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Abstrakt

Tato dizertacni prace je souborem celkem 7 publikaci, které se zabyvaji poruchami o¢nich
pohybii u pacientti s extrapyramidovymi poruchami hybnosti.

Pomoci videookulografického vysetieni jsme ziskali normativni data u zdravych osob. Zjistili
jsme, ze se vzristajicim vékem zdravé osoby se prodluzuje latence, o¢ni pohyby se zpomaluji,
zhorsuje se presnost a pohyby se stavaji hypometrickymi, rovnéz vzrista chybovost u antisakad.
Prokazali jsme, Ze pohlavi a vzdélani provadéni oCnich pohybii neovliviiuji. Nase studie také
popsala asymetrii ve vysledcich pro levé a pravé oko, ¢imz klade diiraz na vyznam vysetteni
obou o¢i.

Jako prvni jsme studovali vergenci u pacientli s Parkinsonovou nemoci (PN) za pomoci
videookulografie (VOG). Vymysleli jsme a definovali paradigma pro toto vySetfeni a zjistili,
7e u pacientl s PN je prodlouzend latence a rovnéz dochdzi k rozvoji hypometrie u divergence.
U pacienti s abuzem efedronu (EP) jsme jako prvni vysetfili o¢ni pohyby a zjistili jsme, Ze je
mozné na zaklad¢ okulografického vySetfeni rozliSit mezi timto toxicky navozenym
parkinsonskym syndromem a PN. U EP pacienti jsme popsali niz8i rychlost a hypometrii
u horizontalnich sakéad, prodlouzenou latenci u horizontalnich sakdd a vyssi chybovost
u antisakadického ukolu.

Porucha chovani v REM spanku (RBD) jako prodromadlni stddium PN vede také k poruse
ocnich pohybil. V porovnani s PN pacienty jsme u RBD nalezli podobné trendy jako u PN.
Hlavnim vysledkem prace je vySs$i chybovost u antisakadickych pohybi, coz korelovalo
s neuropsychologickymi vysledky. Je tak ziejmé, Ze do patolofyziologie RBD je vyznamné
zapojen prefrontalni kortex.

Vénovali jsme se rovnéz vyzkumu oc¢nich pohyba u pacientd s WN, kde jsme porovnavali
vysledky z VOG s mirou atrofie mozkového kmene. Prokézali jsme poSkozeni sakad u téchto
pacientli, byla zjSténa také vazba mezi prodlouZenymi latencemi u prosakad a atrofii
mozkového kmene.

U pacientti s PSP jsme na zéklad¢ analyzy ocnich pohybii a spektroskopického zobrazeni
magnetickou rezonanci dosli k zavéru, ze hladina GABA ve frontdlnich lalocich neni u téchto
pacientll sniZzena oproti zdravym kontrolam.

V této dizertacni préaci jsme popsali abnormity v o¢nich pohybech u Sirokého spektra pacientti
s extrapyramidovymi poruchami hybnosti. Rozsifili jsme tak dosavadni poznatky
o patofyziologii téchto onemocnéni a ptispéli k obohaceni metody VOG, kterou jsme potvrdili

jako pfinosnou metodu jak pro vyzkumné, tak pro klinické tcely.
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Abstract

This dissertation is a collection of a total of seven publications that deal with eye movement

disorders in patients with basal ganglia disorders.

We obtained normative data for videooculography in healthy individuals. We have described
the eye movement evolution during a human life such as the increase of latency, movements
become hypometric and antisaccadic error rate increases. We have shown that sex and
education do not affect the eye movements. Our study highlighted the asymmetry in the eye

movement performance.

As the first, we studied the vergence in patients with Parkinson's disease (PN) using
videooculography (VOG). We devised and defined a paradigm for this examination and saw

that in patients with PN there is a prolonged latency and hypometry of divergence.

In patients with ephedrone induced parkinsonism (EP), we were the first to examine eye
movements and found that it was possible to identify between this toxic Parkinson's syndrome
and PN on the basis of a videooculography. In EP patients, we described velocity decsrease and
hypometry in horizontal saccades, prolonged latency in horizontal saccades, and higher error

rate in the antisacadic task.

Behavioral disorder in REM sleep (RBD) as a prodromal stage of PN leads to impaired eye
movement. In the evaluation with PN patients, we found similar trends in RBD as in PN.
The main result of the work is a higher error rate for antisacadic movements which correlated
with neuropsychological tests. It is clear that the prefrontal cortex is significantly involved

in the pathophysiology of RBD.

In this dissertation, we have described abnormalities in eye movements in a wide range
of patients with basal ganglia disorders. We contributed to the knowledge
of the pathophysiology of these diseases and to the enrichment of the method of VOG

which we confirmed as an established method for research and clinical purposes.
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I. Teoreticka c¢ast

1. Uvod

Studie pohybli o¢i je zdrojem uzitecnych informaci nejen pro védecké pracovniky, ale také
pro kliniky. V prubéhu staleti dokdzali neurovédci ucinit z ofnich pohybll vyznamny
vyzkumny nastroj pro vySetfovani mozkovych funkci. Dokazali, ze abnormity v o¢nich

pohybech ptredstavuji cenné diagnostické stopy.

Od poloviny 20.stoleti je vySetfeni o¢nich pohybll jednou z pomocnych vysetiovacich metod
u Sirokého spektra pacientli, od muskuldrni dystrofie pfes neurodegenerativni onemocnéni
az po autismus. (Biittner-Ennever et al., 2008; Hebert et al., 2013; Jones and Klin, 2013;
Robinson, 1963; Rucker, 2011; Strupp et al., 2009) Abnormity v ocnich pohybech byly
zkoumany také u pacientl s genetickymi poruchami a slouzily jako ukazatel efektivity urcité
1écebné metody. (Gottlob and Proudlock, 2014; Patterson et al., 2007; Rucker, 2011) Jako
animalni modely k vyzkumu o¢nich pohybti bylo vyuzito Siroké spektrum zivocicht, od ryb
po primaty (Macacus Rhesus), na kterych se zkoumala spojitost mezi ocnimi pohyby
a biofyzikalnimi vlastnostmi iontovych kanald a neurotransmitert. (Hikosaka and Isoda, 2010;
Huber-Reggi et al., 2014; Joshua and Lisberger, 2015; Miri et al., 2011; Straka and Baker, 2013)
Srovnatelny vyznam ma vyzkum ocnich pohybli v oblasti psychologie a psychiatrie. Je
prokéazano, Ze se jejich vySetfenim d& hodnotit kognice, Groven rozhodovani ¢i psychotické

poruchy mysleni. (Adam et al., 2013; Hikosaka and Isoda, 2010; Nachev et al., 2005)

Zobrazeni funkEni magnetickou rezonanci prokazalo zapojeni téméf celého mozku
pfi vykonavani jednotlivych o€nich pohybii. Toto zjiSténi neni piekvapujici, pokud si
uvédomime, Ze vizualni podnéty jsou pro nas zivot klicové. Vcasna reakce na vizudlni podnét
Casto rozhoduje o preziti, v dneSni dob& zejména ve zvifeci fiSi. U lidi ma nezastupitelny
vyznam pii kaZdodennich Cinnostech, pfi orientaci v prostoru nebo pfi rychlém rozhodovani
(napf. pfi jizd¢ autem). Na rychlych a adekvatnich reakcich na vizuélni stimuly v nasem okoli

jsme zavisli.

Vyjimecny piinos studia ocnich pohybli prameni z vyhod, které usnadnuji jejich interpretaci

ve srovnani s jinymi typy pohybu. Prvni vyhodou je, Ze pohyb oci je omezen pouze na rotace
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bulbi, tim se vyznamné zvysuje pfesnost méteni, coz je predpoklad pro kvantitativni analyzu.
Druhou vyhodou je relativné jednoduchy vztah mezi pohyby bulbli a zapojenim jednotlivych
hlavovych nervi. Za tfeti, mnoho abnormalit o¢nich pohybi ¢asto poukazuje na konkrétni
patofyziologii, anatomickou lokalizaci nebo efekt urcitého farmaka. (Leigh and Zee, 2015a)
V neposledni fadé je vySetfeni oCnich pohybli snadno dostupné, lehce proveditelné pro

klinickou praxi i systematické vySetieni pacienta.

V posledni dob¢ byly za rychlé rozsifeni vySetfovani o¢nich pohybli v neurologické praxi
zodpovédné zejména dva faktory. Bylo zjisténo, ze analyza ocCnich pohybl piispiva
k diagnostice  nékterych  neurodegenerativnich  (napt. PN), hereditarnich  (napf.
spinocerebellarni ataxie) ¢i metabolickych poruch (napf. Niemann-Pickova choroba). (Bonnet
et al, 2013) Vzhledem k technologickému pokroku je na trhu bohaty vybér

videookulografickych pfistroji vhodnych k rychlému neinvazivnimu vySetfeni.
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2. Vyvoj a zakladni rozdéleni o¢nich pohybii

2.1. Evoluce

V pribehu evoluce se ocni pohyby zacaly rozvijet u zivocCichi spolu s lokomoci. Kdyby tomu
tak nebylo, dochazelo by zejména pii pohybu hlavy k pteskakovani obrazu podle toho, jak by
pfi daném pohybu hlavy doslo ke zméné¢ dopadu svétla na sitnici. M¢lo by to za nasledek
diplopii, tedy vyrazné oslabeni na$i schopnosti rozpoznat a lokalizovat jednotlivé objekty

pii pohybu v jakémkoli prostiedi. (Crawford, 1964; Leigh and Zee, 2015a).

Obraz je stabilizovan na sitnici (reting) pti pohybu hlavy diky reflexiim stabilizujicim pohled
(gaze-stabilizing reflexes). V prvni fad¢ se jednd vestibulo-okularni reflex, ktery zavisi
na spravné funkci vestibularniho systému a jeho mechanoreceptort ve smyslu akcelerace. Dale
to jsou optokineticky reflex a sledovaci pohyby, které zavisi na schopnosti mozku stanovit

rychlost pohybu obrazu na retin€. (Leigh and Zee, 2015a)

Evolu¢né pozdéji se vyvinula druhd funkéni skupina ocnich pohybl - pohled ménici ocni
pohyby (gaze-shifting eye movements). Jejich vyznam souvisi s pozadavkem dostat objekt
z4jmu nachdazejici se na periferii zorného pole do pozice, aby byl vidén optimalné — v misté
s nejostiejSim vidénim (fovea centralis). Tento typ pohybi neni vytvofen u zivo€icht, ktefi
nemaji FC (napf. kralik) — zde zlstavd dominantni vestibularni a optokinetickd stabilizace.
U Zzivocichi, kde FC je vyvinuta, fixace obrazu ve FC poskytuje nejlepsi zrakovou ostrost. Také
pfi binokularité byl rozvoj nekonjugovanych ¢i vergenénich pohybil nezbytny k fixaci obrazu

ve FC obou o¢i soucasné.

2.2. Prehled zakladnich typi o¢nich pohybu

2.2.1. Vestibulo-okularni reflex

Vestibulo-okularni reflex slouzi ke stabilizaci obrazu pii pohybech hlavy. Tento reflex je
nezavisly na dalSich o¢nich pohybech. Nejvétsi vyznam ma pii lokomoci. Vestibulo-okularni
reflex (VOR) generuje ocni pohyby, které kompenzuji rotaci hlavy s latenci mensi nez 15 ms.
(Maas et al., 1989; Ramat and Zee, 2005) Mechanoreceptory labyrintu deteku;ji akceleraci dive,
nez by ji zaznamenal vestibularni systém z pohybu obrazu na retin€ (70ms). (Gellman et al.,

1990) Pii chiizi dochazi pii kazdém kroku k otfesu hlavy ve frekvencich od 0.5
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do 5.0Hz.(Huber-Reggi et al., 2014; Ito, 1976) Pouze VOR svou rychlosti mtze tyto odchylky
kompenzovat. U pacientl se ztratou funkce labyrintového systému dochazi k oscillopii (iluze,
ze okolni prostiedi se pohybuje béhem chiize). Pohyby hlavy generuji nejen rotace ale i linedrni
pohyby, labyrintovy systém je schopen reagovat na oba (rota¢ni VOR a linearni VOR). (Liao
et al., 2009) U rota¢niho VOR hraji hlavni roli semicirkularni kanalky, které jsou orientovany
ve tfech rovindch a jsou schopny detekovat vSechny rotace provadéné pohybem hlavy.
Pti poruse tohoto systému kanalkli dochdzi k nystagmu. U linedrniho VOR hraji zasadni roli
otolitické organy utriculus a saculus, (Leigh and Zee, 2015a) které¢ detekuji linearni akceleraci.
Ukolem tohoto systému je minimalizovat relativni pohyby mezi obrazem blizkého predmétu
na retin¢ a vzdalenym staciondrnim prostfedim (pohybova paralaxa).

VOR je také vysetfovan u pacientt k potvrzeni smrti mozkového kmene. Kaloricky test spoc¢iva
v aplikaci 250 ml studené vody (30°C) a teplé vody (44°C) do zvukovodu ve 20-30
s intervalech. Pacient je pii tomto vySetfeni v poloze na zédech selevaci trupu 30°
k horizontalni roviné. U zdravého pacienta dojde k deviaci bulbi k ipsilaterdlnimu zvukovodu
pti aplikaci studené vody (pfi pouziti teplé vody tomu je naopak). K pohybu nedojde u pacient

s mozkovou smrti. (Shepard and Jacobson, 2016)

2.2.2. Optokineticky reflex

Optokineticky systém se uplatiiuje v situacich, kdy jsou rotace hlavy provadéné pomalou
konstantni rychlosti a nejsou tak dobfe detekovatelné semicirkularnimi kanalky. (Leigh and
Zee, 2015a) Spolu s VOR tak vytvati jednotny systém uplatiiujici se pii sledovani objekti
pii vlastnim pohybu 1 pfi sledovani pohybujiciho se objektu. I kdyZ oba systémy v zésad¢
pracuji samostatné, jejich propojeni bylo u primath prokézano.(Miles, 1998) Ve vestibularnich
jé&drech existuje skupina neurontl, které reaguji jak na vizualni (optokineticky), tak vestibularni
(VOR) stimuly — neuralni symbidza. (Robinson, 1977) Optokineticky systém se vyviji v détstvi
a zustava po celou dobu dospélosti.

Optokineticky reflex se skladd zpomalé slozky (vestibularni) ve sméru pohybu daného
pfedmétu a zrychlé slozky (centralni), kterd provadi korekci a navraci pozici bulbl
do zékladniho postaveni. Tento reflex se obdobné jako VOR déli na horizontalni a vertikalni.

(Liversedge et al., 2013)
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2.2.3. Sakady

Sakady jsou rychlé konjugované pohyby obou o¢i z jedné ¢asti zorného pole na jinou.(Binder
et al., 2009; Leigh and Zee, 2015a) Sakady jsou uplatiiovany pti pohledu na predmét zajmu,
tedy fixaci objektu zajmu do FC. Sakady jsou vyvinuty pouze u savct s FC. (Land, 1999)
Tyto pohyby mohou provadény pfti absenci pohybu hlavy. Existuji dva zakladni typy sakad,
reflexni a volni (detailni rozdéleni viz kapitola 3). Reflexni sakddy jsou soucasti
optokinetického reflexu ¢i nystagmu (rychla slozka), kde maji funkci resetovani pohybu. (Leigh
and Zee, 2015a) Vyskytuji se také v REM fazi spanku. (Purves, 2019) Jsou to velmi rychlé
pohyby, které dosahuji rychlosti az 700°/s. (Binder et al., 2009) Neuronalni kontrolu zajistuje
paramedialni pontinni retikularni formace (PPRF), mozkovy kmen a mezencefalon. (Leigh and
Zee, 2015a)

Volni sakady umoziuji cilené pfesmérovani mista nejostiejsiho vidéni na predmét zajmu, ktery
se nachazi vzorném poli. U zdravého jedince je moZné tento pohyb provadét jak
v horizontalnim, tak ve vertikdlnim ¢i Sikmém sméru. Do fizeni téchto pohybi je zapojena
mozkova kiira, colliculus superior (CS), bazalni ganglia (BG), thalamus a mozecek. Dale jsou
do fizeni volnich sakad zapojeny neurony mozkového kmene v PPRF stejné jako u reflexnich
sakadd. (Purves, 2019) Tyto o¢ni pohyby jsou nejvice studované pohyby v neurovédach.
(Biittner-Ennever et al., 2008; Leigh and Kennard, 2004; Rucker, 2011)

2.2.4. Sledovaci pohyby

Sledovaci pohyby umoziiuji volni sledovani pohybujiciho se predmétu zajmu, kdy je objekt
po celou dobu fixovan v misté nejostiejSiho vidéni (FC). Proto je tento pohyb moZzny pouze
usavcl s vyvinutou FC. (Leigh and Zee, 2015a; Liversedge et al., 2013) Tento systém
umoziuje pohyby o¢i odpovidajici pohybu pfedmétu. Vizualni systém mozku ma zpozdéni 80-
120 ms, coz je pro sledovaci pohyby prekdzkou. Existuji tak prediktivni sledovaci pohyby, kdy
dochazi k pokracovani sledovaciho pohybu, kdyZ objekt na ¢asovy zlomek neni vidét. Tento
prediktivni pohyb je fizen frontalni klirou a senzorickymi oblastmi mozkové kiiry. (Leigh and
Zee, 2015b) Provadéni sledovacich pohybtli (zejména piesnost) se v pribéhu zZivota zhorsuje,
byvaji rovnéz postizeny pii rtiznych onemocnénich mozecku, pfi neurodegenerativnich
onemocnénich ¢i pfi ablzu riznych farmak. (Leigh and Zee, 2015a) Bylo prokéazéno,
ze organizace sledovacich pohybti je podobna jako u sakad ¢i vergence. (Krauzlis, 2004; Takagi

etal., 1998)
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2.2.5. Vergence

Vergence je nekonjugovany o¢ni pohyb obou bulbli opaénym smérem slouzici k ziskani
¢iudrzeni objektu v misté nejostiejSiho vidéni. Tento pohyb je tak mozny pouze u savcl
s vyvinutou FC.(Leigh and Zee, 2015b) Vergence je nezbytna pii pohledu na objekt z divodu
asymetrie umisténi FC v obou oc¢ich — fusiondlni vergence. Vergence je také provadéna
pii akomodaci C¢ocky — akomodativni vergence. (Leigh and Zee, 2015¢) Zpravidla jsou
vergen¢ni o¢ni pohyby pomalé, pii provadéni vergence synchronizovdno se sakddami jejich

rychlost je vyznamné vyssi.

