti skupina byla kontrolni, zdrava. Béhem sledované
obdobi byly provedeny 4 kontroly (v 1. tydnu od vzniku akutni léze, 4.-6. mésic, 12.

mésic, 24. mésic).
Vysledky

Ackoliv kalorické testy a VvHIT u vSech pacientu zUstaly abnormalni po celou dobu
studie, tudiz deficit pFetrvaval u vSech studijnich pacientl, intenzita HSN se
signifikantné v ¢ase snizovala u kompenzovanych pacientu (vstupné HSN 15 ©/s
aSPV, druha kontrola 5 °/s aSPV, tfeti 1 °/s aSPV, posledni 0.25 °/s aSPV), po 2
letech tak dosahla urovné kontrolni skupiny. Zdravi dobrovolnici méli intenzitu

indukovaného nystagmu HSN median 0.5 °/s aSPV (min 0, max 1.05).

Stejné tak TUG a DHI se u skupiny kompenzovanych pacientt promptné zlepSovaly
na normalni drovenn (mezi druhou a tfeti navstévou). Naproti tomu Spatné
kompenzovani pacienti méli trvale abnormalni HSN (15 °/s aSPV, 6.5 °/s aSPV, 6
°/s aSPV , 3.5 °/s aSPV) a stejné tak abnormalni TUG a DHI po celou dobu

sledovani.

Shrnuti
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Studie ukazala, Zze se HSN po jednostranné periferni vestibularni ztraté pfi
subjektivné uspokojivé kompenzaci snizuje s ¢asem. HSN u pacientl s dobrou
kompenzaci se snizuje na uroven kontrolni skupiny. U pacientd se Spatnou
kompenzaci HSN pretrvava a maze slouzit jako ukazatel nedostateéného zotaveni.
HSN mulze byt objektivnim ukazatelem stabilizace po jednostranné periferni

vestibularni ztraté.

Nase vysledky tak nepfimo potvrdily vysledky pfedes$lych praci a pomohly vysvétlit
diskrepanci mezi jiz opublikovanymi studiemi — kdo méfil pacienty v Case, kdy nebyli
plné kompenzovani (akutni stavy a stavy cca do jednoho roku), pozoroval korelaci
pritomnosti HSN a vestibularni asymetrie — deficitu. Kdo vSak skupinu ,obohatil“ o

,starsi“, jiz kompenzované pacienty s trvalymi deficity, tuto silnou korelaci nenasel.

Studie potvrdila, ze HSN reflektuje dynamickou kompenzaci periferniho deficitu.
HSN by mohla byt uZiteCna pro hodnoceni vestibularni kompenzace a stanoveni
progndézy u pacientl s jednostrannou ztratou rovnovaznych funkci, dale pro
stanoveni typu, dynamiky a mozné délky onemocnéni u pacientld s nejistou

anamnézou. ”

Pozn.: V nasich doposud neodpublikovanych datech se HSN ukazalo jako vhodny
nastroj pro pozorovani pacientu s vestibularnim schwannomem v programu wait-
and-scan, kde zvySeni intenzity HSN béhem kontrol koreluje s progresi €i akceleraci

rastu nadoru.

Clanek:
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throughout all follow-ups; TUG remained abnormal, and DHI showed at least
a moderate deficit.

Conclusions: Our study showed that, after a unilateral peripheral vestibular
loss, the intensity of HSN decreased exponentially over time, reflecting an
improvement in dynamic ability and self-perceived deficit. HSN tended to
decline to the value of the control group once vestibular compensation
was satisfactory and sufficient for a patient’'s everyday life. In contrast, well-
detectable HSN in poorly compensated patients with insufficient clinical
recovery confirmed the potential of HSN to reflect and distinguish between
adequate and insufficient dynamic compensation. HSN could serve as an
obijective indicator of stable unilateral vestibular loss.

head-shaking nystagmus, head-shaking test, head-shaking-induced nystagmus,

vestibular compensation, follow-up study, velocity storage

Introduction

Head-shaking-induced nystagmus (HSN) was first described
by Bédrany (1); the first formal description was given by Vogel
(2) and the test was standardized by Kamei et al. (3). HSN is
a jerk nystagmus that may occur after a prolonged sinusoidal
oscillation of the head and lasts at least a few seconds (4). HSN
in the horizontal or vertical plane is abnormal. In subjects with
vestibular function asymmetry, HSN is frequently observed,
usually beating toward the functionally intact or “stronger” eat,
and may be followed by a reversal of its direction (5, 6). The
head-shaking test (HST) is an easy-to-perform test and can be
performed as a low-cost bedside test with minimal equipment
(Frenzel goggles) or can be assisted with video oculography
(VOG) for precise evaluation of the slow phase of nystagmus.

Head-shaking-induced nystagmus was described in the
literature corresponding to vestibular function asymmetry (7-
9) and might be associated with the degree of functional
deficit (10). In contrast, other studies found varying degrees
of sensitivity and specificity in identifying such an asymmetry
(11, 12). The discrepancy between the conclusions raises the
question of whether HSN may reflect dynamic compensation
rather than vestibular asymmetry.

Our study aimed to provide long-term missing evidence
and new insights into the features of HSN in patients
with unilateral vestibular loss (UVL) over a 2-year follow-up
period. We tested the feasibility of HST to reflect dynamic
vestibular compensation in UVL. To date, we have not

Abbreviations: aSPV, average slow phase velocity; HST, head-shaking

test; WOR, horzontal vestibuloocular reflex; L-S

C. lateral semi-circular
canal, SPN, spontaneous nystagmus, UW, unilateral weakness VOR.
vestibuloocular reflex; VOG, videooculography; VHIT, video head impulse

test: DHI, dizziness handicap inventory, Questionnaire
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found any literature on the long-term properties of HSN
that evaluates HSN as a possible indicator of individual
dynamic compensation.

Methods

Participants

We used data from 66 participants: 28 healthy
volunteers and 38 patients (22 patients with vestibular
neuronitis and 16 patients after vestibular neurectomy).
Subsequently, we divided participants into four groups
according to their different vestibular behaviors, results,
and complaints.

Vestibular neuronitis, surgery, and
control groups

The inclusion criteria for the vestibular neuronitis group
included a history of the first vertigo attack and a confirmed
acute UVL without any neurological or cochlear deficit.
According to the HINTS plus protocol (13-15) and normal
magnetic resonance imaging (MRI) results, peripheral vestibular
deficit was proven. For the surgery group, subjects with MRI-
confirmed vestibular schwannomas [Koos classifications 1-2
(13)] with normal or near-normal vestibular function before
the surgery were included. The inclusion criteria for the control
group included no evidence of any balance problems currently
or in the past, no history of vestibular disease, and normal
hearing thresholds. We examined participants from January
2018 to February 2022.
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Poorly compensated group

To assess the features of HSN during vestibular
compensation, we defined the criteria for poorly compensated
patients as those who had a unilateral vestibular deficit [>26%
unilateral weakness (UW) by a bithermal caloric test] and who
had at least three of the following criteria: complaints of blurred
vision (subjectively often described as slow or lazy eyes) during
daily life head turns (e.g., turning the head to the left and right
before crossing the street) or dizziness, defined as a total score
higher than 16 on the Dizziness Handicap Inventory (DHI)
(14), having a gait disturbance defined as a timed up and go
(TUG) test score more than 10s (or in need of assistance),
or having spontaneous nystagmus (SPN). According to our
criteria, we planned to establish a poorly compensated group
after V4 was completed because there is no test to confirm
sufficient and finished dynamic compensation. Six patients
fulfilled the criteria during all follow-ups, and post-hoc formed
the poorly-compensated group.

Post-hoc, we established four groups for comparison: the
neuronitis and surgery groups (compensated patients), the
poorly compensated group, and the control group. We analyzed
20 subjects with vestibular neuronitis (neuronitis group, five
women, 15 men, mean age 45 years), 12 patients with vestibular
schwannoma after unilateral vestibular neurectomy (surgery
group, two women, 10 men, mean age 51), and six subjects
who were poorly compensated from both groups (poorly
compensated group, two from neuronitis and four from the
surgery group, five women and one man, mean age 49 years).
The control group consisted of 28 volunteers (15 women, 13
men, mean age 48 years).

Settings

We examined all subjects at a tertiary referral center,
University Hospital.

Measurements

We measured average slow phase velocity (aSPV) [%/s]
of spontaneous nystagmus (SPN) and head-shaking-induced
nystagmus (HSN), unilateral weakness (UW) during the caloric
test, and video head impulse test (vHIT) gains.

Devices used for a study
VOG VisualEyes™ 525 (Interacoustics, Denmark) and

VHIT EyeSeeCam (Interacoustics, Denmark) were used to
petform a complex vestibular examination on all participants.
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SPN recording method

The patient was asked to sit upright, and visual fixation was
denied. The tracing was recorded for 40s (sitting position, head
still, and goggle closure). If any nystagmus occurred, the VOG
software measured its slow phase component.

VOG-assisted bithermal air caloric test
procedure

The patient was asked to lie in a caloric position, and each
ear was irrigated with warm (50°C) and cold (24°C) air for 60 s
and nystagmic response was recorded for 120s.

HST procedure

The patient was asked to sit upright, and visual fixation
was denied. Eye movements were observed for 10s to obtain
a baseline. The examiner moved the patient’s head (pitched
forward 307) briskly to the left and the right, aiming for a
frequency of ~2Hz and a head displacement of roughly 40-
607, 20 cycles (duration of 10s), and then stopped abruptly.
VOG was recorded for 120s; induced nystagmus was evaluated.
If there were more than two repetitive nystagmus beats after a
headshake, they were analyzed.

VHIT procedure

The patient was asked to sit upright, with visual fixation of
a spot at a distance of approximately 1 m, unpredictable and
passive head turns, a peak head velocity of between 150° and
250°/s, and the amplitude of a head turn being 10-20°.

Questionnaires

The subjective functional status of participants was assessed
using the DHI questionnaire, which represents the functional,
emotional, and physical aspects of subjectively reported
disability (14).

Timed up and go test

The Timed Up and Go test measures functional mobility to
estimate the risk of falling and the ability to maintain balance
while walking. The patient was asked to sit in a chair; after the
examiner said “go.” the timer started, and the patient got up
from the chair, walked a distance of 3 m, turned and walked
back to the chair, and sat down again and the timer stopped.

frontiersin.org

56



Striteska et al.

We also evaluated the need for assistance. One limitation of the
TUG test was the subjective connotation of the “normal walking
speed.” Some could interpret this as a brisk walk, while others
interpreted it as a leisurely pace.

Scheduled follow-ups

We scheduled four examinations: the first (V1) within the
1st week after unilateral vestibular loss (UVL), the second (V2)
after 4-6 months, the third (V3) after 12 months, and the final
(V4) after 24 months.

Variables, bias, study size

Our study used continuous quantitative variables (aSPV
of SPN and HST in degrees/s, caloric weakness in %, vHIT
gains). To evaluate the potential of HSN to reflect vestibular
compensation after UVL, we had to exclude potential sources
of bias. First, compensation for previous vestibular loss, which
could be present in the schwannoma group before the surgery,
was possibly and might have already started or even completed.
A longer compensation period could give false results during
the scheduled 2-year period. Second, normalization of vestibular
function (functional recovery) at follow-up in the neuronitis
group would not assess a compensation process. Finally,
differences in behavior exist in the poorly compensated group.

To minimize bias, we first established two study groups in
which normal or near-normal vestibular function was expected
before unilateral vestibular loss (measured in the surgery group
and expected in neuronitis without a history of imbalance). We
excluded patients who had abnormal vHIT gains and significant
caloric weakness present before surgery (the surgery group
consisted of small Koos 1 or 2 tumors).
post-hoc
with normalized vestibular function (normalized

Second, we excluded neuronitis patients
caloric
test) and performed a post-hoc analysis of patients with
significant vestibular loss (caloric weakness >26%) during all
scheduled follow-ups.
Finally, we post-hoc established a poorly compensated group
according to the defined criteria to reflect differences in behavior

between poorly and well-compensated patients after UVL.

Statistical analysis

As part of the descriptive statistics, we evaluated the
normality of the data distribution using the Anderson-Darling
test for the average velocities of the slow phase of SPN, HSN,
caloric weakness, and gains from the vHIT regression analysis
in all groups. Because some continuous variables did not show a
normal distribution, we reported medians and lower and upper
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quartiles for all continuous variables. To compare patient data
to control group values, we used an unpaired two-tailed f-test
in case of confirming the normality of the data distribution.
Otherwise, a non-parametric two-tailed Wilcoxon rank-sum test
was used.

We used linear regression analysis to statistically evaluate
the evolution of examination results over time. Because the
exploratory analysis showed exponential dependencies, we log-
transformed time. We then calculated the slope of the regression
line, hereafter referred to as the trend, for each patient. We tested
the set of individual trends using the one-sample f-test or the
Wilcoxon test for significant differences from 0.

The relationship between the examination methods was
assessed using the correlation analysis of individual trends.
The individual trend was calculated using linear regression,
and, as the data showed an exponential dependency, time
was logarithmized. The relationship between the methods
was calculated using Pearson’s test in the case of a normal
distribution and Spearman’s test in the absence of a normal
distribution. A significant positive correlation between the
methods indicates that faster improvement in one method leads
to a faster improvement in the other.