Vergence se sklada ze dvou zakladnich pohybti: konvergence a divergence. U kazdého z téchto
pohybli dochazi k jinému zapojeni okohybnych nervii a svali. U konvergence dochazi
k nekonjugovanému pohybu bulbli nazalné u divergence temporaln¢. (Cassin et al., 1990; Leigh
and Zee, 2015a) Poruchy vergence jsou patrny u postizeni okohybnych nervii nebo

pfi ischmémii v mozkovém kmeni. (Rambold et al., 2005)
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3. Sakady

Sakady jsou definovany jako simultanni pohyb obou o¢i mezi dvéma nebo vice fazemi fixace
ve stejném sméru. (Cassin et al.,, 1990) Jedna se o termin zavedeny Emilem Javalem
a Edmundem Landoltem, ktery je francouzského ptvodu a jehoz ptivodni vyznam je trhani
hlavou koné otézemi ¢i pohyb plachty lod¢ ve vétru. (Wade and Tatler, 2005)

Funkce sakad se objevuje az u zivocicht s vyvinutou FC, coz je misto nejostiejsiho vidéni.
(Leigh and Zee, 2015a) U zivocicht bez FC (napi. kralik) jsou sakady provadény spolu
s pohyby hlavy. Sakady (zejména volni) se etablovali jako o¢ni pohyby, které jsou nejcastéji
zkoumany neurovédci a to zejména kvuali jejich pomérné snadné meéfitelnosti

a interpretovatelnosti.

3.1. Klasifikace sakad

Sakady jsou skupinou ocnich pohybil, které mohou byt volni, mimovolni, mohou byt
izolovanym pohybem ¢i soucasti jinych o¢nich pohybt. Jedna se tak o Sirokou skupinu o¢nich
pohybt, které spliuji zakladni definici sakady uvedenou vyse. Sakady rozdélujeme celkem

do Sesti skupin. (Leigh and Zee, 2015a) (viz tabulka 1)

Tabulka 1: Klasifikace sakdd (zdroj: R.J. Leigh, D.S. Zee, The neurology of eye movements, 5th edition, Oxford University
Press, Oxford ; New York, 2015)

SKUPINA PODSKUPINA DEFINICE
Volni sakady Elektivni pohyby jako soucast cilevédomého chovani
Prediktivni sakady Sakady generované v o¢ekavani ¢i hledani objektu ¢i
mista
Pamétové sakady Sakady orientované do mista, kde se cil vyskytoval
diive
Antisakady Sakady provadéné v opatném sméru, nez je cilovy
objekt

Sakady ,,on demand“  Sakady provadéné na zéklad€ povelu/ptikazu

Reflexni sakady Sakady generované pii necekaném objeveni se nového

stimulu v prostredi

Expresni sakady Sakady s velmi kratkou latenci po objeveni se stimulu

kratce poté, co zmizel fixacni stimulus.
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Spontanni sakady Sakady vyskytujici se, kdyz subjekt neni zadan provadét
néjaky ukol.

Skenovaci sakady Po sobé jdouci sakady slouzici k vyhledavani cile

v prostfedi mnoha cilt.

Rychla faze Soucast rychlé faze nystagmu u VOR ¢i optokinetické

stimulaci

3.2. Charakteristika sakady
Vysetfovani sakad se v dnesni dob¢ stalo nedilnou soucasti neurologického vysetieni a jejich
vyzkum se z oblasti neurovéd rozsifil dale do pychologie, klinické neurologie a psychiatrie.

Mezi veli¢iny charakterizujici sakadu patii: rychlost, latence, pfesnost a u antisakad chybovost.

(Leigh and Zee, 2015a)

3.2.1. Rychlost sakady

Sakady se vyznacuji konzistentnimi vztahy mezi jeji velikosti, rychlosti a trvanim. Cim v&tsi je
sakada, tim vétsi je maximalni rychlost a ma delsi trvani. Trvani sakady zpravidla nepiesahuje
100 ms, coz je doba nutnd k pfenosu nové informace ze zrakového systému do nového
motorického piikazu. (Leigh and Zee, 2015a) Rychlost sakady neni pod volni kontrolou,
nicméné jejich rychlost miize byt ovlivnéna riznymi faktory (pomaléjsi ve tmé, pti zavienych
vickach atd.). (Bollen et al., 1993; Shaikh et al., 2010) rychlost sakady také ovliviiuje z4jem
subjektu o dany objekt (napf. jsou rychlejsi pii pohledu na tvéfe nez na nic netikajici cile). (L.
L. Chen et al., 2014; Shadmehr et al., 2010) Rychlost se vyznacuje také pomérné vyraznymi
interindividualnimi rozdily, coz byva ddvano do souvislosti s osobnosti subjektu, cirkadialni
fazi ¢i unavou. (Bollen et al., 1993; Cazzoli et al., 2014; N. T. M. Chen et al., 2014; Choi et al.,
2014) Sakady jsou rychlejsi pii pohybu do centrdlniho postaveni bulbii neZ na periferii.
Rychlost sakad je také ovlivnéna vékem. (Collewijn et al., 1988)

3.2.2. Latence (Saccadic reaction time — SRT)

Jednd se o interval mezi objevenim se cile a za¢itkem o¢niho pohybu. Jedna se o velmi
vyznamnou charakteristiku odrazejici velké mnozZstvi kortikalnich kognitivnich funkci, jako
jsou pozornost, salience (zaujatost) a zajimavosti stimulu pro dany subjekt. (Ameqrane et al.,
2014; Leigh and Zee, 2015a; Liversedge et al., 2013; Noorani and Carpenter, 2013) Toto vSe

ma pak ve vysledku vliv na to, zda k sakddé dojde ¢i nikoli. Naléhavost k rozhodnuti provést
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sakadu je ddna mnoha faktory, jako je typ stimulu (napf. kontrast, zare, barva), dynamika cile

vvvvvv

zkusenost).(Marino et al., 2012)

3.2.3. Presnost a chybovost

Ptesnost sakady (gain) vyjadiuje schopnost provést sakadu tak, ze cile je dosazeno piesné
pomoci jedné sakady. (Leigh and Zee, 2015a) Neptesnost muze byt dvojiho typu: hypometrie
— stav, kdy sakéada kon¢i diive, nez je dosazeno cile a je tak nutny dalsi pohyb; hypermetrie —
stav, kdy ma sakdda delsi trajektorii, nez je vyzadovano. Tyto dvé odchylky spadaji
pod tzv. pulzni dysmetrie. U zdravych jedinct byva pfitomna hypometrie , jejiZ odchylka byva
mala (10%). (Becker and Fuchs, 1969; Bonnet et al., 2013; Gerardin et al., 2011) V téchto
ptipadech se generuje korektivni sakada s latenci 100-130ms. (Leigh and Zee, 2015d) Dalsi
odchylkou piesnosti byva tzv. postsakadicky drift, ktery zna¢i dodatecny pohyb bulbu
po dosazeni cile. (Leigh and Zee, 2015a)

Chybovost je veli¢inou, kterd se méfi u antisakad. (Bonnet et al., 2013; Leigh and Zee, 2015a)
Jedna se o stav, kdy se subjekt pii ukolu nepodiva na opacnou stranu, nez se objevi stimulus,
ale provede pohyb o¢i smérem ke stimulu = chyba. (Currie et al., 1991) I u zdravych jedinci
se vyskytuje chybovost, ktera byva do 25% ptipadi. (Bonnet et al., 2013; Olk and Jin, 2011;
Peltsch et al., 2011)

3.3. Neurofyziologie sakady

Po dopadu svétla na sitnici dochdzi ke vzniku nervového vzruchu, ktery je ze sitnice veden
zrakovym nervem do corpus genuculatum laterale a nasledné¢ do primérni zrakové kury
v okcipitalnim laloku mozku. Zrakovy kortex méa pfimé excitacni spojeni s CS, ktery rovnéz
pfijima informace piimo ze sitnice. V CS dochazi také k pfijimani informaci z mozkové kiiry

generujici sakady. (Becker, 1989; Blumenfeld, 2018; Leigh and Zee, 2015d)

Cela tfada oblasti mozkové kiry mé vliv na generovani sakad. Na zakladé¢ vyzkumu
na primatech i pomoci funkénich zobrazovacich metod a transkranidlni magnetické rezonance
(TMS) bylo zjisténo, Ze Ustfedni roli hraje frontdlni a parietdlni lalok. (Morris et al., 2007;
Ostendorf et al., 2012) Provadéni volnich sakad vice zavisi na frontalnim laloku, zatimto

reflexni sakady jsou spiSe pod kontrolou parietdlniho. Toto rozdé€leni v§ak neni absolutni a bylo
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zjisténo pomoci funk¢ni magnetické rezonance, ze oba tyto laloky jsou anatomicky 1 funkéné
siln€ propojeny. (Bender et al., 2013; Hu and Walker, 2011; Jamadar et al., 2013) Nejdualezitéjsi
strukturou mozkové kmene je vyse zminény CS, coz je prvni struktura ptepojujici kortikalni
impulz na sakddu generujici okruhy v mozkovém kmeni. Aferentni spoje z CS jdou také
do cerebella (pfes nucleus reticularis tegmenti pontis), ktery ma hlavni tlohu v piesnosti sakady
(gain). Existuji také pfimé spoje z kortikdlnich oblasti do centra pulzniho generatoru sakad,
jako jsou PPRF, rostralni intersticidlni jadro fasciculus longitudinalis medialis (riMLF)
a do OPN. Zésadni funk¢ni vyznam v generovani sakad ma vSak draha z CS do burst neuronti
(BN) a do omnipause neuronti (OPN) mozkového kmene. Odtud je pfenesen signal na jadra
hlavovych nervii (NIII a NVI), které vyzadovany pohyb oc¢i provedou. (Blumenfeld, 2018;
Leigh and Zee, 2015d)
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Obrazek 1: Zapojeni jednotlivych struktur CNS do generovani sakady. GPe globus pallidus externus;, GPi globus pallidus
internus;, NRTP nucleus reticularis tegmenti pontis;, PPN nucleus pedunculopontinus; PPRF paramedidalni pontinni retikularni
Sformace; riMLF rostralni intersticialni jadro fasciculus medialis longitudinalis; SNc substantia nigra pars compacta; SNpr
substantia nigra pars reticulata; STN ncl. subthalamicus; cervena — inhibice; zelena - excitace (Zdroj: Using saccades as a

research tool in the clinical neurosciences. Leigh RJ, Kennard C.;Brain. 2004 Mar,; 127(Pt 3):460-77. Epub 2003 Nov 7)
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3.3.1. Mozkova kiira

Ve frontalnim laloku se vyskytuji celkem 4 okohybna pole. Jako prvni oblast bylo na zakladé
elektrostimulace objeveno frontdlni okohybné pole (FEF), které¢ je lokalizovano
v precentralnim gyru a zasahuje az do stfedniho frontdlniho gyru. Jedna se o oblast, ktera je
zéasadni oblasti v generovani volnich sakad. DalSimi poli jsou suplementarni okohybné pole
(SEF), nachazejici se v posteriorni casti gyrus frontalis superior. Déle pak dorzolateralni
prefrontalni kortex (DLPF) lokalizovany v oblasti Brodmanovy arey 46 a kortex anteriorniho

cingula (ACC). (Blumenfeld, 2018; Leigh and Zee, 2015d)

3.3.2. Bazalni ganglia

Ackoli frontdlni a parietalni zrakovéa pole projikuji pfimo do CS, existuje i drdha ptes BG.
(Blumenfeld, 2018) BG hraji dileZitou roli pfi vybéru, zda ma byt pro dany podnét sakéda
provedena. Usnadiiuji iniciaci zejména volnich sakad v kontextu nauc¢eného chovani, predikce,
paméti a odmény. (Hikosaka and Isoda, 2010) Vystupem je drdha ze substantia nigra pars

reticulata do CS. (Blumenfeld, 2018; Leigh and Kennard, 2004; Leigh and Zee, 2015a)

3.3.3. Colliculus superior

CS hraje zasadni roli v iniciaci sakady a generovani premotorického sakddového pozadavku.
(Leigh and Zee, 2015d) Po obdrzeni impuluzu z vysSich center CNS (mozkova kira a BG),
které urcuji kdy a kde ma byt sakada provedena, CS na jejich zdklad¢ selektuje jednotlivé
sakady a prenasi signal na OPN a BN v mozkovém kmeni. (Biittner-Ennever et al., 1999;

Gandhi and Keller, 1999) Stejny signal je vyslan z CS do cerebella. (Leigh and Zee, 2015d)

3.3.4. Mozkovy kmen

Klinické studie prokéazaly, Ze pro horizontdlni sakady je stézejni kaudalni cast mozkového
kmene (pontomedularni oblast) a pro vertikalni sakady rostralni mezencefalon. (Blumenfeld,
2018) . Pro generovani sakad existuji v mozkovém kmeni dva typy neuroni. BN a OPN.
(Evinger et al., 1982; Kaneko, 1996; Nakao et al., 1980; Robinson, 1975; Strassman et al., 1987)
Pro horizontélni sakady se BN nachdzi v PPRF, pro vertikélni pak v riMLF. (Biittner-Ennever
and Biittner, 1988; Cullen and Horn, 2011; Horn, 2006) OPN se nachézi v nucleus raphe
interpositus (RIP) ve stfedni ¢afe kmene.

BN jsou excitaéni a inhibi¢ni. Aktivita pontomedularnich excitatnich BN zac¢ind 12 ms

pted zah4jenim sakady a projikuji pfimo do ipsilateralniho jadra VI. hlavového nervu. (Henn et
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al., 1989; Van Gisbergen et al., 1981) Odtud je rovnéz impulz pfendSen cestou fasciculus
longitudinali medialis (MLF) do kontralateralniho jadra III. hlavového nervu. (Blumenfeld,
2018; Leigh and Zee, 2015d) Inhibi¢ni BN lokalizované kaudaln¢ od jadra CNVI inhibuji
kontralateralni CNVI a interneurony pii provadéni ipsilateralni sakady. (Henn et al., 1989;
Strassman et al., 1987) Excita¢ni BN pro vertikalni pohyby v riMLF u pohledu vzhtiru projiku;ji
do obou jader CNIII, zatimco u pohledu dol pouze do ipsilateralniho jadra. (Moschovakis et
al., 1991a, 1991b)

OPN maji inhibicni funkci. (Horn et al., 1994; Kanda et al., 2007) Tyto neurony dostavaji
impulzy z mnoha oblasti (FEF, SEF, SC) a projikuji zejména kontralateralné¢ do excitacnich
a inhibi¢nich BN, do riMLF, MLF. (Nakao et al., 1988; Ohgaki et al., 1989; Strassman et al.,
1987)
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Obrazek 2: Zapojeni mozkového kmene do generovani sakady. CN Il nervus oculomotorius; CN VI nervus abducens; INC
nucleus interstitialis Cajali; MVN nucleus vestibularis medialis;, NPH nucleus prepositus hypoglossi; PPRF paramedialni
pontinni retikularni formace; riMLF rostralni intersticialni jadro fasciculus longitudinalis medialis; RIP nucleus raphe

interpositus, Cervend Sipka — inhibice; zelena Sipka — excitace; Zluta linie — hlavovy nerv

3.3.5. Mozecek
Mozecek (cerebellum) ziskdvd hojné projekce z kortikdlnich oblasti cestou CS i pfimo
z pontinnich jader a rovnéz zpét do téchto struktur projikuje, ¢imz uzavird neurondlni okruh.

(Doron et al., 2010; Voogd et al., 2012) Kli¢ovou roli v této aktivité hraje dorzalni vermis
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a kaudalni ncl. fastigii. (Kojima et al., 2010; Noda et al., 1990; Ohtsuka and Noda, 1995) Jsou
zde zapojeny také cerebellarni hemisféry, ncl. interpositus, dorzalni paraflocculus a kaudalni
porce ncl. dentatus. (Alahyane et al., 2008; Ashmore and Sommer, 2013; Jamadar et al., 2013;
Robinson, 2000) Hlavni funkci cerebella pfi porvadéni sakad je kontrola pfesnosti — tedy
vyhodnoceni, zda pohyb skoncil v pozadovaném cili. Toho je docileno nino jiné propojenim
s neurony paramedialniho traktu (PMT) v mozkovém kmeni, kde jsou kodovany veskeré o¢ni

motorické signdly. (Biittner-Ennever et al., 1989; Biittner-Ennever and Horn, 1996)
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4. VySetiovani o¢nich pohybi od pocéatkii do soucasnosti

Ackoli se analyza o¢nich pohybl dostava do vétsiho zajmu neurovédct az v poslednich dvou
dekadéch, nejedna se o novou disciplinu. Jeji historie sahd ptes dva tisice let nazpét. Zprvu
se ucenci zabyvali zejména patologiemi (katarakta, strabismus). V prab¢hu staleti se do popiedi
dostal vyzkum anatomie oka a okohybnych svali, rozdéleni ocnich pohybt do jednotlivych
skupin a s rozvojem technologii pak také vzrostl zdjem o fyziologii a patofyziologii ocnich

pohybti a jejich vyznam v diagnostice fady neurologickych onemocnéni.

Prvni zminky o vySetfovani oc€nich pohybl pochazi z Ebersova papyru (1555pi.n.l.),
tedy z obdobi starobylé Mezopotamie a Egypta. (Hirschberg, 1987) Tamni ucenci provadeli
prvni operace oci, a to zejména z ditvodu katarakty a zabyvali se také zakladnimi poruchami
o¢nich pohybt (napf. strabismus). Znalosti anatomie byly jiz v této dob& na pomérn¢ vysoké
Girovni. Z téchto poznatkii pak také Cerpali staii Rekové, nicméné se dochovalo jen malo
originalnich spist. (Wade, 2010) Aristoteles (384-322pt.n.l.) pfed vice nez dvéma tisici lety
rozdelil o¢ni pohyby na konjugované a nekonjugované a popsal zaklady percepce, strabismu
a diplopie. (Wade, 2000)

Zasadni poznatky v anatomii oka a okohybnych svall pfinesl az Claudius Galen (130-210n.1.).
Jako prvni detailn€ popsal anatomii oka a Sesti okohybnych svall. Disekce byly provadény
na opicich Makak rhesus. Galén se nevénoval jen anatomii, ale mél znalosti také fyziologické,
mj. popsal tfi osy, kolem kterych dochazi k otaceni ocnich bulbii. Jeho poznatky pak souzily
jako dogma v mediciné po vice nez tisic let. (Nutton, 2013) Galénovo dilo bylo ptfelozeno
Hunian Ibn Is-Hakem z fectiny do arabstiny (807-877), a tim doSlo k vyznamnému rozsifeni

znalosti o o&nich pohybech za hranice starovékého Recka. (O’Leary, 2002)

Prvni detailni anatomické kresby zachycujici anatomii oka a intraokuldrni a extraokuldrni svaly
byly vytvoteny Christophem Scheinerem az v prvni poloviné 17.stoleti. V tomto obdobi vzrista
z4jem neuroveédcl o popis mechanickych a fyzikalnich principt v souvislosti s ocnimi pohyby.
Jednim z nejvyznamnéjSich ucenct t¢ doby byl William Porterfield (1696-1771), ktery poprvé
popsal vyznam sitnice, FC ¢i souhybu o¢nich bulbli. Déle vysvétlil princip akomodace oka

a ustanovil postup pii zakladnim vySetfovani ocnich pohybi. (Wade, 2010)
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Volni a mimovolni o¢ni pohyby byly na pielomu 18. a 19. stoleti popsany Williamem

Charlesem Wellsem a Charlesem Bellem. (Liversedge et al., 2013; Wade, 2000)

Cesky védec Jan Evangelista Purkyné (1787-1869) popsal odrazy obrazu od piedni a zadni
strany rohovky a Cocky (Purkyiovy obrazce), zabyval se nystagmem a stanovil vySetieni
optokinetického reflexu. (Kruta, n.d.) Na jeho badani poté navazal Maria Hock a Robert
Barany, ktery za vyzkum vestibularniho systému a popis nystagmu obdrzel v roce 1914

Nobelovu cenu za fyziologii a medicinu. (Wade, 2010)

Emil Javal (1839-1909) a Crum Brown (1878) se krom nystagmu zabyvali také dal§imi o¢nimi
pohyby. Stanovili terminy sakéda, coz je rychly pohyb smérem k cili. Etymologicky byl termin
odvozen od francouzského terminu pro rychlé pohyby koné¢ b&hem drezury. Emil Javal
publikoval celkem osm odbornych praci na téma fyziologie ¢teni a Brown také zavedl anglicky
termin jerk (trhnuti) v popisu o¢nich pohybi. (Landolt and Burnett, 1879; Liversedge et al.,
2013; Wade, 2000)

Zlom ve vySetfovani o€nich pohybl poté pfinesl vynalez neinvazivnich méficich pfistroji
(okulograf ¢i eye-tracker) na ptrelomu 19. a 20. stoleti. (Delabarre, 1898) Prvni o¢ni pohyby
byly nahrany pfi ¢teni Edmundem Hueyem (1870-1913), ktery zjistil, Ze ocni pohyby nejsou
vykondvané v pifimych drahach, kdyZ v zdznamu popsal drobné trhavé pohyby.(Huey, 1898)
Raymond Dodge (1871-1942) ptipojil k okulografu fotograficky pfistroj, ¢imz dosahl toho,
ze vySetfeni jiz nebylo invazivni a stanovil tak zaklad VOG. Jeho dal§im vyznamnym dilem

je taxonomie o¢nich pohybtl z roku 1903. (Dodge, 1904, 1903)

Ve dvacatém stoleti se pozornost zaméfila jiz na detailnéj$i analyzu o€nich pohybi pii riznych
¢innostech jako je cCteni, sledovani obrazku a souvislost mezi percepci a kognici. Velkym
piinosem byly poznatky od Guye Buswella (1891-1994), ktery jako prvni objevil, jak lidé
vnimaji komplexni obrazy ¢i popsal rozdily mezi détmi a dospélymi. (Buswell, 1935) Vliv
chovani a pozornosti na ocni pohyby pak byly popsany Alfredem Yarbusem (1914-1986).
(Tatler et al., 2010)

Dal$im vyznamnym meznikem vySetfovani o¢nich pohybt byl vynalez Davida Robinsona
(1963) tedy technika Scleral search coil. (Robinson, 1963) Tato metoda je zaloZena

na zaznamenavani malych elektrickych proudi indukovanych magnetickym polem v civce
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dratu velmi uzkého prarezu zabudovaného do ohebného prstence ve tvaru koblihy, ktery je
umistén na oku. Metoda sklerdlni vyhledavaci civky se stala ,,zlatym standardem‘ pro ptesné
zaznamenavani pohybu oc¢i. Tato metoda méla vSak své nevyhody, jako jsou jeji invazivita
aomezend doba zdznamu (cca 30minut). Vzhledem k témto limitacim byla tato metoda

pouzivana jen pro vyzkumné ucely. (Wade, 2010)

Technologicky pokrok, a to zejména v oblasti informacnich technologii, zapticinil enormni
rozmach VOG v poslednich dvou dekadach. Byly vynalezeny kompaktni, neinvazivni
a jednoduse ovladatelné pristroje, které jsou v dnesni dobé jiz etablovanym dopliikovym

vySetfenim v neurologickou praxi.
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5. Piehled abnormit v sakadach u vybranych extrapyramidovych onemocnéni

Extrapyramidové poruchy hybnosti jsou skupinou onemocnéni postihujici BG a jejich okruhy.
Ackoli porucha sakad nepatii mezi nejvyznamnéjsi klinické projevy téchto onemocnéni (vyjma
PSP), je pravé jejich vysetfeni pfinosné v klinické praxi mimo jiné i pro svou jednoduchou
proveditelnost. (Pinkhardt and Kassubek, 2011) Pti znalosti téchto abnormit miizeme
u jednotlivych onemocnéni ocekavat typické nalezy a ev. sledovat vyvoj daného onemocnéni.
Tento oddil mé& za cil prehledné popsat abnormity v sakddach u tii synukleinopatii (PN,
demence s Lewyho telisky a multisysttmova atrofie) a dvou taupatii (progresivni
supranukledrni paralyza a kortikobazilarna degenerace). Nazorn¢ jednotlivé abnormity shrnuje

tabulka 2.(Vignal et al., 2016)

6.1. Parkinsonova choroba

Parkinsonova choroba (PN) je neurodegenerativni onemocnéni charakterizované progresivnim
zénikem neuronll v substantia nigra pars compacta. (Poewe, 2006) Postizeni dopaminergniho
systému ma za nasledek mimo jiné abnormity okulomotoriky. Reflexni sakady jsou v mezich
normy. Volni sakady u PN se vyznacuji prodlouzenou latenci. V nékterych ptipadech
je popsana hypometrie a vyssi chybovost v antisakddach. (Amador et al., 2006; Armstrong et
al., 2002; Briand et al., 1999; Chan et al., 2005; Crevits et al., 2000; Grande et al., 2006; Hood
et al., 2007; Ventre et al., 1992; Vidailhet et al., 1994)

6.2. Demence s Lewyho télisky

Pro demenci s Lewyho télisky (DLB) je pfiznacny parkinsonismus, zrakové halucinace,
dysautonomni poruchy, demence a poruchy spanku. (Leigh and Zee, 2015a) Pfi vySetieni
ofnich pohybii nachazime u téchto pacienti zpomaleni sakdd ve vSech smérech
a také hypometrii. U antisakéad je pak pfitomna vyss§i chybovost. (Leigh and Riley, 2000; Leigh
and Zee, 2015a)

6.3. Multisystémova atrofie

Multisystémova atrofie (MSA) je neurodegenerativni onemocnéni charakterizované
parkinsonismem, cerebelarnimi ptiznaky a dysfunkci autonomniho systému. Dominantnim
nalezem u vysetfeni sakad je hypometrie. (Anderson et al., 2008) U MSA pacientl ptevazuji

poruchy okulomotriky zptsobné postizenim cerebelarnich funkci. Nystagmus a abnormalni
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VOR suprese jsou nejcastéjSim nalezem u MSA pacientt. (Anderson et al., 2008; Pinkhardt

and Kassubek, 2011)

6.4. Progresivni supranuklearni paralyza

Progresivni supranuklearni paralyza (PSP) je charakterizovana posturalni instabilitou s pady,
axialni rigiditou, dysfagii a parézou pohledu vzhiru. (Ludolph et al., 2009; Steele et al., 1964;
Williams et al., 2008) Pti vySetieni sakad je u téchto pacientti pfitomna hypometrie a zpomaleni
vertikalnich sakad. Vyssi chybovost u antisakad je u PSP pacientli rovnéz piitomna. Postupné
dochazi také k totoznému postizeni u horizontalnich sakad. (Bhidayasiri et al., 2001; Pinkhardt

et al., 2008; Rottach et al., 1996)

6.5. Kortikobazalni degenerace

U pacientl s kortikobazalni degeneraci (CBD), jeZ se fadi rovnéz mezi neurodegenerativni
onemocnéni, byvaji postizeny sakady. NejvyznaméjSim piiznakem je prodlouZeni latence
téchto o¢nich pohybtl. (Vidailhet et al., 1994) Rovnéz antisakady se u CBD pacientii vyznacuji
vys$si chybovosti, ktera je ale mén¢ vyjadiena nez u PSP pacientt. (Guitton et al., 1985; Pierrot-

Deseilligny et al., 1991; Vidailhet et al., 1994)

Tabulka 2 Prehled abnormit u sakad u vybranych extrapyramidovych onemocnéni; PN Parkinsonova chororba; DLB Demence
s Lewyho télisky; MSA multisystémova atrofie; CBD kortikobazalni degenerace; PSP progresivni supranukledrni paralyza; 1
zvySeni hodnoty; | sniZeni hodnoty, N hodnota v mezich normy (zdroj: C. Vignal, C. Tilikete, D. Miléa, N.R. Miller, C. Fumat,
Neuro-ophtalmologie, Elsevier Masson, Issy-les-Moulineaux, 2016)

Horizontalni sakady Antisakady
Latence Rychlost Presnost Chyby

PN T N ! T

DLB N ! ! i)

MSA N N ! N

CBD ™" N N "

PSP N W H m
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II. Cile a hypotézy

Do tizeni o¢nich pohybii je zapojeno mnoho struktur centrdlni nervové soustavy, mezi které

patii také bazalni ganglia (BG), jeZ jsou postiZena u pacientd s extrapyramidovymi poruchami

hybnosti. Soucasti projevil extrapyramidovych onemocnéni jsou i poruchy oc¢nich pohybi,

jez vsak byly dosud popisovany pouze na zaklad¢ klinického pozorovani a bylo mélo znamo

o jejich mechanismech. Videookulografie (VOG) je klinickd a vyzkumna metoda, jez je

schopna detekovat abnormity v o¢nich pohybech. Vzhledem k témto pfedpokladim jsme

pro tuto praci definovali nésledujici cile a hypotézy:

A) Cile préace:

a.

b.

B)

Charakterizovat o¢ni pohyby u zdravych osob pomoci metody VOG.

Charakterizovat abnormity v o¢nich pohybech u pacientli s extrapyramidovymi
onemocnénimi (RBD, PN, PSP, WN, EP).

Rozsifit spektrum VOG vySetieni o paradigma pro vysetfeni nekonjugovanych o¢nich

pohybti.

Hypotézy:

Porucha o¢nich pohybti je rozdilna u pacientti s PN a pacientl s toxicky indukovanym
parkinsonskym syndromem (napf. efedronovy parkinsonismus, EP) vzhledem
k difizn€jSimu poskozeni centralni nervové soustavy.

VySetteni o¢nich pohybli u pacientll s progresivni supranuklearni paralyzou (PSP)
za pouziti distrak¢éniho stimulu (RDE — remote distractor effect) odrazi u t€chto pacientti
nizkou hladinu GABA ve frontalnich mozkovych lalocich.

Pacienti s poruchou chovani v REM spanku (RBD) vykazuji abnormity v o¢nich
pohybech, které by mohly slouZit jako ¢asny marker PN a dalSich synukleinopatii.
Nekonjugované o¢ni pohyby (vergence) jsou u pacientd s PN postizeny podobné¢ jako
pohyby konjugované a je mozné¢ je vysetiit pomoci VOG.

Atrofie mozkového kmene u pacienti s Wilsonovou nemoci (WN) koreluje

s abnormitami o¢nich pohybti u téchto pacientt.
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II1. Experimentalni metodika

1. Vybér vySetfovanych osob

1.1. Zdravé kontrolni osoby

Zdravé kontroly byly rekrutovany za pouziti propagacniho letdku. Rozhodnuti o G€asti ve studii
bylo zcela dobrovolné a nebyl na nikoho vyvijen jakykoli tlak. Bylo mozné na zaklad¢
rozhodnuti kazdého ucastnika studie vysetfeni kdykoli pferusit ¢i zcela ukoncit. Veskéré
postupy byly schvaleny lokalni etickou komisi a byly v souladu s Hesinskou deklaraci lidkych
prav. Pied zahajenim VOG vySetieni byli vSichni tcastnici vyzkumu detailné seznameni
s postupem a byly jim zodpovézeny vSechny otdzky, coz stvrdili podpisem informovaného

souhlasu.

Zakladni kritéria pro nezahrnuti dané osoby do studie byla tato:

- vek pod 18 let

- zavazna o¢ni vada znemoziujici VOG vySetteni (katarakta, glaukom, amauréza apod.)
- neurologické ¢i psychiatrické onemocnéni v anamnéze
- uzivani 1€kt ovliviyjicich centralni nervovy systém (antidepresiva, psychostimulacia

apod.)

1.2. Pacienti

Pacienti byli rekrutovani na Neurologické klinice 1.LF UK a VFN v Praze vyjma pacientii s EP,
ktefi byli rekrutovani v S.Khechinashvili University Hospital, Tbilisi, Gruzie. Kazdy pacient
byl o dané studii detailn¢ informovéan a byly mu zodpovézeny veskeré otazky, coz stvrdil
podpisem informovaného souhlasu. Veskéré postupy byly schvéleny lokalni etickou komisi
a byly v souladu s Hesinskou deklaraci lidkych prav. Pacient mohl kdykoli vySetfeni prerusit
¢1 ukoncit dle svého rozhodnuti.

Diagnostika onemocnéni byla provadéna specialistou z Centra extrapyramidovych onemocnéni
Neurologické kliniky 1.LF UK a VFN v Praze dle standardnich diagnostickych postupt

pro dané onemocnéni.
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2. Videookulografie

Videookulografie (VOG) je neinvazivni metoda zaloZena na snimani o¢nich pohybii pomoci
infraCervenych kamer. VySetteni je jednoduse proveditelné, zaroven umoziuje analyzovat celé
spektrum oc¢nich pohybt a detekovat abnormity, které jsou spojeny s riznymi neurologickymi
poruchami (neurodegenerativni onemocnéni, psychiatrické choroby atd.). S rozvojem
technologie v poslednich desetiletich doslo ke zdokonaleni celé metody a vzhledem
k jeji jednoduchosti se rozsitila mezi pracovniky neurovédnich obort a dnes je jiz etablovanou

metodou pii zkoumani zejména neurodegenerativnim onemocnéni.