To compare the sensitivity between the examinations, we
contrasted the measured values with the cutoffs as follows.
The abnormal cutoffs for HSN (2.03°/s) and SPN (1.70°/s)
were determined as 97.5% of our control group, 26% UW
for the caloric test, and a gain of 0.78 for vHIT (15). We
assessed sensitivity separately for each visit (V1-V4). Individual
tests were not corrected for multiple comparisons because this
would increase the likelihood of false negative results. R-project
software was used for statistical processing (R Development
Core Team 2022) (10).

Standard protocol approvals,
registrations, and patient consents

Before including a subject in this study, we received written

informed consent signed by a volunteer/patient.

Results

We attached the results of each group during all visits
and reported the test trends during the follow-ups and the
significance of the intergroup difference (between the results
of each group and the control group) in Table 1. To visualize
the trend of each test during a 2-year follow-up, we depicted
the median values of the vestibular neuronitis group on an
Estimated Vestibulogram (EVEST) (16) in Figure 1.

For comparison, the results of the control group were: HST
0.5 (0; 1.05), SPN 0 (0; 0.625), vHIT 0.9 (0.858; 0.935) and 0.89

frontiersin.org

57



fbojo InaN IS RO

S0

Eso°uisiequoly

TABLE 1 Groups results: For the vestibular tests the medians and lower and upper quartiles are shown (HST, head-shaking test; SPN, spontaneous nystagmus; vHITfelal), video head impulse test on
affected (fellow) side; CT, caloric test; TUG, timed up and go test; DHI, dizziness handicap inventory)
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Estimated Vestibulogram (EVEST) for the neuronitis group, affected side: Median values from each visit are depicted to visualize an

HSN-intensity decreasing trend (red arrow) during 2 years of follow-ups (visits V1-V4) from the abnormal to control group level. The same trend
is observed in SPN till normalization. HST, head-shaking test; SPN, spontaneous nystagmus; vHIT, video head impulse test; CT, caloric test; gray
zone corresponds to abnormal cut-offs calculated from a control group

2.0

(0.815; 0.927), caloric weakness 12 (8.5; 15.5), TUG 8 (7;9), and
DHI0 (05 0).

Comparison between groups and
controls

SPN

When SPN in both the neuronilis and surgery groups
was compared to the control group, there were significant
differences in V1 and V2, and there were no intergroup
differences in V3 and V4 between the groups. In contrast,
there was a significant difference between the poorly
compensated and control groups in all examinations (for
statistical significance, see Table1). The results showed

a reduction of SPN to normal within the 1st year in the
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neuronitis and surgery groups, reflecting a finished static
VOR compensation after UVL in contrast to the poorly
compensated group who showed detectable SPN even 2 years
after UVL.

HSN

When HSN in both the neuronitis and surgery groups
was compared to the control group, there were significant
differences at V1-V3, while there were no intergroup
differences at V4. In contrast, there was a significant difference
during all visits in the poorly compensated group. The
results showed a decreasing trend of HSN intensity in the
neuronitis and surgery groups in contrast to the poorly
compensated individuals who showed a well-detectable HSN in
all follow-ups.
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Caloric test
When caloric weakness in all groups was compared to the
control group, there were significant differences in visits V1-V4,

indicating a vestibular deficit at all follow-ups.

VHIT affected

When the vHIT-affected side in all groups was compared
to the control group, there were significant differences in visits
V1-V4, showing a detectable vestibular deficit at all follow-ups.

TUG

There was a significant difference between the neuronitis
and control groups in V1, but no intergroup difference in the
remaining follow-ups, reflecting sufficient gait control. There
was a significant difference between the surgery and control
groups at each visit. However, the surgery patients had TUG
at V2-V4 below the abnormal cutoff (10s), indicating sufficient
gait control. There was a significant difference between poorly
compensated and control groups in all examinations, while the
poorly compensated group showed TUG above the abnormal
cutoff in all visits.

DHI

When DHI in all groups was compared to the control group,
there were significant differences between the groups in all
examinations. In contrast to the poorly compensated group,
the DHI score median in the neuronitis and surgery groups
was within a normal range (below 16 points) at V3 and V4.
The poorly compensated group reported a mild self-perceived
handicap (16-34 points) even at V3 and V4.

Summary

The results showed that SPN decreased to a control group
level after 1 year, while HSN decreased after 2 years in the
majority of compensated patients. HSN was more intense
or similar in intensity to SPN at V1 and was significantly
more intense at V2 (in all groups). In contrast to the poorly
compensated group (median 2), SPN disappeared at V3 in
compensated groups (median 0). HSN was still present at V3
(median 1 in the neuronitis group and 2 in the surgery group,
6 in the poorly compensated group). After 2 years (V4), HSN
intensity in the compensated groups also reached the control
group’s result (median 0.25 in the neuronitis group and 0.3
in the surgery group) in contrast to the poorly compensated
group (median 3.5).

In contrast, despite a slight improvement in the neuronitis
group, the caloric and vHIT tests remained abnormal during the
followed period, indicating a chronic vestibular deficit.
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We used a TUG (the ability to maintain balance while
walking) and the DHI questionnaire (measures the self-
perceived handicap) to assess, to assess the dynamic vestibular
function and the impact of dizziness on daily life, respectively.
TUG and DHI improved to normal in the compensated
neuronitis and surgery groups at follow-ups but not in the poorly
compensated group. The poorly compensated group showed
significant SPN and HSN intensities, abnormal TUG, and higher
DHI scores during/ at all follow-ups.

Trend analysis

The result trends from all vestibular tests are presented in
Table 1 and visualized in Figures 1, 2 for the neuronitis group
and the neuronitis and surgery groups, respectively.

Correlation analysis

Time correlated to each test

We did a correlation analysis between time and each test for
the neuronitis and surgery groups (as only a few results were
within the poorly compensated group). We found strong and
highly significant negative correlations between time and HSN
intensity (Spearman’s p < —0.84, p < 0.001), time and SPN (p
< —0.80, p < 0.001), time and TUG (p < —0.67, p < 0.001), and
time and DHI (p < —0.94, p < 0.001) in both the groups. The
results confirmed the time-related improvement of these tests.

We found a weak relation between time and the caloric test
in the neuronitis (o = —0.34, p = 0.005) and surgery groups
(p = —027, p < 0.047), as well as a weak positive relation
between time and vHIT-affected side in the neuronitis (o =
0.52, p < 0.001) and surgery groups (p = 0.28, p = 0.040). Both
the groups showed no significant relationship between time and
vHIT on the fellow side (p < 0.26, p > 0.137). The correlation
analysis reflected an almost stable caloric weakness (indicating
the presence of vestibular loss/asymmetry) or just a slight
improvement in VHIT (but still abnormal) during follow-up.

HSN correlations to the remaining tests

To assess the similar or different trends for improvement,
we performed a correlation analysis between HSN and the
remaining tests for the neuronitis and surgery groups. We did
not perform a correlation analysis for the poorly compensated
group according to a small group size.

Head-shaking-induced nystagmus vs. SPN (r = 0.877; p <
0.001) were significantly correlated with each other. A significant
positive correlation indicates a simultaneous individual change
in the results of each examination over time, and a faster
improvement in one method leads to a faster improvement in
the other method.
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than cne and half of the interquartile range

T T

V1 V2 V3 Va
Visit [-]
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Head-shaking-induced nystagmus vs. vHIT affected side
(r = —0.14; p = 0.44) as well as HSN vs. caloric weakness
(p = —0.07, p = 0.67) were not correlated because HSN
had a decreasing trend, whereas vHIT and caloric test had
stable trends.

Interestingly, HST vs. DHI (r = 0.192; p = 0.28) and
TUG (r = 0.055; p = 0.82) were not correlated despite the
decreasing (improving) trends. The explanation could be a rapid
improvement in TUG from V1 to V2, followed by almost
stable results, similar to the improvement of V3-V4 in DHL In
contrast, the intensity of HSN decreased across all visits.

Specificity and sensitivity

We contrasted the measured values to the following cutoffs
to compare the sensitivity and specificity (to identify vestibular
loss) between the different vestibular tests. Abnormal cutoffs for
HSN (2.03°/s) and SPN (1.70°/s) were determined to be 97.5%
of our control group (as continuous variables did not show a
normal distribution); the abnormal cutoff for the caloric test was
used as 26% of UW and for vHIT was a gain of 0.78 (15).

The specificity for identifying controls was 94% for HST,
93% for SPN, 94% for caloric weakness, and 75% for vHIT.

To assess a trend to identify a vestibular loss (vestibular
asymmetry), we calculated the sensitivity for each visit (V1-V4)
separately. In the neuronitis group, the sensitivity of HST was
100% at V1, 79% at V2, 24% at V3, and 6% at V4. The sensitivity
of SPN was 100% at V1,47% at V2, 12% at V3, and 0% at V4. The
sensitivity of vHIT was 100% at V1, 84% at V2, 94% at V3, and
83% at V4. The caloric test sensitivity was 100% on each session.

In the surgery group, the sensitivity of HST was 100% at V1,
93% at V2, 42% at V3, and 20% at V4. The sensitivity of SPN was
100% at V1, 57% at V2, 17% at V3, and 0% at V4. The sensitivity
of vHIT and caloric weakness was 100% at all sessions.

In the pootly compensated group, the sensitivity of HST was
100% at V1 and V2, 66% at V3, and 50% at V4. The SPN was
100% at V1 and V2, 83% at V3, and 17% at V4 (a weak SPN of at
least one aSPV was present in all poorly compensated groups).

To summarize, the caloric test and vHIT showed almost
stable sensitivity to detect vestibular loss, whereas SPN and HST
demonstrated a strongly decreasing ability to detect asymmetry,
particularly in compensated patients.

Discussion

Theoretical explanation of HST

Several mechanisms have been proposed to explain HSN
(5, 9). The etiology of HSN is thought to be related to both
Ewald’s second law and an asymmetry in the central velocity
storage mechanism (17). In healthy subjects, each head turn is
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immediately opposed by a contralateral head turn during a head
shale, resulting in a balanced ratio of excitation/inhibition from
both sides.

In vestibular loss, there is a need to reestablish tonic
and phasic vestibular function. Evidence suggests that second-
order vestibular neurons tend to modulate their neuronal
resting discharge and reach prelesion levels (15, 18-20), placing
the site of neural rearrangement in commissural pathways
(21), leading to clinical improvement and static compensation.
Due to inhibitory saturation, the centrally restored pacemaker
discharge is insufficient to restore the whole ipsilesional dynamic
range (22). Therefore, during HST, head turn toward the healthy
side is opposed during ipsilesional head turn only by inhibitory
cutoff from the healthy side. Excitation is more effective than
inhibition as a vestibular stimulus. During 20 cycles of HST, non-
linearity arises and may charge the velocity storage mechanism
in an asymmetric manner. When the head abruptly stops, HSN
will result from the discharge of the asymmetrically charged
velocity storage mechanism.

Studies suggest that, when lower frequency sinusoidal
stimuli are used, the performance of the VOR often recovers
over time, and asymmetries are only noted at higher rotational
velocities with increasing head velocity (23) as a result of linear
and nonlinear VOR pathways (24, 25).

Clinical utility of HST

Head-shaking test was extensively tested for its sensitivity
and specificity in identifying different vestibular diagnoses and
in patients with peripheral and central vestibular lesions (3, 4).
The presence of HSN in peripheral vestibular lesions varies
between 34% (26), 40% (27), 90% (28), and 100% (17) and was
also reported in benign positional paroxysmal vertigo (29, 30),
in central disorders of 23% and was found to be present in 10-
14% of healthy controls (3, 26), in 74% of dizzy patients (3), and
15% dizzy but normal patients with electronystagmography (31).
The well-established literature review by Burgio (32) reported
that HST is neither sensitive nor specific enough to be used as a
screening test for vestibular loss. Another study found a closer
connection between HSN and poorly compensated UVL than
functional asymmetry (33).

To conclude, research results appear to be inconsistent.
Some studies used active head movements, while others used
passive head movements; some used scleral search coil, ENG,
or VNG, while others used only Frenzel goggles. The study size,
patient inclusion criteria, and the HST method also differed.
We found different HST amplitudes (half a distance) in the
literature, varying from 15 to 45° (6, 8, 10, 17, 34), resulting in
different velocities (120-360°/s).

The authors attempted to explain discrepancies between the
studies and suggest that some may arise from partial UVL, which
may not have sufficient asymmetry, to elicit HSN, or that the
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central velocity storage may be reduced or lost after UVL. Others
point out that HST evaluates a wider frequency range than the
standard caloric or rotary chair stimulation (31).

We support the suggestion that HSN should always be
interpreted in relation to other tests, such as SPN, VHIT, and
a side of caloric weakness (35).

As the evidence appears inconclusive, the role of HST in
clinical practice is still unclear.

Our results

To summarize our results, HSN was not related to vestibular
asymmetry (loss) at all follow-ups, but it did show a strong
time-related intensity decrease, reflecting an improvement in
dynamic ability and a decrease in self-perceived handicap. The
decreasing trend in HSN sensitivity to identify vestibular loss
also supports the ability of HSN to reflect dynamic vestibular
compensation after UVL. Similar results were revealed by
Angeli et al. (33), suggesting that HSN had a stronger
correlation with poorly compensated unilateral peripheral loss
than functional asymmetry.

Accordingto evidence, ~20% of patients with chronic stable
UVL continued to experience chronic postural imbalance (the
syndrome of chronic vestibular insufficiency) (36). We had a
similar report of 15% poorly compensated patients, showing a
well-detectable HSN and SPN as well as a higher TUG and DHI
score at all follow-ups.

We provide the first long-term evidence of the features of
HSN, showing the ability of HSN to reflect dynamic vestibular
compensation and decreasing sensitivity to identify chronic
and stable vestibular asymmetry. We found no theoretical
explanation for the decreasing trend in the sensitivity of an HST
to identify vestibular loss (high sensitivity in the 1st year after
UVL and low sensitivity in 2 years). We found no literature
based on animal electrophysiological experiments on chronic
adaptive changes of the VOR explaining long-term (years)
characteristics in velocity storage and on long-term dynamic
changes of the VOR more than a few months after UVL. We
hypothesize that the sensitivity of HST to identify vestibular
asymmetry could be decreased by individual adaptive changes in
velocity storage, including the use of non-linear/linear pathways
to compensate for dynamic asymmetry during a long-term
compensation process.

Strength of this study

the small size (due to strict

inclusion/exclusion criteria such as “no-allowed-recovery”

Despite sample
and “no-allowed-prior-deficit”), the power size of the main
message (time-related decrease in HST intensity) was strong
(for the neuronitis group: Spearmans p = —0.8436362; p =
3.228042e-19, two-tailed test: effect size and confidence limits,
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d = —3.14 [-4.04 —2.24]), (for schwannoma group p =
—0.8912293; p = 3.819181e—19, two-tailed test: effect size and
confidence limits, d = —3.93 [-5.13 —2.73]) and the power of
the study with aforementioned effect was = 1.

Conclusions

Our study showed that, after UVL, HSN intensity decreases
exponentially with time, reflecting an improvement in dynamic
ability and self-perceived deficit in most patients. Once
vestibular compensation was satisfactory and sufficient for a
patient’s daily life, HSN tended to decline to a control group’s
value. In contrast, poorly compensated patients with insufficient
clinical recovery showed a well-detectable and more intense
HSN during all follow-ups. HSN could serve as an objective
vestibular indicator of individual dynamic compensation.
However, these findings should always be interpreted with
respect to other results, such as SPN and a side of caloric or
vHIT deficit.
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3.3 Binocular video head impulse test: Normative data study

Treti odpublikovana prace se zabyva inovaci jednoho z testd vestibulogramu —
video head impulse testem (VHIT) — jeho binokularnim zaznamem (bvHIT). VHIT je
v soucCasnosti celosvétové nejCastéji pouzivany instrumentalni test periferni
vestibularni funkce. Studie vytyCuje normativni hodnoty binokularniho vHIT a
ukazuje na jeho dal8i potenciél ve sledovani konjugovanych o¢nich pohybd. VHIT

je také soucasti EVEST vestibulogramu.

Video head impulse test je testem funkce polokruhovitych chodbicek, testovat Ize
kaZzdou zvlast. Podkladem testu je funkce VOR. VOR indukujeme prudkou pasivni
rotaci hlavy testovaného subjektu na testovanou stranu — v roviné testovaného
kanalku. Prakticky se HIT pouziva i béhem klinického vySetifeni vSech pacientd
s poruchou rovnovahy, jeho pfinos, je ale limitni vzhledem k limitnim schopnostem
oka vysetfujiciho Iékafe zaznamenat pohyb oka pacienta béhem prudkého pohybu
hlavou. Instrumentalni verze HIT vyuzivajici vysokorychlostni a vysokorozliSovaci
kameru, video head impulse test (VHIT), je v souCasnosti nej¢astéji pouzivanym
instrumentalnim testem k identifikaci periferni vestibularni 1éze a své misto ma i
v diferenciaci perifernich a centralnich vestibularnich 1ézi. Zisk VOR (VOR gain) je
méritkem funkce VOR bé&hem impulzovani, definovany jako pomér uhlové rychlosti
oCi a hlavy. V souCasnosti se na vétSiné pracovist pouziva monokularni zaznam

s monokularnim vypoctem gain pro obé testované strany.

Pokud PVU, napfiklad lateralni chodbi¢ka (LSCC), funguje spravné, tak horizontalni
rotace hlavou na testovanou stranu vyvola témérf simultanni protipohyb oci (latence
kolem 7ms). Protipohyb o€i méfime a vysledek vHIT kvantifikujeme jako pomér
rychlosti o€i a hlavy. Vedle kvantifikace funkce zisku VOR, ktery je idealné 100 %
(rychlost oci ,licuje“ rychlost hlavy), dokaze vHIT detekovat pfi deficitu VOR i
korekéni sakady o€i. Ty se generuji bud jiz béhem indukujici rotace hlavou (tzv.
Casné korekCni sakady, latence kolem 100ms), nebo po ukon&eni rotace hlavou
(tzv. pozdni korekéni sakady, latence 100 — 300ms). Oba typy korekénich sakad
maji za cil korigovat nedostatecné indukovany pohyb o¢i b&éhem pohybu hlavou —
impulzu hlavou. Pozdni sakady jsou pfitomny hlavné u novych deficitu, kdy trva

systému dlouho vypoétem korigovat deficit VOR. Casné sakady se objevuiji pozdgji

65



a odpovidaji urovni kompenzace deficitu — ¢im lepsi kompenzace v Case, tim dfive

reaguje systém generaci korekce deficitu VOR — sakadou.
Uvod

Video Head Impulse Test (VHIT) pfimo kvantifikuje funkci vestibulookularniho
reflexu (VOR) hodnocenim jeho zisku (aktivace VOR impulzem hlavy) a objektivné
detekuje skryté i zjevné refixacni sakady jako nepfimou znamku parézy
polokruhovitého kanalku. Doposud se VvHIT pouzival prevazné monokularné.
Binokularni vHIT umozriuje sou¢asny zaznam pohybU obou o€i. Dulezité je, ze by
bylo mozné oddélené analyzovat nazalni pohyby ADdukujiciho oka (AD) a

temporalni pohyby ABdukujiciho oka (AB).

Na potifebu pfesného hodnoceni binokularniho zaznamu impulzi hlavy upozornila
v roce 2008 studie, ktera k méfeni pohybu hlavy a binokularnich o€nich pohybu
pouzila zlaty standard skleralni vyhledavaci civky (scleral search coil)[67]. Studie
ukazala, Ze rozdil mezi zisky VOR addukujiciho a abdukujiciho oka dosahl 15,3 %
pfi zrychleni hlavy vét§im nez 3 234 o/s?. Kdyz se vSak porovnavaly pouze abdukéni
zisky obou oci, byla symetrie VOR stabilni pfi vSech zrychlenich hlavy. Stejné
vysledky dosahlo i porovnani pouze addukénich zisku. Studie tak poukazala na
nevyhodu monokularniho systému vHIT , ktera zavadi do vysledku smérovou bias

- addukéni zisky VOR mély vzdy vySsi hodnoty nez abdukéni.

Stejné vysledky ukazala i studie porovnavajici dva monokularni vHIT pfistroje [68].
V posledni dekadé narlista pocet studii dale upozornujicich na signifikantni
smeérovou bias monokularniho zaznamu [67-73]. Pfesné méfeni VOR je nezbytnym
predpokladem pro diagnostiku jednostranné vestibularni ztraty. Studie také
upozornily na evidenci, Zze smérova bias ovliviiuje senzitivitu a specificitu testu pro

vysledky blizici se k hranici abnormality.

Binokularita vHIT

Binokularni vHIT (bvHIT), se dvéma kamerami pro obé o€i, umoZznuje soucasny
zaznam pohybu obou o¢i (viz. obrazek 3). To umoziuje oddélené analyzovat

nazalni addukéni a temporalni abdukéni pohyby oc€i, a tim analyzovat, zda dochazi

k dyskonjugaci oCi béhem impulzniho testovani. Béhem jednoho impulzu, tedy
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uhlovém pohybu hlavou v horizontalni roviné do jedné strany (doprava nebo
doleva), je kontralateralni pohyb oci vzhledem k hlavé vzdy konjugovany, jedno oko

je pfitom v addukci a kontralateralni je v abdukci.

Cil studie

Ackoli zminéné studie zdaraznily potfebu binokularniho vHIT, normativni rozsahy

pro binokularni vHIT (bvHIT) dosud nebyly stanoveny.

Binokularni HIT ma navic i potencial hodnotit nejen periferni vestibularni funkci
hodnocenim zisku VOR, ale také hodnotit funkci celého reflexniho oblouku VOR s
jeho nuklearnimi, internuklearnimi a infranuklearnimi drahami, v€etné okohybnych
nervl a svall porovnanim centralné fizenych konjugovanych o&nich pohybl mezi
addukujicim a abdukujicim okem pfi konjugovaném ocnim pohybu. Cilem naSi
studie bylo stanovit normativni rozmezi pro zisky VOR souvisejici s addukci a

abdukci a zavést mezi nimi pomér dyskonjugace (vorDR).

Obrazek ¢. 3: Binokularni vHIT
(EyeSeeTec  Sci 2). Dvé
vysokorychlostni  kamery jsou
pfipevnény k tésné pfiléhajicim

brylim.  VSimnéte si  dukci

(addukce/abdukce) pravého

Metodika

Do studie jsme zahrnuli 44 zdravych dospélych jednict, ktefi podstoupili binokularni
VHIT s pouzitim experimentalniho pfistroje EyeSeeCam Sci 2. Byly analyzovany tfi
mefitka zisku VOR: regresni zisk, okamzity zisk a medianovy zisk. Byly vypocitany
monokularni a duktalni indexy asymetrie VOR a byl nové zaveden pojem poméru

dyskonjugace bvHIT (vorDR).

Prehledné vysledku studie, zde v grafu ¢€.1:
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Impulse direction

Rightward Leftward
Rightyvard Eye Leftvyard
dyscfar;{ggacy Right Left Right Left dyscfaryizgacy
Equation
Regression 1.12 (0.05) 1.08 (0.06) = 0.97(0.05)  0.94(0.06)  1.07 (0.06) 1.14 (0.05)
Instantaneous 1.15(0.08) 1.03 (0.09) 0.9 (0.09) 0.86 (0.08) 1.01 (0.08) 1.18 (0.07)
Median 1.10 (0.05) 1.06 (0.06) 0.96 (0.05) 0.94 (0.06) 1.06 (0.06) 1.13 (0.05)
Gain Method i

Regression [1.02;1.22] [0.96; 1.2] [0.87;1.07]  [0.82;1.06]  [0.95;1.19] [1.04; 1.24]
Instantaneous [0.99; 1.31] [0.85; 1.21] 7 [0.72; 1.08] [0.70; 1.02] [0.85; 1.17] [1.04; 1.32]
Median [1.00; 1.2] [0.94; 1.18] [0.86; 1.06] [0.82; 1.06) [0.94; 1.18] [1.03; 1.23]
Metric Rightward_vorDR VOR Gain Leftward_vorDR

Mean (SD)

Range

Values for gains and ratios are reported as mean (SD). Normative ranges are reported with the lower and upper limits in parentheses. Values resulting from the calculation method with the

best precision, regression gain, are highlighted in bold.

Vysledky

Souhrnné regresni zisky bvHIT z addukéniho oka vyznamné pFevySovaly zisky z
abdukéniho oka (pramér (SD): 1,08 (SD = 0,06) oproti 0,95 (SD = 0,06)). Variabilita
addukEnich i abduké&nich zisku byla podobna, coz naznacuje srovnatelnou pfesnost
pro hodnoceni asymetrie VOR. Zavedli jsme pomér dyskonjugace bvHIT (vorDR)
1,13 (SD = 0,05). Koeficient opakovatelnosti testu byl 0,06.

Shrnuti

Studie stanovila normativni hodnoty pro binokularni vHIT u zdravych dospélych.
Addukéni zisky VOR byly signifikantné vySsi nez abdukéni, coz zduraznuje
dulezitost binokularniho zaznamu pro pfesné posouzeni VOR, protoze monokularni
VHIT zkresluje vysledky kvuli rozdilim mezi addukénimi a abdukénimi zisky VOR a

zavadi tak do vysledkd monokularni bias.

Pomér dyskonjugace bvHIT (vorDR) mlze byt uzite€nym nastrojem pro kvantifikaci

dyskonjugace o¢nich pohybu béhem VOR.

Pro budouci vyzkum a klinickou praxi doporucujeme omezit monokularni smérovou
bias pouzitim binokularnino zaznamu vHIT s vypoltem addukénich (porovnani

addukujicich oCi — tedy pravé oko pro pravostranny impulz s levym okem pro
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levostranny impulz a vice verza pro abdukci) a abdukénich ziski a poméru

dyskonjugace bvHIT (vorDR).

Clanek:
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Introduction: The video head impulse test (vHIT) evaluates the vestibulo-ocular
reflex (VOR). It's usually recorded from only one eye. Newer vHIT devices allow a
binocular quantification of the VOR.

Purpose (Aim): To investigate the advantages of simultaneously recorded
binocular vHIT (bvHIT) to detect the differences between the VOR gains of the
adducting and the abducting eye, to define the most precise VOR measure, and
to assess gaze dys/conjugacy. We aimed to establish normative values for byHIT
adducting/abducting eye VOR gains and to introduce the VOR dysconjugacy ratio
(vorDR) between adducting and abducting eyes for bvHIT.

Methods: We enrolled 44 healthy adult participants in a cross-secticnal,
prospective study using a repeated-measures design to assess test—retest
reliability. A binocular EyeSeeCam Sci 2 device was used to simultaneously record
bvHIT from both eyes during impulsive head stimulation in the horizontal plane.