Mezi zékladni o¢ni pohyby vysetfované pomoci VOG patii:
1) Sakady
2) Antisakady
3) Sledovaci pohyby
4) Vergence

2.1. Vybaveni VOG laboratore

Jako laboratot pro VOG je vhodnd mensi mistnost o rozmérech mininalné 3x3m, ktera je dobie
klimatizovana a kterou lze svételné i akusticky izolovat. VySetfeni se provadi ve tmé
a bez ruSeni dal§imi podnéty (zvukové atd.) Doba vySetifeni se pohybuje okolo 30 minut
a je vyzadovano, aby se vySetfovana osoba v prib¢hu vySetfeni nehybala. Toto muize byt
pro nékteré pacienty (napt. s PN) velmi obtizné. Je proto diileZité, aby se vySetfovana osoba

citila komfortné.

Do zakladniho vybaveni laboratote patii:
- Pocitac s instalovanym softwarem pro VOG
- Obrazovka pro examinatora
- Vyskové nastavitelny stil
- Zaftizeni pro fixaci hlavy
- Dvé infraCervené kamery
- Obrazovka pro vysetiovanou osobu

- Pohodlna vySkovée nastavitelna zidle
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Nase laboratof se nachézi na Neurologické klinice 1.LF UK a VFN v Praze a byla zde
provadéna vétsina vysetfeni VOG. Pacienti s Ephedrone induced Parkinsonism byli vySetiovani
stejnym pfistrojem za obdobnych podminek ve mésté Tbilisi (Gruzie). Pidorys laboratote je

znazornén na schématu.

Obrazek 3: Schéma laboratore pro videookulografickeé vysetieni. I pozice examinatora, 2 pocitac s nainstalovanym softwarem
pro videookulografii; 3 obrazovka examindtora, 4 klavesnice a mys oviddajici software; 5 pozice pacienta, 6 konstrukce
slouzici k podepreni hlavy pacienta; 7 infracervené kamery snimajici zornice pacienta, 8 obrazovka pacienta, kde se zobrazuje
paradigma; 9 vySkove nastavitelny stil; 10 USB propojeni infracervenych kamer s pocitacem examindatora; 11 HDMI

propojeni pocitace examindtora s obrazovkou pacienta

2.2. Pozice pacienta a kalibrace

Pozice pacienta je pii vySetfeni VOG velmi dilezitd. Zakladnim poZadavkem pro uspéSné
vySetfeni je totiz to, ze se pacient po celou dobu vySetfeni nepohne. Je tfeba vénovat dostatek
Casu, aby pacient sed¢l pohodIng, aby jej nikde nic netlacilo a aby byl schopen v dané poloze
nehnuté vydrzet piiblizn€¢ pal hodiny. Pokud se pacient béhem vysetieni pohne, lze
ve vySetfovani pokracovat az poté, co se provede nova kalibrace. Tato procedura vsak celé
vysetieni prodlouzi a mize se tak stat pro pacienta jiz dale nesnesitelné.

Pti kalibraci je nutné detekovat zornice obou oc¢i a tim urcit bod, jehoz pohyb bude sniméan
infraCervenymi kamerami. Pfi VOG vySetfeni je nezbytné, aby pfistroj spravné rozpoznal
alesponi jednu zornici. Pokud tak neucini automaticky, 1ze nastaveni provést manudlné.

Ptekazkou v detekci zornice mize byt katarakta, glaukom ¢i make-up. Kalibrace se provadi tak,
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ze po detekci zornic se vySetfovana osoba diva na svételné body na obrazovce v krajnich
polohach. Software vypocita korelace pro horizontalni i vertikalni pohyby a to zv1ast’ pro pravé
a levé oko. Idedlni hodnota je 1.0, nasledné vysetieni VOG je mozné pti hodnotach od 0.9

do 1.1. Spravna kalibrace je nezbytna pro ziskani vérohodnych vysledk.
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Obrazek 4: Zaméreni zornic a kalibrace na videookulografickém pristroji Mobile eBT
Eyebrain, Ivry-sur-Seine, France, www.eye-brain.com.

2.3. VySetiovani jednotlivych o¢nich pohybu

Pomoci VOG lze vySettetit celé spektrum o¢nich pohybl. Mezi nejcastéji vySetfované patii
sakady (prosakady), antisakddy c¢i sledovaci pohyby. Dale lze pomoci VOG provadét
pupilometrii ¢i vySetiovat vergenci. U vSech téchto vySetfeni je nezbytné, aby po kalibraci
pacient sedél v pohodlné poloze s hlavou ve vzdalenosti 60 cm od obrazovky a v laboratofi byla
tma. Pfed zahdjenim vySetfeni je zasadni dobfe a srozumiteln¢ poucit pacienta o tom, co se

bude dit a co je jeho tkolem.

2.3.1. Paradigma pro sakady a antisakady

Tato tloha je zahdjena rozsvicenim zeleného fixacniho bodu ve sttedu obrazovky (15x15palcti,
luminance 120cd/m?) riznou dobu (2800 ms, 3200 ms, 3500 ms, 3800 ms, 4000 ms a 4100 ms).
Po zhasnuti fixaéniho bodu a po dob¢ 200 ms se objevi periferni cilovy bod, ktery ma ¢ervenou
barvu (15x15palcti, luminance 120cd/m?). Cilovy bod je lokalizovan ve vzdalenosti 11-

13°0d fixa¢niho bodu na obrazovce. Tuto vzdalenost Ize upravovat podle pozadavku vysetieni
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a rozméru obrazovky. Pfi konkrétnim vySetfeni je vzdalenost vzdy konstantni. Cilovy bod
se v nepravidelném potfadi zobrazuje u vysetieni horizontalnich sakdd napravo a nalevo,
u vertikalnich sakad nahote a dole. Periferni cilovy bod zistane rozsvicen po dobu 1000 ms.
Pauza mezi zhasnutim fixa¢niho bodu a rozsvicenim periferniho cile (200 ms) je z divodu
usnadnéni iniciace sakady odstranénim fixa¢niho stimulu pfed jejim zacatkem. Rizné doby
trvani zobrazeni fixaéniho bodu a nepravidelné stiidani sméri zamezi ptedpovidani pohybu
pacientem.

Paradigma pro antiskady je\ totozné, odlisné je zadani pro vySetfovanou osobu. Pii zobrazeni
periferniho cilového bodu na obrazovce je jejim ukolem podivat se co nejrychleji na opacnou
stranu, neZ se naléza cilovy bod.

U sakdd analyzujeme latenci, rychlost maximalni a primérnou a piesnost. U antisakad

analyzujeme latenci a chybovost.

START POSITHON SACCADE TASK ANTISACCADE TASK

L | L ] L ]
t
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Obrazek 5: Zakladni schéma paradigmatu pro vySetieni prosakdad a
antisakad. A = 60cm
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Obrazek 6: Grafické znazornéni sakady. SRT saccadic raction time (latence); Vmax
maximalni rychlost; Vavg priimérna rychlost; ms milisekunda

2.3.2. Paradigma pro sledovaci pohyby

Uloha pro sledovaci pohyby zagina rozsvicenim centralniho fixaéniho bodu na obrazovce
(20x20palcti, luminance 120 cd/m?) po dobu 1000 ms. Nasledné se fixa¢ni bod za¢ne pohybovat
danym smérem. U horizontalnich sakdd zleva doprava a naopak u vertikdlnich zhora doli
a naopak. Perifern¢ bod doputuje do totozné vzdalenosti, kde se objevuje bod pro vysetieni
sakad a antisakad. Rychlost pohybu fixa¢niho (=cilového) bodu je dvoji. Pii prvnim vySetfeni
se u horizontalnich sledovacich pohybli pohybuje rychlosti 16.22°/s a pti druhém pak 33.44°/s.
u vertikalnich sledovacich pohybt je rychlost jednotna 8.66°/s. celkova jednotliva tloha trva
50 s. Ukolem pacienta je co nejplynuleji a nejptesndji sledovat svételny bod na obrazovce.

U tohoto typu o¢niho pohybu se vySetfuje piesnost, ktera se ziskala vypoctenim poméru mezi

rychlosti cilového bodu a rychlosti pohybu o¢i.
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Obrazek 7: Grafické znazornéni sledovaciho pohybu. Vmax maximalni rychlost; Vavg
priumeérna rychlost; ms milisekunda

2.3.3. Paradigma pro vergenci

VysSetteni vergence je zahdjeno rozsvicenim bilého kulatého bodu ve stfedu obrazovky (25x25
palcti, luminance 120cd/m?). Bod na obrazavce slouZi jako vzdaleny cilovy bod. Jako blizky
cilovy bod slouzi bila plastova kulicka o priméru 1 cm, kterd je umisténa 10 cm pied ofima
vySetfované osoby v piimé linii mezi stiednim postaveni o¢i a stfedem obrazovky. Je nutné
pted zahajenim vySetfeni ovétit, Ze vySetfovana osoba kulicku vidi dobfe. Vzdaleny svételny
bod po 2000 ms zmizi a ukolem vySetfované osoby je co nejrychleji zménit pohled na blizky
cilovy bod. Po dalSich 2000 ms se opét vzdéaleny svételny bod objevi na obrazovce
a vysetfovana osoba co nejrychleji zmeéni pohled na néj. Pfi prvnim pohybu tak vySetiujeme
konvergenci, pfi druhém pak divergenci). Stejné jako u sakad zde analyzujeme latenci, rychlost

maximalni a primérnou a presnost.
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Obrazek 8: Schéma pro vysetieni vergence metodou videookulografie. A (a) = 10cm; B (b) = 60cm; o =43.6°; 8 =7.6% FC
focus change.
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3. Statistiké zpracovani dat

Statistické zpracovani dat bylo pro vSechny nase prace provadéno dle spole¢ného postupu, ktery
charakterizuji nasledujici body:

1) vypocet primérmné hodnoty namétfené veliCiny pro dany ocni pohyb u kazdého
vySetfovaného subjektu spolu s vypoctem smérodatné odchylky

2) porovnani vysledki jednotlivych skupin pacientli za pouziti dané statistické metody (viz
nize)

3) statistickd komparace vysledki VOG s klinickymi testy (UPDRS, UWDRS),
s psychologickymi vySetfenimi (Montreal Cognitive Assessment, Trail making test,
Grooved Pegboard test, Prague Stroop Test) ¢i s vysledky zobrazovacich metod
(magneticka rezonance)

4) statistickd vyznamnost byla hodnocena podle Pearsonova korela¢niho koeficientu, kdy
vyznamnost byla stanovena na p < 0.05

5) vysledky byly graficky znézornény (graf linearni regrese, bodovy graf s vyznacenou
smérodatnou odchylkou a statistickou vyznamnosti)

Jednotlivé statistické vypocty byly provddény s ohledem na danou studii (soubor pacientd,
charakter studie atd.). Celkové zpracovani bylo provedeno doc. Ing. Janem Ruszem, Ph.D. za
pouziti nasledujicich statistickych metod:

- analyza rozptylu (ANOVA)

- post hoc Tukey—Kramer test

- Kolmogorov-Smirnov test

- Mann—Whitney U test

- post hoc Bonferroniho korekce
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IV. Komentare k publikovanym pracem

1. Horizontal and vertical eye movement metrics: What is important?

Autofi: Bonnet C., Hanuska J., Rusz J., Rivaud-Péchoux S., Sieger T.,
Majerova V., Serranova T., Gaymard R. and Razicka E.

Typ publikace: Originalni prace
Rok vydéni: 2013

Casopis: Clin Neurophysiol.
Impakt faktor: 3.7

Pro studium ocnich pohybil je nezbytné charakterizovat ocni pohyby u zdravych jedinct
a objasnit, jaky nalez je v mezich normy a jaky je jiz patologicky. Na zaklad¢ ptedchozich studii
oc¢nich pohybt u zdravych jedincii jsme ocekavali, ze starnuti podobné¢ ovliviiuje SRT

u horizontélnich a vertikalnich prosakad, jelikoz kortikalni struktury podstupujici progresivni
degenerativni zmény. Rychlost a pfesnost sakdd zavisi na topograficky segregovanych
subkortikalnich strukturach, jsou mén¢ a variabilné ovlivnény starnutim, tyto veliiny jsou
nicméné¢ odliSné pro horizontdlni a vertikalni smér pohybu. Mozecek ma zasadni vliv
na sledovaci pohyby, jejich hodnota by méla byt ovlivnéna stdrnutim méne.

Vysetfili jsme sakady a sledovaci pohyby v horizontalni i vertikdlni roviné u 145 zdravych
jedinct ve véku od 19 do 82 let. Pomoci metody VOG byly vySetifeny prosakady, antisakady,
sledovaci pohyby a skewness.

Pohlavi ani vzdélani nemély na vysledky zadny statisticky vyznamny vliv. Latence se s vékem
prodluZuje zejména u antisakadické ulohy doleva a vertikalné dolt (p <0,001), rychlost vzhiiru
u prosakad s vékem klesala (p <0,001), rovnéz ptesnost pohybu se snizuje (p <0,001)
a chybovost u antisakad se zvySuje stejné jako rychlost (p <0,001). Prosakady 1 antisakady byly
ovlivnény smérem cile, coz ma za néasledek asymetrii doprava / doleva a nahoru / dolti.
zduraznit, ze pro nékteré veli€iny je vyznamny smér provadéného pohybu. Pokud by se méla
vybrat jedna veli¢ina pro rychlost, méla by byt zvolena Vavg, jelikoz vyznamné souvisi
s provadénim vertikalnich sakdd v pribéhu starnuti. Latence horizontalnich prosakad
a antisakad se s v€kem prodluzuji pouze ve sméru vlevo, coZ mozna odrazi asymetrii starnuti

v mozkovych hemisférach. Mira chyb v antisakddach mize dosdhnout az 80% v sedmém
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desetileti zivota vSak subjekty vSech v€kovych skupin jsou neustale schopny opravit vice
nez 99% provedenych chyb. Tento nalez podporuje teorii, Ze dochézi k poruse inhibice sakad,
ale monitorace, detekce a oprava chyb postizeny nejsou. Relativni zachovani rychlosti a zisku
u horizontalnich prosakad poukazuje na stabilitu mozkového kmene a mozkovych
okulomotorickych okruhi. Zmény v téchto veli¢inach u vertikdlnich sakad naopak
pravdépodobné poukazuji na biomechanické zmény v o¢nich svalech a sousednich strukturach.
Tato studie poskytuje diilezité informace ohledné¢ analyzy o¢nich pohybt a slouzi jako zdroj

normativnich dat pro videookulografické laboratofte.

2. Eve Movements in Ephedrone-Induced Parkinsonism

Autofti: Bonnet C., Rusz J, Megrelishvili M., Sieger T., Matouskova O.,
Okujava M., Brozova H., Nikolai T., Hanuska J., Kapianidze M.,
Mikeladze N., Botchorishvili N., Khatiashvili I., Janelidze M.,
Serranova T., Fiala O., Roth J., Bergquist J., Rivaud-Péchoux S.,
Gaymard B. a Ruzicka E.

Typ publikace: Originalni prace
Rok vydéni: 2014

Casopis: PLoS One
Impakt faktor: 4.49

Efedron je psychostimula¢ni droga, kterd byva uZivana v zemich byvalého Sovétského svazu.
Je vyrabén z 1ékli s obsahem efedrinu a pseudoefedrinu. V krvi pacienti dochazi k vysoké
koncentraci manganu. Jeho ukladani v centrdlni nervové soustavé probihd difizné, nicméné
nejpostizen€jSimi strukturami jsou GPi a SNpr. Pacienti s efedronovym parkinsonismem (EP)
se vyznacuji komplexnim, rychle progredujicim, nevratnym a levodopa nereagujicim
parkinsonskym syndromem s dystonii. Pohyby o¢i mohou pomoci rozliSit jednotlivé
parkinsonské syndromy na zakladé toho, které mozkové spoje jsou postizeny zakladnim
onemocnénim. Tato studie je prvni, kterd u EP pacientli analyzuje o¢ni pohyby.

Horizontalni a vertikalni pohyby o¢i byly vySetfeny u 28 pacientt s EP, 21 pacienti s PN a 27
zdravych jedinct, ktefi byli rozdé€lelni podle véku a pohlavi. VSechny vySetfované osoby

podstoupily standardizované okulomotorické ukoly metodou VOG.
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EP pacienti vykazovali pomalé a hypometrické horizontalni sakady, prodlouzeni latence
vertikalnich antisakad. Chybovost u horizontalnich antisakad byla vyssi nez u zdravych jedinci.
Na zékladé¢ moznosti VOG vysSetieni byl statisticky vyznamny rozdil mezi EP a PN pouze
v rychlosti horizontdlni prosakad. VSechny zbyvajici metriky byly mezi obéma skupinami
pacientli podobné.