Results: Pooled bvHIT retest gains of the adducting eye significantly exceeded
those of the abducting eye (mean (D). 1.08 (SD=0.06), 055 (SD=0.06),
respectively). Both adduction and abduction gains showed similar variability,
suggesting comparable precision and therefore equal suitability for VOR
asymmetry assessment. The pooled vorDR here introduced to bvHIT was 1.13
(§D=0.05). The test—retest repeatability coefficient was 0.06.

Conclusion: Our study provides normative values reflecting the conjugacy of eye
movement responses to horizontal bvHIT in healthy participants. The results were
similar to a previous study using the gold-standard scleral search coil, which also
reported greater VOR gains in the adducting than inthe abducting eye. In analogy tothe
analysis of saccade conjugacy, we propose the use of a novel bvHIT dysconjugacy ratio
to assess dys/conjugacy of VOR-induced eye movements. In addition, to accurately
assess VOR asymmetry, and to avoid directional gain preponderance between
adduction and abduction VOR-induced eye movements leading to monocular vHIT
bias, we recommend using a binocular ductional VOR asymmetry index that compares
the VOR gains of only the abduction or only the adduction movements of both eyes.

binocular video head impulse test, conjugate gaze, adduction, abduction, ductional
VOR asymmetry index, dysconjugacy ratio, monocular VOR asymmetry index,
vestibuloocular reflex
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Introduction

Accurate control of binocular eye movements is essential to direct the
fovea of each eye at an object in the visual field Duringlocomotion, visual
exploration requires coordination between gaze-stabilizing reflexes and
gaze-shifting eye movements to ensure dear vision and depth perception.
Failure of either system, or failure to achieve binocular coordination,
results in blurred vision, diplopia, and loss of stereo acuity (1, 2).

The reflex that stabilizes gaze on a target, for example, during
locomotion, by rotating the eyes in the opposite direction to head
movement is the vestibulo-ocular reflex (VOR). The traditional
measure of angular VOR function is gain, defined as the ratio of eye
and head angular velocity.

Depending on the distance and eccentricity of the visual target during
VOR-induced eye movements, the two eyes lines of sight should
be parallel when viewing distant objects (conjugate gaze) or intersect
(converge) at the location of a near target. VOR gain increases as the
fixated target moves closer to the observer (3-5), reflecting the interaction
between the version and vergence systems in the VOR.

The video head impulse test (vHIT) directly quantifies VOR
function by assessing VOR gain, and it objectively detects both covert
and overt refixation saccades as an indirect sign of canal paresis. To
date, the vHIT has mostly been used monocularly. Binocular vHIT
would allow simultaneous recording of the movements of both eyes
resulting from VOR activation by a head impulse. Importantly, the
nasal movement of the ADducting (AD) eye and the temporal
movement of the ABducting (AB) eye could be analyzed separately.
The need for an accurate binocular head impulse test was highlighted
in 2008 in a study using a gold standard scleral search coil to measure
head and binocular eye movements (6). The study showed that the
difference between the gains of the adducting and abducting eye
reached 15.3% at head accelerations greater than 3,234 °/s* (6).
However, when only abduction gains were compared between both
eyes, VOR symmetry was stable across all head accelerations. While
accurate VOR measurement is a prerequisite for the diagnosis of
unilateral vestibular loss, the disadvantage of using a monocular
vHIT system is a directional gain preponderance of adduction over
abduction VOR eye movement responses (6, 7). Therefore, it is
crucial to minimize this bias, for example, by calculating the
adduction- or abduction-related gains from the binocular recordings.
Based on the lower variability, the search coil study recommended
analysis of the VOR gains of the abducting eyes to obtain directional
symmetry of VOR gain measurements in normal subjects.

Study aims

Although these findings highlighted the need for binocular vHIT,
normative ranges for binocular vHIT (bvHIT) have not yet
been established.

'The HIT has the potential to assess not only peripheral vestibular
function by evaluating the VOR gain response but also the complete
VOR arc with its nuclear, internuclear, and infranuclear pathways,
including the oculomotor nerves and muscles. Simultaneous binocular
recording adds the ability to assess the central pathways by comparing
centrally controlled conjugate eye movements between the adducting
and abducting eyes. Our study aimed to establish normative ranges
for adduction-and abduction-related VOR gains and to introduce a
dysconjugacy ratio (vorDR) (8) between the two.
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Methods
Participants

We measured 44 healthy adults (22 male, 22 female, 20 to 70years
of age, mean age 35, 8D 12.5) in a prospective cross-sectional study
using a repeated-measures design.

Standard protocol approvals, registrations,
and patient consent

Before including a participant in this study, we received their
written informed consent. The protocol was approved by alocal ethics
committee and was in accordance with the Declaration of Helsinki
(Reference number 202106 P08). The inclusion criterion was a
negative history of any balance disturbance or of any oculomotor
deficit due to an underlying neurological condition.

Study device

For simultaneous recordings of head and binocular eye
movements, we used a binocular EyeSeeCam Sci 2 device
(EyeSeeTec, Munich, Germany) (Figure 1). The study deviceis a
successor version of the previous EyeSeeCam Sci 1 and
Interacoustics EyeSeeCam vHIT (Interacoustics, Middelfart,
Denmark) systems. Attached to the new goggles, there was a pair
of synchronized high-speed cameras which tracked the pupil to
determine eye position at sampling rates of either 500 Hz or
250 Hz. For this study we used the lower sampling rate of 250 Hz.
An inertial measurement unit integrated into the left camera
measured angular head velocity at the same sampling rate.

Study methods

Participants were seated 3 meters in front of a fixation dot on
a white wall. The fixation dot was black, it contained two lines
crossing at the center, and had a diameter of 5 em, which provided
a good fixation target also for myopic participants. The target
distance of 3 m was chosen to minimize the effect of vergence on

ADDUCTION BABDUCTION

ABDUCTION JADDUCTION

FIGURE 1

Binocular vHIT (EyeSeeTec Sci 2) Two high-speed cameras are
attached to tightly fitting goggles. Note the ductions of the right (red)
and left (blue) eyes during rightward and leftward impulses
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VOR gain, as it is well known that VOR gain increases with
decreasing target distance (3, 9) and that this effect vanishes at
distances of more than 2 meters (4). First, the study device was
calibrated with the participants sequentially fixating five laser
dots on the wall 3 meters in front of them. The dots were
projected from a goggle-mounted laser and a diffraction grating.
After calibration, 14 horizontal head impulses were completed (7
to both sides) during each test. The examiner grasped the head
of a participant from behind and moved it briskly from center to
each side with unpredictable timing and direction, aiming at an
angular displacement amplitude of 20° and a peak velocity in the
range of 150° to 250°s. To assess test-retest reliability, the
sequence consisting of calibration and seven impulses in both the
left and right directions was repeated a second time by the same
examiner (MS), who had a seven-year clinical experience in using
vHIT. The sequence was repeated immediately if any technical
error was noted. Test-retest was applied to all participants within
one session to avoid biases caused by changes in their
health status.

Invalid impulses, artifacts, goggle slippage

The proprietary algorithm classified impulses as valid if no
eye blinks or other artifacts were detected. Invalid impulses were
discarded from the analysis. The remaining valid impulses were
subsequently inspected visually for remaining artifacts. Impulses
with artifacts not detected automatically were manually removed
using the interactive Traces Editor of the EyeSeeCam Sci 2
software. Only goggle slippage or pupil detection artifacts, but
not VOR gain or the presence of corrective saccades, were used
as criteria to remove impulses. On average, 6.5 (range four to
seven) out of seven impulses per measurement were considered
valid to remain in the data set for analysis. The recordings of five
subjects were excluded from the study due to an insufficient
number (less than four) of valid impulses without artifacts.
Thirty-nine subjects were used in the data set (20 male, 19
female, mean age 36, SD 13).

Metrics

Our study used vHI'T gains, dysconjugacy ratios, and asymmetry
indexes as continuous quantitative metrics. We analyzed the binocular
results of three different vHIT gain calculation methods reported by
the EyeSeeCam Sci 2 system: (1) Regression gain (10, 11); (2)
Instantaneous gain at 60ms (10, 11); (3) Median gain 0-100ms
calculated as the median of the ratios of eye and head velocity medians
in a window between 0 and 100 ms. For all metrics, the EyeSeeCam
Sci software also reported the standard deviations (SD) calculated
from the four to seven valid stimulations.

Furthermore, the question of how conjugate and symmetrical the
VOR eye movements are was addressed by deriving further ratios and
indexes from the reported gain values for both the left and right eyes
as well as for both leftward and rightward head impulse directions.
Asymmetry indices were calculated in analogy to previous definitions
of VOR asymmetry indices (6, 9). Abbreviations used in the
succeeding equations are defined in the contingency table in Table 1.
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Monocular VOR asymmetry index

To assess the possible directional gain preponderance between
AD and AB eyes, we first evaluated the monocular recordings of each
of the two cameras separately. As most head-mounted vHIT devices
provide only one camera, clinicians are familiar with the evaluation
of such monocular recordings. We compared left- and rightward
impulse gains monoculatly analyzed from each eye to evaluate
monocular VOR asymmetry (Figure 2). We calculated the monocular
1 and the
abbreviations from Table 1. The equation contains the absolute value

VOR asymmetry index (m-vorAl) by using Eq.

of the difference between gains in the numerator.
Eq It
(a) Right Eye (RE) Monocular VOR asymmetry:

RE_m-vorAl = | ADgz — ABygg | / ( ADgz + ABgz ) x 100%.
(b)Left Eye (LE) Monocular VOR asymmetry:
LE_m-vorAl = | ADiz - ABig | / (ADvz + ABrz ) x 100%.

Ductional VOR asymmetry index

To avoid the effects of directional gain preponderance on
VOR asymmetry typically obtained from monocular recordings
(6, 7), and to assess the most precise VOR asymmetry metric,
we computed ductional VOR asymmetry indices (vorDAD
separately for ADduction and ABduction eye movement
responses to left- and rightward head impulses. Specifically, the
ADduction asymmetry is calculated from only adducting eyes
during impulsive testing: rightward impulses from the right eye
and leftward impulses from the left eye (Figure 3}, and vice versa
for ABduction (calculated from both ABducting eyes). The
vorDAT were calculated using the abbreviations from Table 1 in
Eq. 2, which contains the absolute value of the difference between
ductional gains in the numerator:

Eq. 2:
(a) ADduction VOR asymmetry index:

AD_vorDAI = | ADpz — ADiz |/ (ADgs + ADrz ) x 100%.
(b)ABduction VOR asymmetry index:
AB_vorDAI = | ABpz — AB |/ (ABpz + ABig ) x 100%.

Binocular vHIT dysconjugacy ratio
To assess eye movement dysconjugacy and to evaluate the
contribution of central inter- and infra-nuclear oculomotor

TABLE 1 Contingency table mapping leftward and rightward impulse
directions as well as left and right eyes to coler-coded abbreviations for
AD- and ABduction.

Impulse direction
Rightward Leftward

Right (RE) ADgs
Left (LE) ABys ADpz

During the rightward impulse, the right eye {red) ADducts, and the left eye (blue) ABducts
(in the “Rightward" column) to follow the target. During the leftward impulse, the right eye
(red) ABducts, and the left eye (blue) ADducts
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or the right eye; in this case, RE_r

pathways to the execution of vestibularly-induced conjugate eye
movements, we compared the same direction impulses recorded
simultaneously from both eyes. For example, during a leftward
head impulse, we measured the adduction response of the left eye,
and the abduction response of the right eye (Figure 4). To quantify
eye movement dys/conjugacy during impulsive testing, we propose
the use of a bvHIT dysconjugacy ratio (vorDR) between
ADducting and Abducting eyes during the same direction impulse
recorded from both eyes, as previously suggested in the literature
(8). We defined the vorDR for bvHIT such that ADduction is in
the numerator, giving a value >1 when the ADduction (AD) gain
is greater than the ABduction (AB) gain. The calculation is based
on the direction of an impulse, which allows the assessment of
both unidirectional dysconjugacy, such as an isolated oculomotor
deficit in unilateral INO, or bidirectional dysconjugacy, such as
bilateral INO.
Eq.3:
(a) Rightward impulse dysconjugacy ratio:

Rightward_vorDR = ADyge/ ABjg.
(b)Leftward impulse dysconjugacy ratio:

Leftward_vorDR = AD;z/ ABpz.
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Statistical analysis

A repeated-measures study design with three within factors,
each with two levels, was used: duction (ABduction, ADduction),
eye (left, right), and repetition (test, retest). Continuous normally
distributed data are reported as mean (SD), with standard deviation
in parentheses. Indices are reported as median (IQR), with
interquartile range in parentheses. Statistical computations were
conducted with JASP (JASP Team, 2022), Python (Version 3.9)
with Pandas (Version 1.3.2), and R (R Core Team, 2022). All
metrics were tested for normality by visual inspection of qq plots
and subsequent Shapiro-Wilk testing. Levene’s test was used to
verify variance homogeneity. Differences and interactions in VOR
gains between factor levels were assessed with a repeated measures
analysis of variance (ANOVA). Both frequentist and Bayesian
analyzes were performed for repeated measures ANOVA. For
frequentist analyzes, p<0.05 was considered statistically
significant. Separate tests were performed for the metrics
instantaneous gain, median gain, and regression gain.