U pacientt s EP se vyskytla vyssi chybovost v piipadé€, ze byly prosakady a antisakady shrnuty
do jedné ulohy. Toto jiz bylo popsano u pacientii s PN. Pfi této tloze dochazi k zapojeni dalSich
sturktur, zejména SEF, coz vede k hypotéze, ze tyto struktury hraji roli v patofyziologii tohoto
onemocnénti.

Pacienti s EP trpi rozsahlymi poruchami okulomotoriky pravdépodobné v disledku akumulace

manganu v bazélnich gangliich, které jsou vyznamné zapojeny do fizeni okulomotoriky.

3. Fast vergence eye movements are disrupted in Parkinson's disease: A video-
oculography study

Autofi: Hanuska J., Bonnet C., Rusz J., Megrelishvili M., Okujava M.,
Kapianidze M., Janelidze M., Sekhniashvili M., Botchorishvili N,,
Brozova H., Sieger T., Serranova T., Roth J., Bergquist J., Rivaud-
Péchoux S., Vidailhet M., Gaymard B. a Rtzicka E.

Typ publikace: Kratké sdéleni
Rok vydani: 2015

Casopis: Journal of Vision
Impakt faktor: 2.72

Mezi casté nemotorické symptomy PN patii 1 rozmazané vidéni pii pohledu na blizky bod
(20%), které byva Casto spojovano s poruchou konvergence u téchto pacientll. Bazalni ganglia
jsou zapojeny do fizeni konjugovanych i nekonjugovanych ocnich pohybl. Abnormity
u konjugovanych o¢nich pohybt (sakddy, antisakddy) jsou u PN znamy. Vergence
(konvergence a divergence) nebyla dosud vySetfovana u pacienti s PN a nebylo stanoveno
paradigma pro VOG vySetieni.

Konvergence a divergence byly vySetfeny celkem u 18 pacientd s PN a 18 zdravych osob
pomoci metody VOG. Analyzovaly se nasledujici veli¢iny: latence, rychlost a piesnost

ve vertikalni a horizontalni roving.
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Latence konvergence a divergence byly vyznamné prodlouzeny u PN pacientii. Rychlost
divergence byla snizena a divergentni pohyb se vyznacoval hypometrii. Hodnoty namétené
u konvergence byly v porovnani se zdravymi osobami podobné.

Latence odrazi funkce né¢kolika struktur centralni nervové soustavy, jako jsou frontalni
okohybné pole (FEF), posteriorni parietalni kortex a zrakovy kortex. U PN je pfitomen difuzni
hypometabolismus kortikalnich oblasti. Rozdil v ndlezu u horizontdlnich a vertikalnich sakad
podporuje hypotézu, ze konvergence a divergence jsou fizeny separatnimi populacemi neurond.
Tato studie pfinasi poznatky o poruse vergen¢nich pohybt u PN pacientli a rovnéz definuje

jednoduse proveditelné paradigma pro vySetfeni tohoto typu o¢nich pohybti metodou VOG.

4. Disease-Specific Regions Outperform Whole-Brain Approaches in Identifying
Progressive Supranuclear Palsy: A Multicentric MRI Study

Autofi: Mueller K, Jech R, Bonnet C, Tintéra J, Hanuska J, Moller HE,
Fassbender K, Ludolph A, Kassubek J, Otto M, Ruzicka E, Schroeter
ML; FTLDc Study Group

Typ publikace: Originalni prace
Rok vydéni: 2017

Casopis: Front Neurosci
Impakt faktor: 3.42

VySetfeni magnetickou rezonanci by mohlo byt pifinosné v diagnostice progresivni
supranuklearni paralyzy (PSP). Vramci této multicentrické studie jsme detekovali
pro toto onemocnéni specifické znaky metodou voxel-based volumetrie (VBM) a pomoci
klasifikace support vector machine (SVM) .

Celkem se do studie zapojila Ctyfi centra a bylo do ni zahrnuto 20 pacienti s PSP a vékové
a genderové odpovidajici zdravé kontroly. Kazdy z pacientl i kontrol podstoupil T1-vaZenou
MRI 3T. K identifikaci PSP byly pouzity VBM a SVM.

Na zéklad¢ nasi studie bylo potvrzeno, ze u PSP dochézi k vyraznému poklesu hustoty Sedé
hmoty v mozkovém kmeni, insule, striatu a frontomezialnich oblastech, coz je v souladu
se soucasnou literaturou. Navic SVM klasifikace poskytla vysokou miru pfesnosti nad 80% pro
identifikaci PSP. Soustfedéni analyz na oblasti specifické pro danou nemoc (region of interest

- ROI) vedlo ke zvySeni miry pfesnosti ve srovnani s piistupem na cely mozek.
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Aplikaci MRI pro individualni diagnostiku PSP je vhodné zejména za pouziti SVM klasifikace,

kde je potencionalni ptedpoklad pro vyuziti v rutinni diagnostice.

5. GABA spectra and remote distractor effect in progressive supranuclear palsy: A pilot

Autofi: Bonnet C, Rusz J, Hanuska J, Dezortova M, Jira F, Sieger T, Jech R,
Klempit J, Roth J, Bezdic¢ek O, Serranova T, Dusek P, Uher T,
Flammand-Roze C, Hajek M, Razicka E.

Typ publikace: Originalni prace
Rok vydani: 2017

Casopis: Rev Neurol (Paris)
Impakt faktor: 0.995

Porucha metabolismu kyseliny gama-aminomaselné (GABA) pfispiva k patofyziologii
progresivni supranukledrni obrny (PSP). Na zakladé schopnosti rychle vyfesit situaci
¢i rychlého rozhodovani, jako je pohyb o¢i z jednoho cile na druhy, 1ze ptedpovidat koncentraci
GABA ve frontalnich ¢astech mozku, které jsou relevantni pro o¢ni pohyby.

V nasi studii jsme méfili hladiny GABA u sedmi pacienti s PSP a osmi zdravych kontrol
za vyuziti spektroskopie u protonové magnetické rezonance. Posoudili jsme vztah téchto
méteni k remote distractor effect (RDE). RDE zahrnuje populace neuroni kodujicich vizualné
vedené sakady a inhibici distrakéniho stimulu na urovni colliculus superior a kortikalnich
okohybnych oblasti. U pacientli i kontrol byly vySetfeny ocni pohyby (sakady a antisakady)
s pfidanim distrakéniho stimulu.

Hladiny GABA ve frontalnich zrakovych polich ¢i RDE nevykazovaly rozdily mezi PSP

pacienty a zdravymi kontrolami.

6. Eye movements in idiopathic rapid eye movement sleep behaviour disorder: High
antisaccade error rate reflects prefrontal cortex dysfunction

Autofi: Hanuska J, Rusz J, Bezdicek O, Ulmanova O, Bonnet C, Dusek P,
Ibarburu V, Nikolai T, Sieger T, Sonka K, Ruzicka E.

Typ publikace: Originalni prace
Rok vydéni: 2019
Casopis: J Sleep Res
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Impakt faktor: 3.432

U pacientil s PN jsou znamy poruchy o¢nich pohybt, neni v§ak zndmo, zda jsou tyto poruchy
pfitomny i v prodromdlnim stadiu tohoto onemocnéni. Porucha chovani v REM spéanku (RBD)
je povazovana za prodromalni stadium PN a dalSich synukleinopatii. Zaméfili jsme se tedy
na studium o¢nich pohybti u subjektii s RBD a de novo PN, abychom definovali abnormality,
které¢ by mohly slouzit jako klinicky biomarker neurodegenerace.

Do nasi studie jsme zahrnuli padesat pacientd s RBD potvrzenym polysomnografii (46 muza,
vek 40-79 let), 18 nove diagnostikovanych pacienti s PN bez medikace, de novo PN (13 muza,
vek 43-75 let) a 25 zdravych kontrol (20 muzi, veék 42-79 let). Byly zkoumany horizontéalni
a vertikalni o¢ni prosakady a antisakddy pomoci VOG. VSichni pacienti rovnéz podstoupili
neuropsychologiské vysetfeni (MDS — UPDRS, MoCA, neuropsychologicka baterie pro RBD).
Ve srovnéni se zdravymi kontrolami, de novo PN i RBD pacienti vykazovali zvySenou miru
chyb v horizontdlnich antisakddach (p <0,01, p <0,05). Ve skupiné RBD mira chyb
v horizontalnich i vertikalnich antisakadach korelovala s vykony v Prague

Stroop Test a Grooved Pegboard Test, stejné jako s MDS - UPDRS. De novo PN pacienti
vykazovali hypometrii (p <0,01) ve srovnéni se zdravymi kontrolami.

Studie demonstruje, Ze porucha oc¢nich pohybii odpovida casné dysfunkci dorzolateralniho
prefrontalniho kortexu u RBD pacientll. Toto pozorovani bylo potvrzeno neuropsychologickym
testovanim. Rozsiftili jsme tak poCet markert odrazejicich subklinickou neurodegeneraci u RBD
a prezentujeme vySetfovani oc¢nich pohybl jako vhodnou metodu vyzkumu

u extrapyramidovych poruch hybnosti.

7. Eve movement abnormalities are associated with brainstem atrophy in Wilson disease

Autori: Hanuska J, Dusek P, Rusz J, Ulmanova O, Burgetova A, Ruzicka E.
Typ publikace: Originalni prace

Rok vydani: 2020

Casopis: Neurol Sci

Impakt faktor: 2.484

U Wilsonovy nemoci (WN) dochazi k akumulaci médi v mozku a jatrech. Toxicky efekt médi
ma nejvetsi vliv na bazalni ganglia, mozkovy kmen a mozecek. Abnormity v ocnich pohybech

u WN jsou nékterymi autory popisovany (sniZeni rychlosti sakad, vyssi latence a chybovost
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u antisakad), jejich systematické vySetfeni pomoci VOG vSak chybi. Kromé charakterizace
téchto abnormit nebyl dosud zkouman vztah atrofie kmene u WN pacientli na provadéni o¢nich
pohybt.

Vysettili jsme celkem dvacet pacient (10 muza, primérny vek 46,8, SD 8,9 let) s geneticky
potvrzenou neurologickou formou WN a 20 zdravych kontrol odpovidajicich véku a pohlavi.
Pohyby o¢i, prosakady a antisakady, byly vyhodnoceny pomoci VOG. WN pacienti podstoupili
vySetieni MRI (1,5 T v T2W sekvencich), kde byla méfena stfedni sagitalni vzdéalenost
pro mezencefalon a pons cerebri. Klinické vySetfeni bylo provedeno pomoci Wilson's Disease
Rating Scale (UWDRS).

Ve srovnani se zdravymi kontrolami vykazovali pacienti s WN prodlouzenou latenci
v horizontalnich prosakadach a hypometrii v obou smérech: horizontalni (p = 0,04) a vertikalni
(p = 0,0046) prosakady. Prodlouzena latence byla u WN pacientt také pfitomna pii vySetieni
antisakéad: horizontalni (p = 0,04) a vertikélni antisakaddy (p = 0,047). U vertikalnich antisakad
jsme zaznamenali také vyssi chybovost (p = 0,04).

Nalezli jsme souvislost mezi rozmérem mezencefala a latencemi u horizontalnich prosakad
(r=-0,53; p = 0,02) a také mezi rozmérem mezencefala a vertikdlni maximalni rychlosti
uprosakad (r = 0,47, p = 0,04). Rozmér pons cerebri nepiimo koreloval s latenci
u horizontalnich prosakad a antisakad (p = 0,007).

Pomoci metody VOG u pacienti s WN jsme prokazali poskozeni sakad u téchto pacientd,
jako je prodlouZeni latence, hypometrie a zvySena mira chybovosti v antisakadach. Silna vazba
mezi prodlouZenymi latencemi u prosakad a atrofii mozkového kmene naznacuje, Ze VOG

muze slouzit jako citlivy elektrofyziologicky marker dysfunkce mozkového kmene u WD.
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V. Souhrnna diskuze

V nasi uvodni studii zabyvajici se analyzou oc¢nich pohybli u zdravych osob jsme zjistili,
Neékteré metriky musi byt vySetifovany oddelené dle sméru pohybu ¢i véku subjektu, zatimco
ostatni mohou byt vySetteny souhrné.

Veék vySetiované osoby ovliviluje nasledujici metriky: (i) dochézi k prodlouzeni SRT
pro horizontalni prosakady a antisakady (ii) sniZzeni pramérné rychlosti (Vavg) pro vertikalni
prosakddy ve sméru vzhiiru; (iii) sniZzeni pfesnosti pohybu (iv) zvySeni miry chybovosti
u antisakad. Ostatni metriky VOG zlstavaji stabilni po celou dobu Zivota.

Prodlouzeni SRT u horizontalnich prosakad (Bono et al., 1996; Fischer et al., 1997; Moschner
and Baloh, 1994; Pratt et al., 1997; Sharpe and Zackon, 1987; Spooner et al., 1980; Warabi et
al., 1984) vertikalnich prosakad (Yang and Kapoula, 2006) a antisakad v obou smérech uvadéné
v literatufe (Abel and Douglas, 2007; Klein et al., 2000; Munoz et al., 1998; Shafig-Antonacci
et al., 1999) jsou davany do souvislosti s redukci objemu mozkové tkané€ (Folstein and Folstein,
2010; Kochunov et al., 2008) a s globalni kortikdlni mozkovou atrofii (Creasey and Rapoport,
1985; Nyberg et al., 2010; Salat et al., 2001). Zaznamenali jsme tii charakteristiky tykajici
se této zmeény. Zaprvé, délka SRT je podobna ve vSech smérech pohybu a nelisi se u prosakad
a antisakad (Klein et al., 2000). Zadruh¢, vyznamné zmény v o¢nich pohybech souvisejici
s vékem byly zejména pii pohledu doleva a vertikalnég, coz naznacuje, Ze leva hemisféra je méné
z4visld na véku nez prava (Bonilha et al., 2009; Brown and Jaffe, 1975; Dolcos et al., 2002;
Vallesi et al., 2010). Prava hemisféra se podili na zpracovani obrazové/prostorové informace
(Nebes, 1974; Sergent et al., 1992), coz se jevi jako hlavni pfi¢ina zmén souvisejicich
se starnutim. Zatfeti, shoda v prodlouZzeni SRT prosakad a antisakdd naznacuje, ze pozice
cilového bodu je vice relevantni parametr nez smér pohybu.

Rychlost a pfesnost u prosakad jsou méné ovlivnény starnutim a to Ize vysvétlit studiemi
struktur zodpovédnych za jejich provedeni (mozkovy kmen a cerebellum), které zlstavaji
relativné nezménény v prubéhu starnuti (Henson et al., 2003; Raz et al., 2001; Walhovd et al.,
2011). U horizontélnich prosakad se rychlost neméni (Munoz et al., 1998) a u vertikalnich
prosakad je s postupujicim v€kem nizsi pfi pohledu vzhiiru (Wennmo et al., 1983; Yang and
Kapoula, 2006). Horizontalni a vertikalni centra pro rychlost sakady jsou ulozena v mozkovém
kmeni. U pohledu vzhtru je pak rychlost nejen pomalejsi, ale také je tento pohyb hypometricky
u osob ve vyssich vékovych skupindch (Huaman and Sharpe, 1993). To mizZe byt zptisobeno

biomechanickymi zménami fascie orbity, extraokularnich svalii (Clark and Demer, 2002; Clark

45



and Isenberg, 2001; Oguro et al., 2004) a degeneraci musculus rectus lateralis a superior (Rutar
and Demer, 2009). Zda se, ze tyto zmény nemaji vliv na provadéni prosakad smérem dolu, které
zustavaji stabilni po celou dobu Zivota.

Chybovost u antisakdd mize dosahnout az 80% v pokroc¢ilém veéku (70-80 let), mnohem vice
nez dosud publikované literatute (<30%) (Butler et al., 1999; Everling and Fischer, 1998; Klein
et al., 2000; Leigh and Zee, 2015d; Olincy et al., 1997; Peltsch et al., 2011; Shafig-Antonacci
et al., 1999; Sweeney, 2001). Souvisi to se zhorSenim systému sakadické inhibice (Butler and
Zacks, 2006; Davis et al., 2008; Nieuwenhuis et al., 2000; Nyberg et al., 2010; Persson et al.,
2006; Persson and Nyberg, 2006; Rajah and D’Esposito, 2005). Zdravy jedinec je schopen
opravit vice nez 99% chyb, které ucinil (Fiehler et al., 2004; Taylor and Hutton, 2011, 2009).
Nervové struktury, které jsou zakladem monitorovani, detekce a napravy chyb u antisakad jsou
ACC a lateralni prefrontalni kortex (Carter, 1998; Gehring and Knight, 2000; Hester et al.,
2005; Kiehl et al., 2000).