The distributions of gains as well as derived dysconjugacy
ratios and asymmetry indexes were assessed visually using qq
plots and tested for normality using Shapiro-Wilks tests. F-tests
of within-subject SD were used to answer the questions of (1)
which gain calculation method, (2) which duction level
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FIGURE 4

Dysconjugacy ratio (vorDR) of leftward gaze during rightward impulse (A) and rightward gaze during leftward impulse (B). The calculation is based on
the direction of an impulse: In this exemplary case, the (A) rightward dysconjugacy ratio (Rightward vorDR) is 1.07/0.96=111, and the same result is
calculated for (B} leftward dysconjugacy ratio (Leftward vorDR) is 1 07/0.96=111
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(ABduction, ADduction), and (3) which repetition level (test,
retest) vielded the better precision for future use in bvHIT.

Results
Normative values

The normative values and ranges for the regression gain,
instantaneous gain, and median gain metrics, and bvHIT dysconjugacy
ratio are shown in Table 2. Normative values and ranges for the
monocular and ductional VOR asymmetry indices are shown in
Table 3. The gain and ratio metrics were normally distributed
(W=0.95, p>>0.08), and their between-subject SDs were F-distributed.
Nonparametric normative values are reported for the VOR asymmetry
indices. The distributions of the three different gain metrics can
be visually assessed from Figure 5. Levene’ test indicated equality of
variances [F (7,304) =0.66, p>0.71].

The main effect found by the frequentist statistical analysis was a
highly significant difference between ADduction and ABduction gains
[F(1,38)=350, p < Q.001]; the ADduction gains exceeded the
ABduction gains (see Table 2 and Figure 5). The Bayes factors were
BF,,> 10", indicating “extreme evidence” for differences rather than
equality. This finding holds for all three gain methods analyzed (see
Table 2). Correspondingly, the monocular directional VOR
asymmetry is also increased (see Table 3).

The regression and median gains analysis also showed significant
differences between the levels of the eye (left, right) and repetition
(test, retest) factors (p <0.014), but the Bayes factors BF,, were <7.5,
indicating only “moderate evidence”
equality. The regression and instantaneous gains also showed a
significant interaction [F(1,38)=12.85, p <0.001] between the eye and
duction factors, as shown in the interaction plots on the right of
Figure 5. From these plots it can be concluded that the differences in
ABduction gains between the left (0.97) and right (0.94) eyes, although

for differences rather than

10.3389/fneur.2023,1153102

significant, are small and dinically irrelevant compared to the main
effect of duction.

It is noteworthy that the instantaneous gain of 0.95 (0.09),
resulting from averaging over both eyes and duction directions, is
comparable to the previously reported normal gain of 0.94 (0.1)
from monocular vHIT recordings (5). However, the between-
subject SD of the instantaneous gains of 0.09 was slightly lower
than the standard deviations of 0.1 typically reported in the
literature for normal vHIT gains (5). This may be due to the
examiner’s 7 years of experience in administering the vHIT. The
SDs of the regression and median gains of approximately 0.06 are
considerably lower than the SDs of the instantaneous gain,
reflecting a better inter-individual precision of these gain
calculation methods.

We also calculated the averaged intra-individual SD as a
measure of precision for the different gain calculation methods
to answer the question of which metric should be used to report
the results of future bvHIT examinations. Regression and median
gain showed a significantly lower SD [F(77,77)=1.46, p <0.003]
than the SD of instantaneous gain (0.02, 0.03, and 0.04,
respectively).

The question of whether ABduction gain or ADduction gain is
the more precise metric to assess VOR gain asymmetry was also
addressed by analyzing the intra-individual SDs of the regression
gains. Both duction directions showed SDs of 0.02, with no
significant difference [F(77,77)=1.46, p=10.59]. Similarly, both
ABduction and ADduction had comparable inter-individual SDs of
0.05. Therefore, in terms of precision, both directions of duction
appear to be equally suitable for assessing VOR asymmetry.
Similarly, the 8Ds for test and retest also showed the same values of
0.02 [F(77,77)=1.46, p > 0.55], suggesting that no improvement in
precision is to be expected from repeating a test. However, from test
to retest, the pooled regression gain decreased slightly but
significantly from 1.03 to 1.015 (0.06) [F(1,38) =6.875, p=0.013],
possibly indicating an improvement in accuracy from retesting.

TABLE 2 Normative values and ranges for the three VOR gain methods and for the dysconjugacy ratio (vorDR).

Impulse direction

Rightward Leftward
Righ twa rd Eye LeftV\_ra rd
dyscf’;{ggacy Right Left Right Left dysc?aqjiggacy
Equation
Regression 1.12(0.05) 1.08(0.06) | 0.97(0.05 | 054(0.06) | 1.07(0.06) 1.14(0.05)
Instantancous 1.15(0.08) 1.03 (0.09) 0.9(0.09) 0.86(0.08) | 1.01(0.08) 118 (0.07) Mean (SD)
Median 1.10(0.05) 106 (0.06) | 096(0.05 = 0.94(0.06) | 1.06(0.06) 113 (0.05)
Gain Method

Regression [1.021.22] [0.96:12] | [0.871.07] = [0.821.06] | [0.951.19] [1.04; 1.24]
Tnstantaneous [0.99: 1.31] 085121 | [07%1.08] | (070 1.02] | [0.851.17] [1.04; 1.32] Range
Median [1.00; 1.2] [0.94;118] | [0.86,1.06] | (082106 | [0.941.18] [1.03; 1.23]
Metric Rightward_vorDR VOR Gain Leftward_vorDR

Values for gains and ratios are reported as mean (SD). Normative ranges are reported with the lower and upper limits in parentheses. Values resulting from the caleulation method with the

best precision, regression gain, are highlighted in beld,
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TABLE 3 Normative values and ranges for VOR asymmetry indices.

VOR asymmetry index

Monocular Binocular
Ductional VOR asymmetry index
Right AB_vorDAl

Equation

Regression 7.0 (2.8) 4.5(3.0) 13(13) 22(28)

Instantaneous $4(3.8) 5.7 (1.0) 19(1.9) 2.0(3.8) Median (1QR)

Median 5.6 (3.4) 4.8 (3.8) 2.0(1.2) 16(2.2)

Gain Method
Regression [3.4;11.3] [0.9; 11.0] [0.0;4.3] [0.0;6.1]

Instantaneous [4.3;15.6] [1.G;17.2] [0.0; 6.6] [0.0; 8.5 Range

Median [1.5;13.4] [05;8.8] [0.0:4.9) [0.0;8.1)

Metric m-vorAl [%] vorDAT (%]

Index values are reported as median with the interquartile range (IQR) in parentheses. Normative ranges are reperted as percentile ranges from 2.5 to 97.5%, with lower and upper limits in
parentheses. Index values resulting from the most precise gain calculation method, regrassion gain, are highlighted in bold.

13 Right (RE) Eye Left (LE) Interaction

1.2
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1.0
0.9
0.8
0.7
0.6
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1.2
11
1.0
0.9
0.8
0.7
0.6
1.3
1.2
11
1.0
0.9
0.8

Regression Gain

Instantaneous Gain

Mean Gain Eye

A Rightward —— Right
0.7 A Leftward — Left
0.6

Median Gain

ADRE ABRE Duction ABLE ADLE AD AB
Rightward  Leftward Impulses Rightward Leftward

FIGURE 5

Individual gain values, box plots of descriptive statistics, and distributions for the factors eye (left, right) and duction (abduction, adduction) The results
of the regrassion gain (top), instantaneous gain (middle), and median gain (bottarm) calculations are shown, The interaction plot on the right presents
the interaction between the factors eye and duction
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The repeatability coefficients for the three gain calculation
methods are 0.06 for regression gain, 0.09 for instantaneous gain,
and 0.07 for median gain. As regression gain was found to be the
most precise metric, with the lowest values for both intra-and
inter-individual SDs and repeatability coefficient, we recommend
its use for future bvHIT gain reporting. Therefore, we focus our
analysis and discussion on this metric. Accordingly, the regression
gains are highlighted with bold letters in Tables 2, 3, which
provide normative values and ranges.

Monocular VOR asymmetry

For regression gain, the median monocular VOR asymmetry
recorded from one eye was 7.0% (IQR 2.8%) for the right eye and
4.5% (3.0%) for the left eye. The results reflect an ADduction-
ABduction bias in monocular vHIT measurements, resulting in
a directional gain preponderance (ADduction gains were always
higher than ABduction gains in monocular recordings).

Ductional VOR asymmetry

We calculated ductional VOR asymmetry indices separately for
ADduction and ABduction eye movement responses to leftward and
rightward head impulses (Figures 3A,B). For the regression gain, the
ADduction asymmetry index was 1.3% (IQR 1.3%) and the ABduction
asymmetry was 2.2% (2.8%) (Table 3). These results indicate that
ADduction asymmetry is less variable than ABduction asymmetryin the
healthy subjects. Therefore, it provides a more precise assessment of
peripheral vestibular function asymmetry. ADduction vHIT gains were
not significantly different between the left and and right eyes, whereas
ABduction vHIT gains were [F(1,38)=12.85, p<0.001] (Table 3 and
interaction plot in Figure 5).

Binocular vHIT dysconjugacy ratio

The bvHIT dysconjugacy ratio (ADduction/ABduction)
pooled for leftward and rightward head impulses was calculated
as 1.08 (0.06) /0.95 (0.06). The resulting ratio of 1.13 (0.05)
reflects the higher ADduction gains and should therefore
be consistently greater than 1. Accordingly, the normative range,
is from 1.03 to 1.23. The
dysconjugacy ratio is calculated separately for leftward and

calculated as mean+ -2xSD,

rightward impulses to assess the dysconjugacy during leftward or
rightward VOR-induced eye movements. This would allow, for
identify bilateral
oculomotor lesions.

example, to unilateral or central

Discussion
We report normative ranges for the horizontal binocular video

head impulse test (bvHIT) in 39 healthy participants aged 20 to
70vyears.

Difference between adducting and
abducting eye VOR gains

Our results are consistent with a previous study using a gold

standard scleral search coil to measure binocular eye movement
responses to horizontal head impulse testing. In both studies,
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adduction gains exceeded those of abduction, resulting in
directional gain asymmetry when recorded from only one eye (6).

Mechanistic explanation of adduction
delay with higher velocities during HIT

Different synaptic arcs

In the scleral search coil study (6), longer latencies were observed
in the adducting eye but steeper velocity slopes than in the abducting
eye. These have been interpreted as a result of the synaptic delay with
alonger trisynaptic pathway and the different firing characteristics of
the additional abducens internuclear neuron for adduction (1, 12, 13).
The central neural pathways connecting the two horizontal
semicircular canals to the recti eye muscles to mediate the horizontal
VOR have been described in detail elsewhere (8).

Vergence system influence

The vergence system could also shape the differences between the
velocity trajectories of the adducting and abducting eyes. Distance to
the visual target is known to modulate the VOR gain, presumably via
the vergence system (3-5). Conjugate gaze shifts between two distant
targets at optical infinity, which require both eyes to rotate around
the same angle, have been assumed to be driven solely by the
conjugate subsystem. However, more recent studies have shown that
such saccades are consistently accompanied by transient intrasaccadic
vergence movements (the eyes initially diverge and then subsequently
converge) resulting from dynamic asymmetries in the right and left
eye movements (14).

Differences in muscle forces

There is evidence in the literature that the maximum active force
of the medial rectus muscle responsible for adduction is approximately
25% greater than that of the lateral rectus muscle, which is responsible
for abduction (15). The adduction force can be supported by a
vergence command and by the tertiary musde actions innervated by
the same third cranial nerve. The abduction (sixth cranial nerve) can
be supported by additive tertiary muscle actions innervated by the
fourth and third cranial nerves.

Our study

Our study showed partially similar results to the scleral search coil
study with higher adduction gains compared to abduction gains of VOR
eye movement responses to head impulse testing, resultingin a monocular
VOR directional gain asymmetry. The binocular vHIT device used
reflected this ADduction pattern in 100% of the recorded regression gains.

Contribution to the field

bVHIT VOR asymmetry

Our data support the need to simultaneously record and
compare vestibulo-oculomotor responses from both eyes during
one impulse to obtain a more accurate vHIT asymmetry measure
by comparing only adduction or only abduction gains of both eyes.
This approach would avoid the preponderance of adduction over

frontiersin.org
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abduction, which is the cause of VOR asymmetry in monocular
vHIT (6, 7). The previous search coil study (6) showed less
variability in abduction gains. Our study showed similar within-
subject and between-subject SD in both abduction and adduction.
Considering that the abducting gains reflect a shorter three-neuron
reflex arc with possibly less neural processing than in the four-
neuron reflex arc of the adducting gains, we recommend the use of
abduction for the assessment of VOR asymmetry (between the two
eyes during abduction).

bvHIT gaze conjugacy

An additional advantage of the bvHIT is the assessment of gaze
conjugacy during head impulse testing as a potential innovation in
oculomotor assessment in otoneurology patients suffering from
balance complaints accompanied by oculomotor disturbance.
Therefore, we established a normative bvHIT dysconjugacy ratio
(vorDR) dataset to describe the eye movement patterns during head
impulse testing. Based on our normative data, the bvHIT dyscomjugacy
ratio should be in the range of 1.03 to 1.23 for regression gain. Thus, a
vorDR of 1 or less could reflect adduction weakness, whereas a vorDR
greater than 1.24 could be present in an abduction deficit.