Pfi zkoumani o¢nich pohybi u pacientti s EP jsme zjistili, Ze ve srovnani se zdravymi jedinci
vykazovali snizeni rychlosti a pfesnosti u horizontdlnich prosakad, prodlouzeni SRT
u vertikalnich antisakad a vyssi chybovost u horizontalnich antisakad. Jedinym signifikantnim
rozdilem mezi EP a PN byla niz§i maximalni rychlost u horizontalnich prosakad. U vertikalnich
prosakad a antisakad bylo prodlouzeno SRT u EP ve srovnani se zdravymi jedinci. Tento
stranovy rozdil naznacuje, Ze SRT je pravdépodobné fizen nezdvisle v horizontalnim
a vertikalnim sméru, coz dokazuje, Ze je tieba vySetiovat oni pohyby v obou rovinach (Bonnet
et al., 2013). SRT je ovlivnéno bilateralni aktivaci parietalniho a frontalniho laloku (K&mpf et
al., 1979; Leigh and Zee, 2015). Subkortikdlné¢ hraje vyznamnou roli NRTP, jehoZz
farmakologicka inaktivace u primatti vede k prodlouzeni SRT u vertikéalnich prosakad (Kaneko
and Fuchs, 2006). EP pacienti vykazovali sniZeni rychlosti a hypometrii u horizontalnich
prosakad v porovnani s kontrolami, zatimco SRT zlstal zachovéan (Barton et al., 2003; Leigh
and Zee, 2015a). Pomal¢ a hypometrické prosakady jsou pfitomny u pacientd s hereditarni
ataxii, vaskularni 1€zi pontu a cerebella, Gaucherovou chororobu typu 3 a Tay-Sachsovou
chorobou (Benko et al., 2011; Leigh and Zee, 2015a).

EP pacienti vykazovali zvySeny pocet square wave jerks (SWJ). Patofyziologie SWIJ neni
znama, ale byvaji spojovany s poruchou zejména cerebella a bazélnich ganglii (Avanzini et al.,
1979; Zee and Robinson, 1979), konkrétné u 1ézi globus pallidus (O’Sullivan et al., 2003;
Rascol et al., 1991; Zee and Robinson, 1979). Vysoky pocet SWJ se vyskytuje i u PN (Rascol
etal., 1991), po jednostranné palidotomii (Averbuch-Heller et al., 1999; O’Sullivan et al., 2003)
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nebo stimulaci subthalamického jadra (Fridley et al., 2013), byly také nalezeny u pacientii s PSP
(Troost et al., 1976).

U pacientt s EP i PN byla chybovost u antisakdd zvySena u horizontalnich, ale ne u vertikalnich
antisakad. Tato izolovana zména nesouvisi s vékem, coz potvrzuje i nase piedchozi studie
(Bonnet et al., 2013). U primath i ¢loveka je inhibice reflexnich sakad fizena DLPF kortexem
(Ploner et al., 2005). Poskozeni inhibice reflexnich horizontalnich sakad byla popsana
u pacientt s PSP (Pierrot-Deseilligny et al., 1989). Nedavné studie primatii naznacuji, ze globus
pallidus ovliviiuje potlaceni neadekvatnich sakad (Yoshida and Tanaka, 2009).

Ve studii zabyvajici se vergen¢nimi o¢nimi pohyby jsme tyto pohyby vysetfovali u kontrolnich
jedincli a u pacientii s PN. Jeden z nejvyznamnéjsich vysledka je prodlouzeni SRT u téchto
pacientii jak pro konvergenci, tak pro divergenci. SRT odrazi funkci nékolika oblasti mozku
vcetné frontdlniho okohybného pole (FEF), zadniho parietalniho laloku, extrastritalnich oblasti
a primarni zrakové kiry (Leigh and Zee, 2015a). Pfedchozi studie u pacientli s PN prokéazaly
rozsahly hypometabolismus v téchto oblastech, zejména ve frontalnich a parietalnich regionech
(Hirano et al., 2012; Sharman et al., 2013). Rychlost a piesnost konvergence byly piekvapiveé
podobné jako u zdravych jedinct, zatimco pacienti s PN vykazovali pomalejsi rychlosti a mirné
niz8i ptesnost pro divergenci. Mesencephalicka retikularni formace, umisténd dorsolateralné
od jadra nervus oculomotorius, MLF a NRTP hraji dulezitou roli pfi ovliviiovani rychlosti
vergen¢nich pohybti. Nase zjisténi jsou v souladu s predchozimi pozorovanimi, ze rychlosti
konvergentnich a divergentnich oc¢nich pohybl u primatl jsou pod samostatnou neuronalni
kontrolou (Mays et al., 1986).

K porovnani riznych neurodegenerativnich onemocnéni muize byt uzitecna SVM (support
vector machine) klasifikace s GMD (diminished gray matter density) mapami. Otazkou vSak
zUstava, zda je mozné jasné rozliSit mezi atypickymi Parkinsonovymi syndromy v disledku
ruznych vzorcii mozkové degenerace. V neddvné studii (Focke et al., 2011) pouzili klasifikaci
SVM s relativné malym poctem 10 pacientl s PSP, jejichz nalezy porovnavali s 21 pacienty
s idiopatickou PN a 22 zdravymi kontrolami. Nepozorovali v§ak vyznamné rozdily mezi PSP
a zdravymi kontrolami na zadkladé GMD snimki (citlivost 20%; ptesnost 65,6%). V nasi studii
jsme tyto rozdily pozorovali se senzitivitou a specificitou nad 80%. Tento hlavni rozdil mezi
nasimi ndlezy a vysledky ptedchozi studie (Focke et al., 2011) mtze byt zpisoben riznymi
stadii onemocnéni nebo riznou velikosti souboru pacientll s PSP. Pravdépodobné vzorek 10
pacientli s PSP je omezeni pro dosazeni dostatecné citlivosti pro klasifikaci. V souladu s naSimi
vysledky (Salvatore et al., 2014) detekovali relevantni voxely v medialni ¢asti stfedniho mozku,

zatimco striatum a insula nebyly zahrnuty do klasifikace. Pravé tyto oblasti hraji
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v patofyziologii PSP vyznamnou roli, jak je uvedeno v nasi praci a také v ptedchozich
metaanalyzach (Shi et al.,, 2013; Yu et al., 2015) Na rozdil od pfedchozich studii, které
vySettovaly cely mozek (Focke et al., 2011; Salvatore et al., 2014), je dle nasi studie ziejmé,
ze klasifikace mize byt zlepSena pfi pouziti ROI (region of interest) u daného onemocnéni. ROI
byly definovany v nezéavislych a komplexnich kohortach (Shao et al., 2014; Shi et al., 2013; Yu
et al., 2015). Kombinovani ROI specifické pro nemoc s n¢kolika zobrazovacimi modalitami
muze zlepsit presnost klasifikace (Dukart et al., 2013, 2011).

Na rozdil od naSich o¢ekavani, nebyl v nasi dalsi studii prokézan statisticky vyznamny rozdil
v koncentraci GABA u PSP pacientt a zdravych kontrol. Tento negativni vysledek by mohl byt
zpusoben malym poctem vysetiovanych subjektii nebo VOI (volume of interest), ve kterém
byla GABA méiena - konkrétn¢ oblast pravého frontalniho laloku. Ve skute¢nosti méfeni
koncentrace GABA u PSP je obtizny tkol. Receptory GABA (A) a dekarboxylaza kyseliny
glutamové jsou redukovany v ACC (Foster et al., 2000), globus pallidus (Landwehrmeyer and
Palacios, 1994), putamen a hippocampu (Agid et al., 1987; Levy et al., 1995). Jini autofi
prezentuji naopak normalni (Kish et al., 1985) nebo dokonce vyssi hladiny GABA u pacient
s PSP (Perry et al., 1988). NaSe studie také neprokazala zZadné statisticky vyznamné rozdily
v RDE mezi pacienty s PSP a kontrolami. N&kteti autofi uvadéji, Ze sakadicka inhibice a RDE
odrazeji stejny mechanismus (Buonocore and MclIntosh, 2008; McIntosh and Buonocore,
2014). Nase vysledky jsou v souladu se znamou poruchou sakadické inhibice u PSP pacientd,
ktera odrazi prefrontalni dysfunkci u téchto pacientii (Pierrot-Deseilligny et al., 1989; Vidailhet
et al., 1994).

Pfi studiu ocnich pohybli u pacienti s RBD jsme zjistili zvySenou chybovost v uloze
pro antisakady, coz je v souladu s nalezem u PN. Tento néalez naznaCuje zapojeni inhibi¢ni
kontroly reflexnich okruhiit DLPF kortex (Condy et al., 2007; Ploner et al., 2005). Kognitivni
avykonné funkce jsou mediovany dopaminem plsobenim na DI1/D2 receptory
na pyramidovych neuronech v prefrontdlni kiife (Floresco, 2013; Jenni et al., 2017). Lze tak
predpokladat, ze pozorované zmény mohou souviset se snizenim transportu dopaminu u RBD,
coz je v souladu s ptredchozimi studiemi (Iranzo et al., 2011, 2010). V souladu s tim diivéjsi
studie poukazuje na zvySenou miru chyb v uloze pro antisakddy u pacientl v rané fazi PN
(Antoniades et al., 2015), pticemz pii podani davky levodopy doslo ke snizeni chybovosti v této
uloze (Hood et al., 2007). Hypometrie sakad, kterd je povazovana za jeden z nejvice
konzistentnich o¢nich motorickych abnormalit u PN (Antoniades and Kennard, 2015; Rottach
et al., 1996), byla pfitomna u nasich pacientl s PN, ale nebyla jasné vyjadiena u RBD. Z tohoto

zjisténi vyplyva, ze hypometrie se objevuje az pozdéji v prubéhu onemocnéni spolu s rozvojem
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dalSich motorickych symptomt. Tato studie definovala abnormity pohybu o¢i u jednotlivce
s idiopatickou RBD. Vzhledem ktomu, ze RBD je povazovano za prodromalni fazi
synukleinopatii, pfedpokladame, Zze pozorované okulomotorické abnormity piedstavuji
markery prodromalni neurodegenerace. Tato hypotéza je dale podporovana pozorovanymi
korelacemi mezi MDS-UPDRS cast III a abnormitami o¢nich pohybti.

V nasi studii z roku 2020 jsme zkoumali o¢ni pohyby u pacientti s WN a jejich korelaci s atrofii
mozkového kmene. Za pouziti metody VOG bylo zjisténo, Ze tito pacienti se vyznacuji
pordlouzenim SRT u horizontalni prosakad a horizontalnich 1 vertikdlnich antisakad,
coz koreluje s atrofii mozkového kmene. Kormé¢ tohoto zjisténi mira chybovosti
u horizontalnich antisakad koreluje s UWDRS Skélou. Prodlouzeni SRT je pomérné béznym
nalezem u pacientd s neurodegenerativnimi onemocnénimi jako napiiklad s PN ¢i CBD
(Antoniades and Kennard, 2015; Jankovic, 2008).

U pacientli s PN nebyla v na8i studii nalezena Zadna korelace mezi elevaci SRT u sakad
a regiondlni atrofii mozku (Vintonyak et al., 2017). Atrofie pontu a T2 hyperintenzni zmény
signalu v centralni ¢asti pontu jsou bézné abnormality na MRI mozku u pacientti s WN (Dusek
et al., 2019). Hypinintenzni signal T2 je pravdépodobné zplisoben demyelinizaci pontinnich
vldken. Zatimco tyto signalni zmény jsou ¢astecné reverzibilni pfi adekvatni terapii (Sinha et
al., 2007), atrofie a porucha sakad jsou irreverzibilni disledky toxicity médi. Pfedchozi studie
vyuzivajici evokované sluchové potencidly (BAEP) poukazovaly na abnormalni prodlouzeni
intervalu NIII-NV oznacujici abnormalni pfevod signdlu v mozkovém kmeni (Butinar et al.,
1990). BAEP i VOG tak mohou slouzit jako elektrofyziologické markery dysfunkce
mozkového kmene u WN. Zajimavé je, atrofie mesencephala byla spojena pouze s latenci
u prosakad, coz je v rozporu s ndlezy u PSP pacientl, kde podobny stupen atrofie mozkového
kmene vyznamné koreluje se sniZzenim rychlosti u prosakad a ne s latenci (Vintonyak et al.,
2017). NaSe zjiSténi naznacuji, Ze u WN atrofie mesencephala postihuje jiné struktury
v porovnani s PSP. Hypometrie sakad odrazi poskozeni mozkovych center zodpovédnych
za kontrolu pfesnosti (vermis, kaudalni nucleus fastigii) (Beh et al., 2017; Robinson and Fuchs,
2001). Jedna se o spole¢ny symptom u neurodegenerativnich poruch, jako jsou PN, PSP ¢i CBD
(Antoniades and Kennard, 2015; Rottach et al., 1996).

(Lesniak et al., 2008). Tato abnormita je zplsobena dysfunkci inhibice reflexnixh sakad
v prefrontalnim kortexu (Condy et al., 2007; Ploner et al., 2005). PostiZeni fronto-striatalnich
okruhti pfispiva k vyssi chybovosti v tomto tkolu (Frota et al., 2009; Hegde et al., 2010;

Rathbun, 1996). V souladu s timto zjisténim nebyla v nasi studii mira chyb u antisakéad spojena
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s regionalni atrofii mozkového kmene, ale se skore UWDRS. Je zajimavé, ze vyssi chybovost
u WN byla vnasi studii statisticky vyznamna jen ve vertikdlnim sméru, zatimco
v horizontalnim sméru byla prokdzana korelace s UWDRS. Piedchozi studie na zdravych
kontrolach ukézaly, ze zmény chybovosti v dusledku starnuti jsou podobné v obou rovinach;
pocet chyb je vSak mirné vyssi ve vertikalni roviné (Bonnet et al., 2013). V souladu s t€émito
zjisténimi predpokladame, ze vertikélni antisakédy jsou citlivejsi k naruseni fronto-striatalnich

obvodu nez horizontalni.
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VI. Zavéry a zhodnoceni cili a hypotéz prace

Tato prace méla za cil prozkoumat o¢ni pohyby u extrapyramidovych onemocnéni hybnosti
a prispét tak k hlubSimu poznani patofyzilogie téchto onemocnéni umoziujici cCasnéjsi
diagnostiku ¢i monitoraci efektivity nastavené terapie. Dal§im cilem bylo rozsifeni spektra
pro VOG vySetfeni zejména tim, Ze detekujeme abnormity v o¢nich pohybech
u extrapyramidovych poruch a také, Ze definujeme paradigmata pro VOG vySetieni
u jednotlivych o¢nich pohybl. Soucasti této prace je celkem 7 praci publikovanych

v impaktovanych Casopisech, z nichz vyplyvaji nasledujici zavéry:

Prvni studii jsme provedli rozsédhlou studii ocnich pohybl u zdravych osob, kde jsme piinesli
normativni data pro videookulografii pro tuto skupinu. Zjistili jsme, ze se vzrastajicim vékem
zdravé osoby se prodluzuje latence, ocni pohyby se zpomaluji, zhorSuje se pfesnost a pohyby
se stavaji hypometrickymi a také ze vzriista chybovost u antisakad. Prokazali jsme, ze pohlavi
a vzdélani provadéni ocnich pohybl neovliviiuji. NasSe studie také popsala asymetrii

ve vysledcich pro levé a pravé oko, ¢imz klade diiraz na vyznam vysetieni obou o¢i.

Jako prvni jsme studovali vergenci u pacienti s PN za pomoci VOG. Vymysleli jsme
a definovali paradigma pro toto vySetfeni a zjistili jsme, Ze u pacientii s PN je prodlouzena

latence a rovnéZ dochézi k rozvoji hypometrie u divergence.

U pacientli s abusem efedronu jsme jako prvni vysetfili oéni pohyby a zjistili jsme, Ze je mozné
na zaklad€ okulografického vySetfeni rozlisit mezi timto toxicky navozenym parkinsonskym
syndromem a PN. U EP pacientll jsme popsali niz$i rychlost a hypometrii u horizontalnich

sakad, prodlouZenou latenci u horizontalnich sakad a vyssi chybovost u antisakadického ukolu.

U pacientti s PSP jsme vySetfovali hladinu GABA pomoci spektroskopie. U téchto pacientd
je prokazano zlepSeni nékterych symptomi po uZziti Zolpidemu (benzodiazepin), jenz je GABA
analogem. V na$i praci jsme neprokézali signifikantni rozdil v hladin€ GABA u pacienti s PSP

ani zvySeny RDE (remote distractor effect) v porovnani se zdravymi osobami.

Porucha chovani ve spanku (RBD) jako prodromalni stadium PN vede také k poruSe ocnich
pohybti. V porovnani s PN pacienty jsme u RBD nalezli podobné trendy jako u PN. Hlavnim

vysledkem prace je vyS§i chybovost u antisakadickych pohybi, coz korelovalo
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v neuropsychlogickymi vysledky. Je tak zfejmé, Ze do patolofyziologie RBD je vyznamné

zapojen prefrontalni kortex.

V nasi dalsi studii jsme porovnavali videookulografické vysledky u pacientti s Wilsonovou
chorobou a porovnavali je s nalezy na magnetické rezonanci, kde jsme hodnotili miru atrofie
mozkového kmene. Z naSich vysledkl vyplyva, ze WN pacienti se vyznacuji prodlouzenim
latence, hypometrii u sakad a vyssi chybovosti u antisakéd. Byla prokazana souvislost mezi

prodlouzenou latenci a mirou atrofie mozkového kmene.

Tato prace splnila vytycené cile a potvrdila ¢i vyvratila stanovené hypotézy. Zavérem je tieba
zdlraznit, ze vySetfeni oc€nich pohybl patii k jednoduse proveditelnym a snadno
interpretovatelnym vysetfenim. U extrapyramidovych poruch hybnosti ma vyznamny piinos
jak pfi poznavéani patofyzilogie jednotlivych onemocnéni, tak i pfi rutinnim klinickém

vySetfeni.