The bvHIT dysconjugacy ratio can prove useful in supporting
challenging diagnoses of dysconjugate eye movement disorders that may
be accompanied by symptomatic diplopia or blurred vision. Loss of
conjugacy during horizontal eye movements is a common and useful
clinical sign of lateral or medial muscle palsies or weaknesses in different
conditions such as stroke, in diabetic patients, internuclear
ophthalmoplegia due to multiple sclerosis or stroke, Gradenigo syndrome
in petrosal apicitis, intracranial hypertension, one and a half syndrome,
and other ophthalmoplegias due to stroke or myasthenia gravis (16-18).
The vorDR calculation is based on the direction of an impulse, which
allows the assessment of both unidirectional (unilateral muscle palsies) or
bidirectional dysconjugacy (such as bilateral INO).

Artifacts

Mechanical factors, such as the translation of the adducting eyeball
by pulling on the skin or the inertia of the eyeball itself, have been tested

previously and are well addressed in the search coil study (6).

Conclusion

Our study provides normative values for binocular vHIT (bvHIT)
in healthy subjects. The ADducting eye has a higher vHIT gain than
the ABducting eye. This AD-AB preponderance causes a directional
gain bias in monocular vHIT. The binocular bvHIT measurement
eliminates this bias by comparing the VOR gains of the abduction-
only or the adduction-only movements of both eyes.

We also provide a novel bvHIT dysconjugacy ratio that adds a
new advantage to vHIT testing: an assessment of inter- and infra-
nuclear vestibulo-oculomotor central pathways and muscle action
to vHIT. 'The dysconjugacy ratio reflects the action of horizontal
gaze-yoked muscles and associated synaptic arcs. In conclusion, the
main advantages of binocular bvHIT over monocular vHIT are, on
the one hand, a more accurate measurement of vHIT gain
asymmetry by an analysis of ductional VOR gains, and, on the other
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hand, an additional oculomotor assessment by evaluation of gaze
conjugacy during head impulse testing.
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3.4 Vestibular asymmetry in caloric test and video head impulse test: Do we

interpret it correctly?
Ctvrty &lanek (t.€. v oponentském fizeni v Easopise) je teoretickou diskuzi.

Jak bylo zminéno v kapitole 5.1.16, pro pochopeni a vysvétleni symptomu pacienta
je klicova kvantifikace funk¢ni asymetrie mezi parovymi perifernimi vestibularnimi
ustrojimi (PVU). Symptomy v akutni fazi patologickou asymetrii pfimo reflektuiji.
V subakutni a chronické fazi, diky kompenzacnim mechanismim, muze byt i
pritomna signifikantni asymetrie bez vyraznych klinickych projevl (dikazem byla i
pfedchozi komentovana studie o head-shaking nystagmu, kde, ackoliv byl pfitomen
deficit, pacienti v Case kompenzovali a subjektivné i objektivné se dynamicky
funkéné upravovali k normé). Pro pochopeni jakékoliv symptomatologie pacienta
bychom bez znalosti asymetrie a pfiblizné ¢asové osy nebyli schopni urcit, proc
dané stesky pacienta existuji, vjaké fazi onemocnéni se nejspiSe nachazi a

informovat ho o pfipadné prognéze stavu.

Uvod

V Iékaiském vyzkumu i klinické praxi je bézné kvantifikovat funkéni asymetrii mezi
parovymi organy jako jsou PVU. Existuji rizné metody vypoctu asymetrie mezi
parovymi organy, nékteré mohou bohuzZel vést k nejasnostem, neintuitivnim

vysledkim a nelinearité.

Clanek se zamé&tuje na problematiku vypoé&tu asymetrie vestibularniho systému a
navrhuje nové vzorce pro jeho vypocet. Jongkeesova formule, ktera se bézné
pouziva pro vypocet vestibularni asymetrie, je nevhodna, protoze do vypoctu zavadi

nelinearitu a podhodnocuje skutecCny stupen asymetrie.

Prvni z diskutovanych testl, kde se soucasny vypoclet asymetrie odrazi v mylné
interpretaci vysledkl, je kaloricky test. Kaloricky test je testem VOR lateralnich
kanalkl a je testem relativnim. Relativni v daném kontextu znamena, Zze neumime
vypocitat absolutni vysledek zisku VOR pro kazdou testovanou stranu zvlast.
Absolutni vysledek bychom dostali porovnanim stimulu a reakce. Stimulem je
termalné indukovany pohyb endolymfy, ktery neumime zméfit a béhem stimulace

ho nezname. Co u kalorického testu zméfit umime je pouze reakce — uUhlovou
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rychlost pohybu pomalé faze océi a tuto pak porovhavame mezi sebou navzajem
(reakci pfi kalorizaci pravé strany-ucha, sreakci pfi kalorizaci levého ucha)
(fyziologicky podklad testu viz kapitola 5.1.12). Proto je vypocet relativni asymetrie
kliCovy pro interpretaci symptomatologie pacienta. Vysledek kalorického testu se
nazyva canal paresis nebo unilateral weakness (UW) (jednostranna slabost), coz
uz z nazvu imponuje jako slabost (reakce) jedné strany vztazena k sile (reakci)
strany druhé. Autor ale tuto domnénku vyvraci a dale vysvétluje, pro¢ tomu tak u
doposud pouzivaného vypocCtu neni. V soucasnosti (jiz 60 let) se pro vypocet

asymetrie pouziva tzv. Jongkeesova formule (vzorec).

Obecné Ize fici, ze pfi vypocCtu indexu asymetrie mezi dvéma funkcnimi stranami, je
klicova referentni hodnota ve jmenovateli vzorce, ke které se vztahuje rozdil
reaktivity obou stran. Dle pozadavku ohledné interpretace vysledku muze byt
referencni hodnotou slabsi nebo silngjsi testovana strana nebo soucet obou stran.
Zalezi na otazce, kterou si klademe, a zda se na kone¢ném vysledku podilely obé
strany zaroven béhem jednoho testu a vysledky tak musime vztahnout k celkové
reakci, nebo zda dvé strany byly testovany po sobé nasledné, kazda reakce je
vztaZzena k jednotlivému stimulu. V posledné zmifiovaném, musime jako referencni
hodnotu pouzit jen jednu ze stran, jednu z reakci, dle otazky si jen vybereme, zda
vztahujeme ke slabsi nebo silnéjsi strané. BEhem kalorického testu provadime za
sebou 4 stimulace a méfime vzdy odpovéd jen jedné strany, neumime pfi jedné
stimulaci zméfit, jaky byl pfipadné podil druhé strany na vysledné reakci. Obecné
se tedy kaloricky test povazuje za unilateralni. Proto bychom méli pouzit jako
referenCni hodnotu pouze hodnotu reakce jedné ze stran. Vzhledem k nazvu
vysledku UW nas zajima slabsi strana, tedy jako referenéni hodnota by méla byt
pouzita silnéjSi strana, ke které rozdil reaktivity mezi stranami vztahneme. Tomu tak

ale u soucasné pouzivané Jongkeesoveé formuli (JF) neni.

Duvodem, pro¢ JF nereflektuje to, co klinik od vysledku ocekava, je, ze JF, pouziva
jako kli¢ovou referenni hodnotu ve jmenovateli sou€et (sumu) funkce obou PVU.
JF tak podhodnocuje vyslednou asymetrii rozdélenim rozdilu v reaktivité obou
testovanych stran mezi obé testované strany. Vysledkem pak je, Ze udava, o kolik
procent je vysledna hodnota asymetrie slabSi a zaroven silngjSi nez primeérna

hodnota reaktivity obou usi. Napfiklad, pokud jedno PVU reaguje priamérnou
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hodnotou indukovaného kalorického nystagmu 100° aSPV a slab$i strana jen 50°
aSPV, klinik spravné oekava, ze jednostranna slabost (unilateral weaknesss) bude
50 %. Stavajici Jongkeesuv vzorec ale dosazenim obou hodnot do jmenovatele
spocita pramér, od kterého pak udava, Ze slabsi strana je slabsi o 33 % od
prdmérné hodnoty reaktivity obou usi a zaroven v tu samou chvili je silngjSi strana
o 33% silngjSi nez prumérna reaktivita. Z klinického hlediska je tato informace
zavadeéjici a neprakticka, navic, jak ve Clanku matematickymi vypoc¢ty dokazujeme,
podhodnocuje realnou slabost slabsiho ucha, jak je tomu i v tomto pfipadé 50 %
nebo 33 %.

Autofi navrhuji pouzivat pro kaloricky test vzorec SEF (stronger ear formula) s

referenéni hodnotou zaloZenou na funkci silnéjSiho ucha jako referen¢ni hodnoty.

Pro vypocet asymetrie vHIT, u kterého existuje referen¢ni hodnota (méfime pfi ném
rychlost pohybu hlavy), navrhuji autofi pouziti idealniho zisku gain (idealné 100 %
= 1) do jmenovatele vzorce pro asymetrii, a tim se vzorec zjednodusi na rozdil mezi

pravou a levou testovanou stranou.

Autofi dale upozoriiuji na to, Ze nizké hodnoty reaktivity obou stran mohou vést k
nadhodnoceni asymetrie. V takovych pfipadech je dulezité zvazit absolutni

reaktivitu obou stran pfi interpretaci vysledku.

Na zaveér ¢lanek zduraznuje dllezitost vybéru spravné referenéni hodnoty a vhodné
metody vypoltu asymetrie pro dany typ testu a charakteristiky vestibularniho
systému pacienta. Autofi doporucuji pouzivat SEF a pro minulé vysledky pouzit
Wexlerav transformacéni graf pro standardizaci vysledkd kalorickych testu a vzorec

s idealnim ziskem jako referenéni hodnotu pro vHIT.

Clanek:

Vestibular asymmetry in caloric test and video head impulse test: Do we

interpret it correctly?

Maja Striteska1’2*, David Wexler3, Ondrej Tichacek4, Alfarghal Mohamad5,
Martin Chovanecz, Erich Schneider®
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Abstract

The caloric test and the video head impulse test (vHIT) are the cornerstones of
instrumental vestibular diagnostics. To calculate asymmetry, both tests use
Jongkees' formula (JF), which assumes a normal strong ear (SE) and an affected
weak ear (WE) to calculate unilateral weakness as the response differ- ence SE-
WE, with the total response SE+WE as the reference value in the denominator.
The result is unwieldy and may mislead clinicians if interpreted as an indication
of how much the response of the WE is weaker than the contralateral SE as a

percentage.

Using a mathematical analysis, we aimed to clarify what question JF actually
answers and to discuss, for each vestibular test, a reasonable choice between
different asymmetry equations that allow a more illustrative assessment of the
vestibular asymmetry. The JF has three limitations. First, it has a non- linear
characteristic that always underestimates the paresis, reaching a maximum of
18% at the point where the WE response is 41 % of that of the SE. Second, JF
calculates the asymmetry from a "sym- metry point", splitting the difference

between the two sides into two parts, with the average response in the middle.
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Thus, instead of reporting unilateral weakness as clinicians understand it, JF
answers two other questions: "How much is the WE response below the average"
and, at the same time, "How much is the SE response above the average". A
linear paresis calculation was later introduced to over- come these limitations by
using only the SE response as a reference. However, even this approach did not
eliminate the third limitation of JF: The results are artificially inflated and

sensitive to small changes in WE when both ears are affected.

Unlike the caloric test, the VHIT already relies on head velocity as an absolute
reference to calculate gain. Therefore, the SE response is not needed as an
additional reference to calculate vHIT asymmetry. Instead, we suggest using the
ideal gain of 1 in the denominator, which reduces the formula to the side- to-side
gain difference without a denominator. This avoids artificially inflated results in

bilateral defi- cits and is easy for clinicians to calculate.
1 Introduction

Quantifying functional asymmetry between paired organs, such as the vestibular
organs, is a common task in medical research, clinical practice and also sports
science [1]. In 1942, Fitzgerald and Hallpike calculated vestibular asymmetry from
the oculomotor responses to caloric irrigation of the left and right ears — the
caloric test — by the simple difference between nystagmus response durations
expressed in seconds [2]. Because duration differences were highly variable
without standardization, in 1962 Jongkees expressed the left-right difference in
excitability as a percentage of the total excitability of both ears [3], now known
as the caloric asymmetry index. Later, Jongkees proposed the use of peak slow-
phase velocity as the preferred excitability metric over nystagmus duration [4], and
he also coined the term "calorigram" for the "convenient diagrammatic form"
previously introduced by Fitzgerald and Hallpike for visualizing excitabilities and

their differences (Figure 1).
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Figure 1: Nystagmus response durations and their difference
resulting from monothermal caloric irrigation of the left (top) and
right (bottom) ears. The metrics are visualized in a “calo- rigram”
adapted from Fitzgerald and Hallpike [2]. The reaction of the affected
left ear in a hypo- thetical unilateral vestibular disorder is set to 60% of

the stronger right ear.