52



Pouzita literatura

Abel, L.A., Douglas, J., 2007. Effects of age on latency and error generation in internally
mediated saccades. Neurobiology of Aging 28, 627-637.
https://doi.org/10.1016/j.neurobiolaging.2006.02.003

Adam, R., Leff, A., Sinha, N., Turner, C., Bays, P., Draganski, B., Husain, M., 2013.
Dopamine reverses reward insensitivity in apathy following globus pallidus lesions.
Cortex 49, 1292—-1303. https://doi.org/10.1016/j.cortex.2012.04.013

Agid, Y., Javoy-Agid, F., Ruberg, M., Pillon, B., Dubois, B., Duyckaerts, C., Hauw, J.J.,
Baron, J.C., Scatton, B., 1987. Progressive supranuclear palsy: anatomoclinical and
biochemical considerations. Adv Neurol 45, 191-206.

Alahyane, N., Fonteille, V., Urquizar, C., Salemme, R., Nighoghossian, N., Pelisson, D.,
Tilikete, C., 2008. Separate Neural Substrates in the Human Cerebellum for Sensory-
motor Adaptation of Reactive and of Scanning Voluntary Saccades. Cerebellum 7,
595-601. https://doi.org/10.1007/s12311-008-0065-5

Amador, S.C., Hood, A.J., Schiess, M.C., Izor, R., Sereno, A.B., 2006. Dissociating cognitive
deficits involved in voluntary eye movement dysfunctions in Parkinson’s disease
patients. Neuropsychologia 44, 1475-1482.
https://doi.org/10.1016/j.neuropsychologia.2005.11.015

Ameqrane, 1., Pouget, P., Wattiez, N., Carpenter, R., Missal, M., 2014. Implicit and Explicit
Timing in Oculomotor Control. PLoS ONE 9, €93958.
https://doi.org/10.1371/journal.pone.0093958

Anderson, T., Luxon, L., Quinn, N., Daniel, S., David Marsden, C., Bronstein, A., 2008.
Oculomotor function in multiple system atrophy: Clinical and laboratory features in 30
patients: Oculomotor Function in MSA. Mov. Disord. 23, 977-984.
https://doi.org/10.1002/mds.21999

Antoniades, C.A., Demeyere, N., Kennard, C., Humphreys, G.W., Hu, M.T., 2015.
Antisaccades and executive dysfunction in early drug-naive Parkinson’s disease: The
discovery study. Mov. Disord. 30, 843—847. https://doi.org/10.1002/mds.26134

Antoniades, C.A., Kennard, C., 2015. Ocular motor abnormalities in neurodegenerative
disorders. Eye (Lond) 29, 200-207. https://doi.org/10.1038/eye.2014.276

Armstrong, [.T., Chan, F., Riopelle, R.J., Munoz, D.P., 2002. Control of saccades in
Parkinson’s disease. Brain Cogn 49, 198-201.

Ashmore, R.C., Sommer, M.A., 2013. Delay activity of saccade-related neurons in the caudal
dentate nucleus of the macaque cerebellum. Journal of Neurophysiology 109, 2129—
2144. https://doi.org/10.1152/jn.00906.2011

Avanzini, G., Girotti, F., Caraceni, T., Spreafico, R., 1979. Oculomotor disorders in
Huntington’s chorea. J. Neurol. Neurosurg. Psychiatry 42, 581-589.
https://doi.org/10.1136/jnnp.42.7.581

Averbuch-Heller, L., Stahl, J.S., Hlavin, M.L., Leigh, R.J., 1999. Square-wave jerks induced
by pallidotomy in parkinsonian patients. Neurology 52, 185—188.
https://doi.org/10.1212/wnl.52.1.185

Barton, E.J., Nelson, J.S., Gandhi, N.J., Sparks, D.L., 2003. Effects of partial lidocaine
inactivation of the paramedian pontine reticular formation on saccades of macaques. J.
Neurophysiol. 90, 372-386. https://doi.org/10.1152/jn.01041.2002

Becker, W., 1989. The neurobiology of saccadic eye movements. Metrics. Rev Oculomot Res
3, 13-67.

Becker, W., Fuchs, A.F., 1969. Further properties of the human saccadic system: Eye
movements and correction saccades with and without visual fixation points. Vision
Research 9, 1247-1258. https://doi.org/10.1016/0042-6989(69)90112-6

53



Beh, S.C., Frohman, T.C., Frohman, E.M., 2017. Cerebellar Control of Eye Movements. J
Neuroophthalmol 37, 87-98. https://doi.org/10.1097/WNO.0000000000000456

Bender, J., Tark, K.-J., Reuter, B., Kathmann, N., Curtis, C.E., 2013. Differential roles of the
frontal and parietal cortices in the control of saccades. Brain and Cognition 83, 1-9.
https://doi.org/10.1016/j.bandc.2013.06.005

Benko, W., Ries, M., Wiggs, E.A., Brady, R.O., Schiffmann, R., Fitzgibbon, E.J., 2011. The
saccadic and neurological deficits in type 3 Gaucher disease. PLoS ONE 6, €¢22410.
https://doi.org/10.1371/journal.pone.0022410

Bhidayasiri, R., Riley, D.E., Somers, J.T., Lerner, A.J., Buttner-Ennever, J.A., Leigh, R.J.,
2001. Pathophysiology of slow vertical saccades in progressive supranuclear palsy.
Neurology 57, 2070-2077. https://doi.org/10.1212/WNL.57.11.2070

Binder, M.D., Hirokawa, N., Windhorst, U. (Eds.), 2009. Encyclopedia of neuroscience.
Springer, Berlin ; [New York].

Blumenfeld, H., 2018. Neuroanatomy through clinical cases, 2nd edition. ed. Sinauer
Associates, Inc. Publishers, Sunderland, Massachusetts.

Bollen, E., Bax, J., van Dijk, J.G., Koning, M., Bos, J.E., Kramer, C.G., van der Velde, E.A.,
1993. Variability of the main sequence. Invest. Ophthalmol. Vis. Sci. 34, 3700-3704.

Bonilha, L., Eckert, M.A., Fridriksson, J., Hirth, V.A., Moser, D., Morgan, P.S., Rorden, C.,
2009. Age-related relative volume preservation of the dominant hand cortical region.
Brain Research 1305, 14-19. https://doi.org/10.1016/j.brainres.2009.10.001

Bonnet, C., Hanuska, J., Rusz, J., Rivaud-Péchoux, S., Sieger, T., Majerova, V., Serranova,
T., Gaymard, B., Rtuzicka, E., 2013. Horizontal and vertical eye movement metrics:
what is important? Clin Neurophysiol 124, 2216-2229.
https://doi.org/10.1016/j.clinph.2013.05.002

Bono, F., Oliveri, R.L., Zappia, M., Aguglia, U., Puccio, G., Quattrone, A., 1996.
Computerized analysis of eye movements as a function of age. Archives of
Gerontology and Geriatrics 22, 261-269. https://doi.org/10.1016/0167-
4943(96)00698-X

Briand, K.A., Strallow, D., Hening, W., Poizner, H., Sereno, A.B., 1999. Control of voluntary
and reflexive saccades in Parkinson’s disease. Experimental Brain Research 129, 38—
48. https://doi.org/10.1007/s002210050934

Brown, J.W., Jaffe, J., 1975. Hypothesis on cerebral dominance. Neuropsychologia 13, 107—
110. https://doi.org/10.1016/0028-3932(75)90054-8

Buonocore, A., Mclntosh, R.D., 2008. Saccadic inhibition underlies the remote distractor
effect. Exp Brain Res 191, 117-122. https://doi.org/10.1007/s00221-008-1558-7

Buswell, G.T., 1935. How People Look at Pictures: A Study of the Psychology of Perception
in Art. University of Chicago Press.

Butinar, D., Trontelj, J.V., Khuraibet, A.J., Khan, R.A., Hussein, J.M., Shakir, R.A., 1990.
Brainstem auditory evoked potentials in Wilson’s disease. J. Neurol. Sci. 95, 163—-169.
https://doi.org/10.1016/0022-510x(90)90239-j

Butler, K.M., Zacks, R.T., 2006. Age deficits in the control of prepotent responses: Evidence
for an inhibitory decline. Psychology and Aging 21, 638—643.
https://doi.org/10.1037/0882-7974.21.3.638

Butler, K.M., Zacks, R.T., Henderson, J.M., 1999. Suppression of reflexive saccades in
younger and older adults: Age comparisons on an antisaccade task. Memory &
Cognition 27, 584-591. https://doi.org/10.3758/BF03211552

Biittner-Ennever, J.A., Biittner, U., 1988. Neuroanatomy of the oculomotor system. The
reticular formation. Rev Oculomot Res 2, 119-176.

54



Biittner-Ennever, J.A., Horn, A.K., 1996. Pathways from cell groups of the paramedian tracts
to the floccular region. Ann. N. Y. Acad. Sci. 781, 532-540.
https://doi.org/10.1111/j.1749-6632.1996.tb15726.x

Biittner-Ennever, J.A., Horn, A.K., Henn, V., Cohen, B., 1999. Projections from the superior
colliculus motor map to omnipause neurons in monkey. J. Comp. Neurol. 413, 55-67.
https://doi.org/10.1002/(sic1)1096-9861(19991011)413:1<55::aid-cne3>3.0.co;2-k

Biittner-Ennever, J.A., Horn, A.K., Schmidtke, K., 1989. Cell groups of the medial
longitudinal fasciculus and paramedian tracts. Rev. Neurol. (Paris) 145, 533—-539.

Biittner-Ennever, J.A., Kennard, C., Leigh, R.J. (Eds.), 2008. Using eye movements as an
experimental probe of brain function: a symposium in honor of Jean Buttner-Ennever,
Progress in brain research. Elsevier, Amsterdam ; London.

Carter, C.S., 1998. Anterior Cingulate Cortex, Error Detection, and the Online Monitoring of
Performance. Science 280, 747—749. https://doi.org/10.1126/science.280.5364.747

Cassin, B., Solomon, S., Rubin, M.L., 1990. Dictionary of eye terminology, 2nd ed. ed. Triad
Pub. Co, Gainesville, Fla.

Cazzoli, D., Antoniades, C.A., Kennard, C., Nyffeler, T., Bassetti, C.L., Miiri, R.M., 2014.
Eye Movements Discriminate Fatigue Due to Chronotypical Factors and Time Spent
on Task — A Double Dissociation. PLoS ONE 9, e87146.
https://doi.org/10.1371/journal.pone.0087146

Chan, F., Armstrong, I.T., Pari, G., Riopelle, R.J., Munoz, D.P., 2005. Deficits in saccadic
eye-movement control in Parkinson’s disease. Neuropsychologia 43, 784—796.
https://doi.org/10.1016/j.neuropsychologia.2004.06.026

Chen, L.L., Chen, Y.M., Zhou, W., Mustain, W.D., 2014. Monetary reward speeds up
voluntary saccades. Front. Integr. Neurosci. 8.
https://doi.org/10.3389/fnint.2014.00048

Chen, N.T.M., Clarke, P.J.F., Watson, T.L., MacLeod, C., Guastella, A.J., 2014. Biased
Saccadic Responses to Emotional Stimuli in Anxiety: An Antisaccade Study. PLoS
ONE 9, e86474. https://doi.org/10.1371/journal.pone.0086474

Choi, J.E.S., Vaswani, P.A., Shadmehr, R., 2014. Vigor of Movements and the Cost of Time
in Decision Making. Journal of Neuroscience 34, 1212-1223.
https://doi.org/10.1523/JNEUROSCI.2798-13.2014

Clark, R.A., Demer, J.L., 2002. Effect of aging on human rectus extraocular muscle paths
demonstrated by magnetic resonance imaging. American Journal of Ophthalmology
134, 872—-878. https://doi.org/10.1016/S0002-9394(02)01695-1

Clark, R.A., Isenberg, S.J., 2001. The range of ocular movements decreases with aging.
Journal of American Association for Pediatric Ophthalmology and Strabismus 5, 26—
30. https://doi.org/10.1067/mpa.2001.111016

Collewijn, H., Erkelens, C.J., Steinman, R.M., 1988. Binocular co-ordination of human
vertical saccadic eye movements. The Journal of Physiology 404, 183—197.
https://doi.org/10.1113/jphysiol.1988.sp017285

Condy, C., Wattiez, N., Rivaud-Péchoux, S., Tremblay, L., Gaymard, B., 2007. Antisaccade
deficit after inactivation of the principal sulcus in monkeys. Cereb. Cortex 17, 221—
229. https://doi.org/10.1093/cercor/bhj140

Crawford, J., 1964. LIVING WITHOUT A BALANCING MECHANISM. Br J Ophthalmol
48, 357-360. https://doi.org/10.1136/bjo.48.7.357

Creasey, H., Rapoport, S.1., 1985. The aging human brain. Ann Neurol. 17, 2—10.
https://doi.org/10.1002/ana.410170103

Crevits, L., Versijpt, J., Hanse, M., De Ridder, K., 2000. Antisaccadic Effects of a Dopamine
Agonist as Add-On Therapy in Advanced Parkinson’s Patients. Neuropsychobiology
42,202-206. https://doi.org/10.1159/000026694

55



Cullen, K.E., Horn, M.R.V., 2011. Brainstem pathways and premotor control. Oxford
University Press. https://doi.org/10.1093/0xfordhb/9780199539789.013.0009

Currie, J., Ramsden, B., McArthur, C., Maruff, P., 1991. Validation of a Clinical Antisaccadic
Eye Movement Test in the Assessment of Dementia. Archives of Neurology 48, 644—
648. https://doi.org/10.1001/archneur.1991.00530180102024

Davis, S.W., Dennis, N.A., Daselaar, S.M., Fleck, M.S., Cabeza, R., 2008. Que PASA? The
Posterior-Anterior Shift in Aging. Cerebral Cortex 18, 1201-1209.
https://doi.org/10.1093/cercor/bhm155

Delabarre, E.B., 1898. A Method of Recording Eye-Movements. The American Journal of
Psychology 9, 572. https://doi.org/10.2307/1412191

Dodge, R., 1904. The participation of the eye movements in the visual perception of motion.
Psychological Review 11, 1-14. https://doi.org/10.1037/h0071641

Dodge, R., 1903. FIVE TYPES OF EYE MOVEMENT IN THE HORIZONTAL
MERIDIAN PLANE OF THE FIELD OF REGARD. American Journal of
Physiology-Legacy Content 8, 307-329.
https://doi.org/10.1152/ajplegacy.1903.8.4.307

Dolcos, F., Rice, H.J., Cabeza, R., 2002. Hemispheric asymmetry and aging: right hemisphere
decline or asymmetry reduction. Neuroscience & Biobehavioral Reviews 26, 819—825.
https://doi.org/10.1016/S0149-7634(02)00068-4

Doron, K.W., Funk, C.M., Glickstein, M., 2010. Fronto-cerebellar circuits and eye movement
control: a diffusion imaging tractography study of human cortico-pontine projections.
Brain Res. 1307, 63-71. https://doi.org/10.1016/j.brainres.2009.10.029

Dukart, J., Mueller, K., Barthel, H., Villringer, A., Sabri, O., Schroeter, M.L., Alzheimer’s
Disease Neuroimaging Initiative, 2013. Meta-analysis based SVM classification
enables accurate detection of Alzheimer’s disease across different clinical centers
using FDG-PET and MRI. Psychiatry Res 212, 230-236.
https://doi.org/10.1016/j.pscychresns.2012.04.007

Dukart, J., Mueller, K., Horstmann, A., Barthel, H., Mdller, H.E., Villringer, A., Sabri, O.,
Schroeter, M.L., 2011. Combined evaluation of FDG-PET and MRI improves
detection and differentiation of dementia. PLoS ONE 6, e18111.
https://doi.org/10.1371/journal.pone.0018111

Dusek, P., Litwin, T., Cztonkowska, A., 2019. Neurologic impairment in Wilson disease. Ann
Transl Med 7, S64. https://doi.org/10.21037/atm.2019.02.43

Everling, S., Fischer, B., 1998. The antisaccade: a review of basic research and clinical
studies. Neuropsychologia 36, 885-899. https://doi.org/10.1016/S0028-
3932(98)00020-7

Evinger, C., Kaneko, C.R., Fuchs, A.F., 1982. Activity of omnipause neurons in alert cats
during saccadic eye movements and visual stimuli. Journal of Neurophysiology 47,
827-844. https://doi.org/10.1152/jn.1982.47.5.827

Fiehler, K., Ullsperger, M., von Cramon, D.Y., 2004. Neural correlates of error detection and
error correction: is there a common neuroanatomical substrate? Eur J Neurosci 19,
3081-3087. https://doi.org/10.1111/j.0953-816X.2004.03414.x

Fischer, B., Biscaldi, M., Gezeck, S., 1997. On the development of voluntary and reflexive
components in human saccade generation. Brain Research 754, 285-297.
https://doi.org/10.1016/S0006-8993(97)00094-2

Floresco, S.B., 2013. Prefrontal dopamine and behavioral flexibility: shifting from an
“inverted-U” toward a family of functions. Front. Neurosci. 7.
https://doi.org/10.3389/fnins.2013.00062