In addition to the caloric test, Jongkees’ asymmetry index has more recently been
applied also to the instrumental head impulse test [5]. Both tests have been
extensively investigated, e.g., for their validity and test-retest reliability [6, 7], and
have become the cornerstones of vestibular diagnostics. Although the asymmetry
index is also used in vestibular evoked myogenic potentials (VEMP) [8], which
have become part of the vestibular test battery, we will focus our discussion on the
caloric test and the video head impulse test (vHIT) and begin our theoretical paper

with a brief description of these two tests.
2 Caloric Test

The caloric test has been used for about a century to assess the integrity of
the vestibular system; Barany's research at the Vienna Clinic led to his Nobel
Prize in 1914. It is a relatively simple test to perform, stimulating each side of the
peripheral vestibular system separately. It primarily assesses the low frequency
aspects of the two lateral semicircular canals. In the classic version of the test,
each ear is stimulated by warm (W) and cold (C) water (44/30°C) or air (50/24°C)
in four separate trials, allow- ing both the left (L) and the right (R) ears to be tested

with both directions of the expected nystagmus response.
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The primary clinical outcome of the caloric test is the unilateral weakness, which
is also known as canal paresis or reduced vestibular response. This weakness is
determined by comparing the responses of both ears and is expressed as a
percentage of the unilateral weakness in the weaker ear. The four separate trials
of the caloric test yield four nystagmus intensity metrics, which are used as the
input variables to Jonkees’ Formula (JF) to calculate the asymmetry index as

its output [3], which is the measure of unilateral weakness:
(a) JF = ((LC+LW) - (RC+RW)) / (LC+LW+RC+RW) x 100%

In addition, the directional preponderance (DP) reflecting the vestibular tone is
calculated as the dif- ference between the right and left beating nystagmus,

expressed as a percentage of the total excitability:
(b) DP = ((LC+RW) - (RC+LW)) / (LC+LW+RC+RW) x 100%

One limitation of the caloric test is that it does not provide an absolute reference
value — a thermally induced endolymphatic flow velocity — to compare with the
oculomotor response, making it difficult to establish a normal value for vestibular
function. Another limitation is the possible presence of ves- tibular tone
imbalance, reflected in a non-zero DP, which renders measurement of only one
side — without comparison to the other — meaningless. Therefore, the caloric test
is a comparative test that uses the response from both sides to determine the
relative difference between them. This test assumes that one ear is normal or
strong, whereas it is possible that both ears are deficient to varying degrees.
Nevertheless, the test does help to determine if, and to what extent, one side is

less responsive than the other.

3 1.2 Video Head Impulse Test

During impulsive testing in a healthy subject, the eye movement response will
compensate for the head turn and the gaze will rest on the earth-fixed fixation
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target. This response of the vestibulo-ocular reflex (VOR) is typically evaluated
based on its gain. Gain represents the output to input ratio of any dynamic system.
To calculate the VOR gain, eye velocity or position is measured and compared to

head velocity or position, respectively.

VHIT is a modern vestibular test that overcomes some of the limitations of the
caloric test, and provides important complementary information. It primarily
assesses the high-frequency aspects of not only the two lateral semicircular
canals, but also of the four vertical semicircular canals. Unlike the caloric test, the
VHIT provides a meaningful assessment of vestibular function even when
performed on only one side, because it relies on an absolute reference value,
head velocity, to calculate gain as the primary clinical outcome. This makes it
possible to establish well-defined clinical limits [3] and to define an ideal VOR

gain of 1, reflecting concordant eye and head movements.

Although the value of calculating asymmetry in VHIT is questionable, as the
reported gains already characterize vestibular function sufficiently by quantifying
the function of each ear relative to the ideal gain, some studies and manufacturers
have also adopted Jongkees' formula to assess asymmetry in head impulse
testing [5, 7]. In this case, the numerator consists of the difference between the
two gains quantifying vestibular function for leftward (L) and rightward (R) head

impulses, and the denominator is the sum of these metrics:

c) JF=(L-R)/(L+R)x100%

In equations (a) and (c) we have presented Jonkees’ formula in its two variants
for the caloric test and the vHIT, respectively. It has remained unchanged since its
introduction to the vestibular field in 1962. While there is little doubt that the
identification of vestibular asymmetry is important in clinical phys- iology, the exact
definition of left-right asymmetry and its interpretation remain in historical formats
as far as clinical applications are concerned, although shortcomings and
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advances in other fields such as sports science have become known. Here we
look at what these formats actually tell us and then propose an alternative, linear

and intuitive way of expressing asymmetry in vestibular test results.

4 2 Asymmetry Calculation

Calculating an Asymmetry Index (Al) is a common approach to quantifying left-
right asymmetry, but requires a reference value [9] in the denominator to rescale
the result to the interval between -100% and +100%, with the sign indicating the
affected side. Without such standardization, the bare side-to- side difference
proposed by Fitzgerald and Hallpike will remain unadjusted for and dependent
on the scale of the variables being measured, and the limits will be indeterminate.

A general formula for Al is:
(d) Al =(side1- side2) / (reference value) x 100%

In JF, which we introduced in equation (a), the sum (total response) of four
irrigations with warm and cold water of the left and right ear became the
reference value in the denominator. In mathematics, such a reference value is

known as the sum norm [9].

5 2.1 Unilateral and Bilateral Tests

While in the vestibular field the discussion on asymmetry calculation appears to
be settled, as the for- mula has remained unchanged since Jonkees’ time, more
recent research in sports science, for example, has uncovered conceptual
challenges with a panoply of methods available for calculating the reference value
[9, 10]. This value in the denominator should be chosen according to the test and
its characteris- tics, as the choice of an inappropriate method may lead to results
with both non-linear and 'artificially inflated' characteristics [11]. In vestibular
testing, however, it remains unclear which equation should be used to quantify
the asymmetry between the two sides [12, 13] so that clinicians get the result they

expect from the caloric test, and the same applies to vHIT.
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In choosing the appropriate method, it is particularly important to distinguish
between a unilateral test and a bilateral test [12, 13]. In the former case, the
reference value should include information from only one side, whereas in the
latter it should include information from both sides. The denominator has a major
influence on the resulting asymmetry score [10]; the same difference between the
responses of the two sides yields a lower asymmetry score when divided by the
sum of the responses of both sides (bilateral test formula using the sum norm)
than when divided by the response of the stronger side alone (unilateral test
formula using the maximum or infinity norm [9]). This important distinction has not

yet been made in the vestibular field.

The key assumption for using a bilateral formula such as JF is that both sides
interact simultaneously during a task [10]. While such a simultaneous irrigation of
one ear with warm water and the other with cold water is conceivable in a scientific
setting, the caloric test in its conventional Fitzgerald-Hallpike form, which is now
widely used clinically, stimulates only one ear at a time and can therefore be con-
sidered a unilateral test. Nevertheless, the asymmetry between the two sides is
still commonly calcu- lated using JF [3], which takes the sum of both sides as the

bilateral reference value, even though the

use of a unilateral reference value would be more appropriate. VEMPs, another
class of vestibular tests not discussed further, can be considered either unilateral,
where stimuli are air-conducted sounds de- livered separately to each ear, or

bilateral, where bone-conducted sounds stimulate both ears simulta- neously [14].

For the vHIT, the same discussion arises as to whether it is a unilateral or bilateral
test. Although the consequences of Ewald's second law make the vHIT appear to
be unilateral, it is still assumed that the contralateral side contributes to some
extent because when the head is moved, both ears move together and the two

vestibular organs interact as a push-pull pair with a gradual contralateral inhibition
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satura- tion, which is more evident in unilateral vestibular loss [15-19]. This is
especially true for low-velocity ipsilesionally-directed head movements, as a
residual contribution from the healthy contralateral side cannot be excluded [20,
21]. In contrast, “rapid ..., unlike slow, ... head movements” are required to
silence the contralateral input and ultimately “demonstrate ... asymmetry” [22].
In the former, low- velocity case, the test stimulus can be considered bilateral,
whereas in the latter, high-velocity case — a mandatory prerequisite for proper

head impulse testing — it is predominantly unilateral.
6 2.2 The Meaning Behind Jongkees’ Formula

We continue with a theoretical discussion of the question what JF actually
answers. It appears that the answer is not directly related to the question
typically asked by a clinician, who would intuitively expect JF to indicate the
degree of response deficit in the weaker ear relative to the stronger ear. What it
indicates instead can be seen by expanding both the numerator and the
denominator in Equation (e) by the same value of V2, a mathematical operation

that doesn’t change the result of the fraction:
() JF =(SE-WE)/ (SE+WE) x 100% = V2-(SE-WE) / (/2:(SE+WE)) x 100%

The numerator is now half the side-to-side difference and the norm in the
denominator is the average response, which is Y2:(SE+WE). Therefore, JF
calculates the percentage difference between each side and the average
response by relating the difference to the average response. This is illustrated in
Figure

2. More precisely, JF answers the two questions "how far is the weaker ear from
the average (relative to the average)" and, at the same time, "how far is the
stronger ear from the average (relative to the average)", as shown in a more

rigorous mathematical derivation in the Appendix.
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Average response = %-(SE+WE)
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Figure 2: Calorigram of a hypothetical unilateral vestibular
disorder illustrating the JF cal- culation. The nystagmus response
of the affected WE (top) is set to 60% of the SE (bottom), cor-
responding to the clinical threshold asymmetry of 25% when calculated
with JF. The magnitudes representing half the difference between the
responses and the average response, corresponding to the numerator
and denominator of JF, respectively, are color-coded as for JF in
Figure 3 below. Abbreviations: Jongkees’ Formula (JF), Weaker Ear
(WE), Stronger Ear (SE)

When the average response is considered a “symmetry point”, JF calculates how
both sides simultane- ously differ in percent from that point, which in the example
in Figure 2 would be a nystagmus response of 80 °/s. In other words, JF splits the
difference between the two sides into two parts, with the average response in the
middle. However, this "symmetry point" is not to be understood as an

independent physiological operating point.
2.3 Linearity and Non-Linearity

In 1994, Wexler [12] was the first to point out the non-linear nature of JF, which
made the interpretation of its results unwieldy. As a solution, Wexler proposed to
modify JF by replacing the total excitability or sum norm in the denominator with
the maximum norm or excitability of the strong ear only, thus suggesting the use

of a strong ear formula (SEF) as a means to linearize the asymmetry calculation.
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We performed a mathematical analysis to further investigate the non-linearity of
JF.

For proper mathematical analysis, it is convenient to adopt Wexler's
simplifications of JF by reducing the four-variable JF to a two-variable version
using SE and WE for the total responses of the stronger and weaker ears,
respectively, and then expressing the two-variable JF in terms of a
dimensionless quantity, e.g., a "weak ear relative to strong ear": q = WE/SE.
Assuming that the responses of both ears are positive, the range of q is the interval
from O to 1. Then

(e) JF = (SE-WE) / (SE+WE) = (SE-SE-q) / (SE+SE-q) = (1-q) / (1+q) x 100%
and similarly

() linear paresis (SEF) = (SE-WE) / SE = (SE - SE-q) / SE = (1-q) x 100%
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Figure 3: Comparison of asymmetry index calculations by linear
SEF and nonlinear JF for- mulas (top) and their difference
(bottom). When JF is used to estimate the unilateral weakness, its
value is always underestimated, while SEF and unilateral weakness are
identical. The normality threshold of JF = 25 % corresponds to SEF =
40 %. At this point, JF underestimates unilateral weakness by 15 %.
In the bottom plot, the JF - SEF difference acquires negative values
(reflecting JF underestimation), reaching a maximum of -18% at 41.4%
WE/SE. The top plot is adapted from Wexler [9]. All graphs are plotted
as a function of WE/SE in percent. Abbreviations: Jongkees' Formula
(JF), Weaker Ear (WE), Stronger Ear (SE), Strong Ear Formula (SEF),
Asymmetry Index (Al).
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Using Equations (e) and (f), Figure 3 illustrates the nonlinear characteristic of JF
compared to the linear SEF, as well as the difference between the two. JF always
underestimates the paresis; the difference is greatest for g = sqrt(2) — 1 = 0.41, or
in other words, when WE shows 41% of the SE response. At this point, the Al
difference reaches a maximum of -18%. It is also noteworthy that the normality
threshold of JF = 25% corresponds to SEF = 40%. At this point, JF

underestimates the unilateral weakness by 15%.

JF is a bilateral test formula used for a unilateral caloric test. It uses contributions
from both sides for the reference value. Including the WE value, which varies
considerably among patients, in the denom- inator in addition to the SE results in
a non-linear characteristic (see Figure 3) that is not intuitive to the clinician [3].
Our analysis confirms the shortcomings of this approach, which Wexler has
shown already in 1994 [12]. The measure of paresis obtained by applying JF may
be misleading because the true degree of vestibular hypofunction is greater than
the percentage given by JF. Because in the caloric test it is not possible to
determine an absolute reference value, the stronger ear response should be used
as a reference instead, as suggested by Wexler. This approach can more

intuitively be understood as a measure of unilateral weakness, as illustrated in

Figure 4.
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Figure 4: Calorigram of a hypothetical unilateral vestibular

disorder illustrating the SEF calculation. The nystagmus response
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of the affected WE (top) is set to 60% of the SE (bottom). As shown in
Figure 3, this corresponds to the clinical threshold asymmetry of 40%
when calculated with the SEF. The magnitudes representing the SE-
WE difference and the SE response, correspond- ing to the numerator
and denominator of the SEF, respectively, are shown using the same
color coding as for SEF in Figure 3. Abbreviations: Strong Eear
Formula (SEF), Weaker Ear (WE), Stronger Ear (SE)

2.4 Artificially Inflated Results

Despite its linearizing effect, the SEF equation (e) still has two disadvantages. The
sign indicating the side of the loss is not preserved, leading to a distorted normal
range and difficulties in longitudinal analysis. More importantly, low SE values
lead to artificially inflated results [10]. In a bilateral ves- tibulopathy with low SE
responses, both the linear SEF and the nonlinear JF become very sensitive to
small changes in WE and quickly reach inflated results. In such an extreme
case, even a clinically irrelevant side-to-side difference in the range of the intra-
organ variation or the smallest worthwhile change [1] may become artificially
inflated [11, 12].

With the caloric test showing a convection-dependent response, the
interpretation of the metrics in bilateral vestibulopathy is left to the clinician. To
avoid artificially inflated results in these cases, uni- lateral weakness is not
recommended to be calculated any longer when the sum of both nystagmus

responses per ear falls below a safe criterion of 6°/s [23].
3 Improved Asymmetry Calculation in VHIT

One might be tempted to apply the SEF from equation (f) to the vHIT as well
[24], since it would linearize the result and quantify the expected degree of
response deficit in the weaker ear relative to the stronger ear. However, this is
only an important expectation for the caloric test, which lacks an absolute

reference, but not for the vHIT, which uses head velocity as a reference for each
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impulse. To improve the calculation of asymmetry in the vHIT, we suggest using
the ideal VOR gain of 1 as the

reference value in the denominator, rather than either the sum norm or the
maximum norm. This also eliminates having to decide whether the vHIT is bilateral

or unilateral.

In light of these considerations, we can formulate an ldeal Gain Formula (IGF)
for vHIT using ideal unity gain as the reference value. Since the denominator
disappears at a value of 1, the IGF calculation is reduced to just the side-to-side
difference as an intuitive measure of asymmetry that is easy for clinicians to

calculate (Figure 5):

(9) IGF = (L-R) /1 = (L-R) x 100%

Gain difference

(]

!

WE . . . . i . 0.7
0.0 0.2 0.4 0.6 0.8 1!0 1.2

1 ' 1 ' 1 ' 1 ' 1 ' '
= 1.0
vHIT gain

Figure 5: VHIT gains and their difference resulting from head
rotations ipsiversive (top) and contraversive (bottom) to a
hypothetical unilateral vestibular deficit. The gain of the healthy
ear is set to the ideal unity gain and the gain of the affected ear is set
to 0.7, which is the clinical threshold for a vestibular deficit. Equations
(g) and (f) yield the same value of 30% for IGF and SEF, respectively,

but Equation (c) yields an underestimated value of JF=18%.

By varying one of the VOR gains from 1 to 0, the nonlinearity of the sum norm is

avoided and there is no underestimation of the asymmetry. It also avoids
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artificially inflated values because, unlike JF or SEF, there is no denominator to
be influenced by bilateral low gain values entering a sum or maximum norm. For
example, vHIT gains of 0.1 and 0.2 would result in a reasonable IGF of 10%, but
in JF=33% and SEF=50%, both of which are inflated.

However, the clinician must still rule out bilateral hypofunction by ensuring that
the gain is not less than 0.6 on both sides [23]. At the same time, it's important to
note that IGF=0 does not mean that the vestibulo-ocular system is functioning

properly; it only indicates symmetry.
4 Conclusion

Quantifying functional asymmetry between the left and right vestibular organs
relies on calculating an asymmetry index, which requires a reference value. It is
crucial to distinguish between the different calculation methods depending on
whether a test is unilateral, evaluating only one side at a time, or bilateral,
evaluating both sides. In particular, during unilateral stimulation, there is no
measurable sim- ultaneous contribution from the contralateral side. Therefore,
any side-to-side asymmetry should be quantified without including the

contributions from both sides in the reference value.

Since 1962, caloric test reports have adopted Jongkees' bilateral formula to
assess relative unilateral weakness [3], with the result that the calculated
asymmetry can be misleading. First, because it does not directly represent the
loss of vestibular function in the weaker ear compared to the stronger ear, as
clinicians may assume. Due to a non-linear characteristic that always
underestimates the weakness, a change in the vestibulo-ocular reflex function
produces a disproportionate change in unilateral weak- ness. Second, it
calculates the asymmetry not from an independent physiological operating point

or
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reference, but from a floating "symmetry point" that splits the difference between
the two sides into two parts, with the average response in the middle. To overcome
these limitations, Wexler in 1994 [12] introduced a linear paresis calculation using
the maximum norm with only the stronger ear response as the unilateral reference
value in the denominator. However, a third limitation still remains: The results are
artificially inflated and sensitive to small changes in the weaker ear response

when both ears are affected.

Unlike the caloric test, the vHIT relies on an absolute reference to calculate
gain. Therefore, unlike some laboratories and instrument manufacturers who
have also adopted Jonkees’ formula to calculate asymmetry, we propose instead
the future use of the ideal gain formula, which reduces to the side-to- side
difference only. Interestingly, this approach takes us back to the first attempt by
Fitzgerald and Hallpike [2] in 1942 to provide an assessment of unilateral

hypofunction using the simple difference between vestibulo-ocular responses.
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8 Appendix

8.1 Derivation of Jongkees Formula

For a more rigorous mathematical derivation that delves into the question of what
question JF actually answers, let's denote the average A = (SE + WE) / 2 and
express SE = 2A — WE and WE = 2A — SE. Then we can use these substitutions
in JF (using one equation each time):

()  JF = (SE-WE)/ (SE + WE)
= (2A - WE - WE) / (2A - WE + WE)
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= (2A - 2WE) / (2A)
= (A-WE)/A

This formulation of JF answers the question:

"how far is the weaker side from the average (relative to the average)".

()  JF = (SE-WE) / (SE+WE)
= (SE - 2A + SE) / (SE + 2A - SE)
= (2SE - 2A) / (2A)
=(SE-A)/A

This formulation of JF answers the question:

"how far is the stronger side from the average (relative to the average)".
8.2 Average Norm

Hypothetically, JF could also be calculated using the average of the total response

as the norm in the denominator [4, 10, 11]:
(g) JF'=(SE-WE)/ ((SE + WE) /2) x 100 (%)

The calculated result would then reflect the relative distance between WE and
SE standardized to the average value. Compared to the sum norm in equation
(b), this equation doubles the JF percentage result. Using the values from the
previous example, the result would thus be doubled from 33% to 66%, reflecting
the "distance" between SE and WE standardized to their average response value.
In the extreme case of a complete unilateral loss with a WE response of 0, a
clinically meaningless asymmetry of 200% would result. To our knowledge, this

equation is not used in the vestibular literature.
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4 ZAVER

Komentované publikace reflektuji cile disertaéni prace, inovaci v oblasti

multifrekvencéni diagnostiky rovnovazného systému.

1 Navrzeni a provéreni pfinosnosti nové vytvoreného vestibulogramu —

inovativni vizualizace rozdilnych testd vestibulookularniho reflexu (VOR).

EVEST: Vysledky studie ukazaly pfinos vestibulogramu v identifikaci
nemocnych jedincl a potvrdily schopnost EVEST zobrazit deficit
vestibularnich funkci. Pro identifikaci jakéhokoli vestibularniho deficitu byl
VFA s cut-off 6,5 % senzitivnéjSi (91 %) a specifi¢téjSi (98 %) nez
jednotlivé testy (maximalni senzitivita byla 84 % u kalorické a HST,
zatimco specificita 98 % u kalorické, HST a VHIT). EVEST se prokazal
jako pfinosné inovativni grafické znazornéni vysledkd nékolika testu
rovnovazného systému v jednom prehledném grafu. Podobnost grafu
EVEST a audiogramu zjednodusuje ORL Iékafum orientaci a interpretaci

vysledku.

Cil byl splnén publikaci Estimated vestibulogram (EVEST) for effective

vestibular assessment.

2 Provéreni potencialu head-shaking testu reflektovat Casovou osu

kompenzace ztraty vestibularnich funkci.

Head-shaking nystagmus: doplnil znalosti, které mohou pomoci spravné
interpretovat vysledky pozitivity head-shaking nystagmu (HSN), ktery je
soucasti EVEST grafu. Doposud panuje nejednotny nazor na to, co
pozitivita testu znamena. Zda reflektuje periferni deficit, vestibularni
asymetrii, €i nikoliv. Studie prokazala, ze HSN se po jednostranné
periferni vestibularni ztraté, pfi subjektivné uspokojivé kompenzaci,
snizuje s casem. HSN se u pacientll s dobrou kompenzaci snizuje v ¢ase

na uroven kontrolni skupiny. U pacientu se Spatnou kompenzaci HSN
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study.

pretrvava a mlze slouzit jako ukazatel nedostate¢ného zotaveni. HSN
muze byt objektivnim ukazatelem funkéni stabilizace po jednostranné

periferni vestibularni ztraté.

Cil byl splnén publikaci Head-shaking-induced nystagmus reflect dynamic

vestibular compensation: A 2-year follow-up study.

Viytvoreni normativnich dat pro inovativni binokularni variantu video head

impulse testu a zavedeni normy pro dyskonjugované ocni pohyby.

Zalozeni normativnich dat pro binokularni verzi video head impulse testu,
ktery byl doposud testovan pfevazné monokularné. Byly stanoveny
normativni hodnoty pro konjugované pohyby obou oci béhem impulzniho
testu. VHIT je také soucasti EVEST grafu.

Autor pokracuje ve vyvoji funkcionalit bvHIT ve spolupraci se zahrani¢nimi

partnery a provadi testovani v dale probihajicich studiich.

Cil byl spIlnén publikaci Binocular video head impulse test: Normative data

Matematické testovani vhodnosti Jongkeesovy formule pro vypocet

vestibularni asymetrie vestibulookularniho reflexu.

Technicko-teoretickda prace zabyvajici se spravnym vypocCtem a
interpretaci vypoctu vestibularni asymetrie. Matematickymi dukazy byla
prokazana nevhodnost souCasného vypoCtu asymetrie vestibularnich
funkci. Vysledky dvou testd z EVEST grafu jsou doposud kalkulovany
Jongkeesovou rovnici, kterd do vysledkd vnasi nelinearitu a
podhodnocuje redlnou asymetrii, vedouci nasledné k neintuitivnosti
klinické interpretace. Pro oba diskutované testy, kaloricky test i vHIT,
studie navrhla feSeni pouzitim a) referencni hodnoty silnéjSiho ucha
v pfipadé kalorického testu a b) idealni referencni hodnoty 1 v pfipadé
VHIT.
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Cil byl splnén publikaci Vestibular asymmetry in caloric test and video

head impulse test: Do we interpret it correctly?

Publikace autora umoznily splnéni cilu disertacni prace.

Vystupy pro klinickou praxi

Prvnim vystupem pro Kklinickou praxi je graficky souhrn vysledki nékolika
vestibularnich testl v jednoduchém, souhrnném, a pro ORL Iékafe lehce
prehledném, EVEST grafu. ProtoZze testy EVEST grafu spadaji pfedevSim pod
otologickou ¢ast otoneurologie — testuji funkci periferniho vestibularnino ustroji
(PVU) — byla zvolena vizualizace vysledkl na zakladé principl podobnych
audiogramu (vizualizace vySetreni sluchu v otorinolaryngologii pouzivané jiz témér
100 let). Vysledky jsou stézejni i pro neurology pfi diferenciaci mezi perifernim a
centralnim vestibularnim syndromem. EVEST graf usnadhuje identifikaci a
interpretaci riznych onemocnéni PVU, které mohou odliSné postihovat jednotlivé
testované frekvence pohybu hlavou. Sledovani zmén EVEST grafu v ¢ase ma
umoznit urcit dynamiku onemocnéni a identifikovat kompenzaci &i navrat funkce
PVU.

DalS$i studie zabyvajici se interpretaci head-shaking nystagmu (HSN) (vySetfeni i v
ramci EVEST grafu) naSla silnou korelaci mezi intenzitou nystagmu a kompenzaci
deficitu. HSN tak umoznuje ,datovat” vznik deficitu u stavli s nejistou anamnézou,
urcit v jaké fazi deficitu se pacient nachazi, jak uspésny je proces kompenzace. Dle
nasich pilotnich dat je interpretace platna a pfinosna i u pacientu sledovanych nebo
noveé diagnostikovanych s pomalu rostoucim vestibularnim schwannomem, kde
narlst intenzity HSN nebo jeji vys$8i hodnota koreluje s akceleraci rustu nadoru a
muze tak pomoci k rozhodnuti o zméné managementu z protokolu scan-and-wait
na proaktivni pfistup stereochirurgii nebo klasickou chirurgii (t.€. neopublikovana
data autora).

Studie binokularniho VvHIT (jedno z vySetfeni v ramci EVEST grafu) zalozila
normativni data pro inovativni pfistup testovani VOR. Binokularni zaznam odstrani
smérovou bias monokularniho zaznamu. Studie doporucila porovnavat vzdy stejné

dukéni pohyby oc€i. BVHIT ma potencial diagnostikovat dyskonjugované

105



okulomotorické Iéze porovnanim rychlosti obou o€i pfi jejich stejnosmérném pohybu
béhem jednostranného impulzu. BVHIT nabizi potencial rozsifit diagnostické
portfolio VHIT o centralni diferencialni diagnostiku pacientt s poruchou rovnovahy a
centralni okulomotorickou lézi.

Posledni studie ma pro klinické Iékafe vyznam tim, Zze vysvétluje neintuitivni
vysledky kalorického testu a vHIT, u kterych se doposud pocita vestibularni
asymetrie Jongkeesovou formuli, jez do vysledku vnasi nelinearitu a tim

podhodnocuje realny stav asymetrie. Studie nabizi feSeni situace.
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