Focke, N.K., Helms, G., Scheewe, S., Pantel, P.M., Bachmann, C.G., Dechent, P.,
Ebentheuer, J., Mohr, A., Paulus, W., Trenkwalder, C., 2011. Individual voxel-based

56



subtype prediction can differentiate progressive supranuclear palsy from idiopathic
Parkinson syndrome and healthy controls. Hum Brain Mapp 32, 1905-1915.
https://doi.org/10.1002/hbm.21161

Folstein, M., Folstein, S., 2010. Functional expressions of the aging brain: Nutrition
Reviews©, Vol. 68, No. s2. Nutrition Reviews 68, S70-S73.
https://doi.org/10.1111/5.1753-4887.2010.00351.x

Foster, N.L., Minoshima, S., Johanns, J., Little, R., Heumann, M.L., Kuhl, D.E., Gilman, S.,
2000. PET measures of benzodiazepine receptors in progressive supranuclear palsy.
Neurology 54, 1768—1773. https://doi.org/10.1212/WNL.54.9.1768

Fridley, J., Adams, G., Sun, P., York, M., Atassi, F., Lai, E., Simpson, R., Viswanathan, A.,
Yoshor, D., 2013. Effect of subthalamic nucleus or globus pallidus interna stimulation
on oculomotor function in patients with Parkinson’s disease. Stereotact Funct
Neurosurg 91, 113-121. https://doi.org/10.1159/000343200

Frota, N.A.F., Caramelli, P., Barbosa, E.R., 2009. Cognitive impairment in Wilson’s disease.
Dement Neuropsychol 3, 16-21. https://doi.org/10.1590/S1980-
57642009DN30100004

Gandhi, N.J., Keller, E.L., 1999. Comparison of Saccades Perturbed by Stimulation of the
Rostral Superior Colliculus, the Caudal Superior Colliculus, and the Omnipause
Neuron Region. Journal of Neurophysiology 82, 3236-3253.
https://doi.org/10.1152/jn.1999.82.6.3236

Gehring, W.J., Knight, R.T., 2000. Prefrontal-cingulate interactions in action monitoring. Nat
Neurosci 3, 516-520. https://doi.org/10.1038/74899

Gellman, R.S., Carl, J.R., Miles, F.A., 1990. Short latency ocular-following responses in man.
Vis. Neurosci. 5, 107—122. https://doi.org/10.1017/s0952523800000158

Gerardin, P., Gaveau, V., Pélisson, D., Prablanc, C., 2011. Integration of visual information
for saccade production. Human Movement Science 30, 1009—1021.
https://doi.org/10.1016/;.humov.2011.01.004

Gottlob, 1., Proudlock, F.A., 2014. Aetiology of infantile nystagmus. Curr. Opin. Neurol. 27,
83-91. https://doi.org/10.1097/WC0O.0000000000000058

Grande, L.J., Crosson, B., Heilman, K.M., Bauer, R.M., Kilduft, P., McGlinchey, R.E., 2006.
Visual selective attention in parkinson’s disease: Dissociation of exogenous and
endogenous inhibition. Neuropsychology 20, 370-382. https://doi.org/10.1037/0894-
4105.20.3.370

Guitton, D., Buchtel, H.A., Douglas, R.M., 1985. Frontal lobe lesions in man cause
difficulties in suppressing reflexive glances and in generating goal-directed saccades.
Exp Brain Res 58. https://doi.org/10.1007/BF00235863

Hebert, S.L., Daniel, M.L., McLoon, L.K., 2013. The role of Pitx2 in maintaining the
phenotype of myogenic precursor cells in the extraocular muscles. PLoS ONE 8§,
e58405. https://doi.org/10.1371/journal.pone.0058405

Hegde, S., Sinha, S., Rao, S.L., Taly, A.B., Vasudev, M.K., 2010. Cognitive profile and
structural findings in Wilson’s disease: a neuropsychological and MRI-based study.
Neurol India 58, 708—713. https://doi.org/10.4103/0028-3886.72172

Henn, V., Hepp, K., Vilis, T., 1989. Rapid eye movement generation in the primate.
Physiology, pathophysiology, and clinical implications. Rev. Neurol. (Paris) 145,
540-545.

Henson, C., Staunton, H., Brett, F.M., 2003. Does ageing have an effect on midbrain premotor
nuclei for vertical eye movements? Mov. Disord. 18, 688—694.
https://doi.org/10.1002/mds.10414

Hester, R., Foxe, J.J., Molholm, S., Shpaner, M., Garavan, H., 2005. Neural mechanisms
involved in error processing: A comparison of errors made with and without

57



awareness. Neurolmage 27, 602—608.
https://doi.org/10.1016/j.neuroimage.2005.04.035

Hikosaka, O., Isoda, M., 2010. Switching from automatic to controlled behavior: cortico-basal
ganglia mechanisms. Trends Cogn. Sci. (Regul. Ed.) 14, 154-161.
https://doi.org/10.1016/j.tics.2010.01.006

Hirano, S., Shinotoh, H., Eidelberg, D., 2012. Functional brain imaging of cognitive
dysfunction in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 83, 963-969.
https://doi.org/10.1136/jnnp-2011-301818

Hirschberg, J., 1987. The history of ophthalmology. Wayenborgh.

Hood, A.J., Amador, S.C., Cain, A.E., Briand, K.A., Al-Refai, A.H., Schiess, M.C., Sereno,
A.B., 2007. Levodopa slows prosaccades and improves antisaccades: an eye
movement study in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 78, 565—
570. https://doi.org/10.1136/jnnp.2006.099754

Horn, A K., Biittner-Ennever, J.A., Wahle, P., Reichenberger, 1., 1994. Neurotransmitter
profile of saccadic omnipause neurons in nucleus raphe interpositus. J. Neurosci. 14,
2032-2046.

Horn, A.K.E., 2006. The reticular formation, in: Progress in Brain Research. Elsevier, pp.
127-155. https://doi.org/10.1016/S0079-6123(05)51005-7

Hu, Y., Walker, R., 2011. The Neural Basis of Parallel Saccade Programming: An fMRI
Study. Journal of Cognitive Neuroscience 23, 3669—-3680.
https://doi.org/10.1162/jocn_a_ 00048

Huaman, A.G., Sharpe, J.A., 1993. Vertical saccades in senescence. Invest. Ophthalmol. Vis.
Sci. 34, 2588-2595.

Huber-Reggi, S.P., Mueller, K.P., Straumann, D., Huang, M.Y.-Y., Neuhauss, S.C.F., 2014.
Individual Larvae of the Zebrafish Mutant belladonna Display Multiple Infantile
Nystagmus-Like Waveforms that Are Influenced by Viewing Conditions. Invest.
Ophthalmol. Vis. Sci. 55, 3971. https://doi.org/10.1167/iovs.13-13576

Huey, E.B., 1898. Preliminary Experiments in the Physiology and Psychology of Reading.
The American Journal of Psychology 9, 575. https://doi.org/10.2307/1412192

Iranzo, A., Lomena, F., Stockner, H., Valldeoriola, F., Vilaseca, 1., Salamero, M., Molinuevo,
J.L., Serradell, M., Duch, J., Pavia, J., Gallego, J., Seppi, K., Hogl, B., Tolosa, E.,
Poewe, W., Santamaria, J., 2010. Decreased striatal dopamine transporter uptake and
substantia nigra hyperechogenicity as risk markers of synucleinopathy in patients with
idiopathic rapid-eye-movement sleep behaviour disorder: a prospective study. The
Lancet Neurology 9, 1070-1077. https://doi.org/10.1016/S1474-4422(10)70216-7

Iranzo, A., Valldeoriola, F., Lomeiia, F., Molinuevo, J.L., Serradell, M., Salamero, M., Cot,
A., Ros, D., Pavia, J., Santamaria, J., Tolosa, E., 2011. Serial dopamine transporter
imaging of nigrostriatal function in patients with idiopathic rapid-eye-movement sleep
behaviour disorder: a prospective study. The Lancet Neurology 10, 797-805.
https://doi.org/10.1016/S1474-4422(11)70152-1

Ito, M., 1976. Adaptive control of reflexes by the cerebellum. Prog. Brain Res. 44, 435-444.
https://doi.org/10.1016/S0079-6123(08)60750-5

Jamadar, S.D., Fielding, J., Egan, G.F., 2013. Quantitative meta-analysis of fMRI and PET
studies reveals consistent activation in fronto-striatal-parietal regions and cerebellum
during antisaccades and prosaccades. Front. Psychol. 4.
https://doi.org/10.3389/fpsyg.2013.00749

Jankovic, J., 2008. Parkinson’s disease: clinical features and diagnosis. J. Neurol. Neurosurg.
Psychiatry 79, 368-376. https://doi.org/10.1136/jnnp.2007.131045

Jenni, N.L., Larkin, J.D., Floresco, S.B., 2017. Prefrontal Dopamine D ; and D > Receptors
Regulate Dissociable Aspects of Decision Making via Distinct Ventral Striatal and

58



Amygdalar Circuits. J. Neurosci. 37, 6200—-6213.
https://doi.org/10.1523/JNEUROSCI.0030-17.2017

Jones, W., Klin, A., 2013. Attention to eyes is present but in decline in 2—6-month-old infants
later diagnosed with autism. Nature 504, 427-431.
https://doi.org/10.1038/nature12715

Joshua, M., Lisberger, S.G., 2015. A tale of two species: Neural integration in zebrafish and
monkeys. Neuroscience 296, 80-91.
https://doi.org/10.1016/j.neuroscience.2014.04.048

Kanda, T., Iwamoto, Y., Yoshida, K., Shimazu, H., 2007. Glycinergic inputs cause the pause
of pontine omnipause neurons during saccades. Neuroscience Letters 413, 16-20.
https://doi.org/10.1016/j.neulet.2006.11.024

Kaneko, C.R., 1996. Effect of ibotenic acid lesions of the omnipause neurons on saccadic eye
movements in rthesus macaques. Journal of Neurophysiology 75, 2229-2242.
https://doi.org/10.1152/jn.1996.75.6.2229

Kaneko, C.R.S., Fuchs, A.F., 2006. Effect of pharmacological inactivation of nucleus
reticularis tegmenti pontis on saccadic eye movements in the monkey. J.
Neurophysiol. 95, 3698-3711. https://doi.org/10.1152/jn.01292.2005

Kiehl, K.A., Liddle, P.F., Hopfinger, J.B., 2000. Error processing and the rostral anterior
cingulate: an event-related fMRI study. Psychophysiology 37, 216-223.

Kish, S.J., Chang, L.J., Mirchandani, L., Shannak, K., Hornykiewicz, O., 1985. Progressive
supranuclear palsy: relationship between extrapyramidal disturbances, dementia, and
brain neurotransmitter markers. Ann. Neurol. 18, 530-536.
https://doi.org/10.1002/ana.410180504

Klein, C., Fischer, B., Hartnegg, K., Heiss, W.H., Roth, M., 2000. Optomotor and
neuropsychological performance in old age. Exp Brain Res 135, 141-154.
https://doi.org/10.1007/s002210000506

Kochunov, P., Thompson, P.M., Coyle, T.R., Lancaster, J.L., Kochunov, V., Royall, D.,
Mangin, J.-F., Riviere, D., Fox, P.T., 2008. Relationship among neuroimaging indices
of cerebral health during normal aging. Hum. Brain Mapp. 29, 36-45.
https://doi.org/10.1002/hbm.20369

Kojima, Y., Soetedjo, R., Fuchs, A.F., 2010. Behavior of the Oculomotor Vermis for Five
Different Types of Saccade. Journal of Neurophysiology 104, 3667-3676.
https://doi.org/10.1152/jn.00558.2010

Kompf, D., Pasik, T., Pasik, P., Bender, M.B., 1979. Downward gaze in monkeys: stimulation
and lesion studies. Brain 102, 527-558. https://doi.org/10.1093/brain/102.3.527

Krauzlis, R.J., 2004. Recasting the smooth pursuit eye movement system. J. Neurophysiol.
91, 591-603. https://doi.org/10.1152/jn.00801.2003

Kruta, V., n.d. J. E. Purkyné (1787-1869) Physiologist: A short account of his contributions to
the progress of physiology with a bibliography of his works.

Land, M.F., 1999. Motion and vision: why animals move their eyes. J. Comp. Physiol. A 185,
341-352. https://doi.org/10.1007/s003590050393

Landolt, E., Burnett, S.M., 1879. A Manual of Examination of the Eyes: A Course of Lectures
Delivered at the “Ecole Pratique,.” D.G. Brinton.

Landwehrmeyer, B., Palacios, .M., 1994. Alterations of neurotransmitter receptors and
neurotransmitter transporters in progressive supranuclear palsy, in: Tolosa, E.,
Duvoisin, R., Cruz-Sanchez, F.F. (Eds.), Progressive Supranuclear Palsy: Diagnosis,
Pathology, and Therapy. Springer Vienna, Vienna, pp. 229-246.
https://doi.org/10.1007/978-3-7091-6641-3 18

Leigh, R.J., Kennard, C., 2004. Using saccades as a research tool in the clinical
neurosciences. Brain 127, 460—477. https://doi.org/10.1093/brain/awh035

59



Leigh, R.J., Riley, D.E., 2000. Eye movements in parkinsonism: it’s saccadic speed that
counts. Neurology 54, 1018—1019. https://doi.org/10.1212/wnl.54.5.1018

Leigh, R.J., Zee, D.S., 2015a. The neurology of eye movements, 5th edition. ed,
Contemporary neurology series. Oxford University Press, Oxford ; New York.

Leigh, R.J., Zee, D.S., 2015b. A Survey of Eye Movements: Characteristics and Teleology,
in: The Neurology of Eye Movements. Oxford University Press, pp. 1-23.
https://doi.org/10.1093/med/9780199969289.003.0001

Leigh, R.J., Zee, D.S., 2015¢c. Vergence Eye Movements, in: The Neurology of Eye
Movements. Oxford University Press, pp. 520-568.
https://doi.org/10.1093/med/9780199969289.003.0009

Leigh, R.J., Zee, D.S., 2015d. The Saccadic System, in: The Neurology of Eye Movements.
Oxford University Press, pp. 169-288.
https://doi.org/10.1093/med/9780199969289.003.0004

Lesniak, M., Czlonkowska, A., Seniow, J., 2008. Abnormal antisaccades and smooth pursuit
eye movements in patients with Wilson’s disease. Mov. Disord. 23, 2067-2073.
https://doi.org/10.1002/mds.22276

Levy, R., Ruberg, M., Herrero, M.T., Villares, J., Javoy-Agid, F., Agid, Y., Hirsch, E.C.,
1995. Alterations of GABAergic neurons in the basal ganglia of patients with
progressive supranuclear palsy: an in situ hybridization study of GAD67 messenger
RNA. Neurology 45, 127-134. https://doi.org/10.1212/wnl.45.1.127

Liao, K., Walker, M.F., Joshi, A., Reschke, M., Strupp, M., Leigh, R.J., 2009. The human
vertical translational vestibulo-ocular reflex. Normal and abnormal responses. Ann. N.
Y. Acad. Sci. 1164, 68-75. https://doi.org/10.1111/j.1749-6632.2008.03711.x

Liversedge, S.P., Gilchrist, I.D., Everling, S. (Eds.), 2013. The Oxford handbook of eye
movements, 2013 edition. ed, Oxford library of psychology. Oxford University Press,
Oxford.

Ludolph, A.C., Kassubek, J., Landwehrmeyer, B.G., Mandelkow, E., Mandelkow, E.-M.,
Burn, D.J., Caparros-Lefebvre, D., Frey, K.A., de Yebenes, J.G., Gasser, T., Heutink,
P., Hoglinger, G., Jamrozik, Z., Jellinger, K.A., Kazantsev, A., Kretzschmar, H., Lang,
A.E., Litvan, L., Lucas, J.J., McGeer, P.L., Melquist, S., Oertel, W., Otto, M., Paviour,
D., Reum, T., Saint-Raymond, A., Steele, J.C., Tolnay, M., Tumani, H., van Swieten,
J.C., Vanier, M.T., Vonsattel, J.-P., Wagner, S., Wszolek, Z.K., Reisensburg Working
Group for Tauopathies With Parkinsonism, 2009. Tauopathies with parkinsonism:
clinical spectrum, neuropathologic basis, biological markers, and treatment options.
Eur. J. Neurol. 16, 297-309. https://doi.org/10.1111/j.1468-1331.2008.02513.x

Maas, E.F., Huebner, W.P., Seidman, S.H., Leigh, R.J., 1989. Behavior of human horizontal
vestibulo-ocular reflex in response to high-acceleration stimuli. Brain Res. 499, 153—
156. https://doi.org/10.1016/0006-8993(89)91145-1

Marino, R.A., Levy, R., Boehnke, S., White, B.J., Itti, L., Munoz, D.P., 2012. Linking visual
response properties in the superior colliculus to saccade behavior: Luminance
influences SC visual responses and saccades. European Journal of Neuroscience 35,
1738-1752. https://doi.org/10.1111/j.1460-9568.2012.08079.x

Mays, L.E., Porter, J.D., Gamlin, P.D., Tello, C.A., 1986. Neural control of vergence eye
movements: neurons encoding vergence velocity. J. Neurophysiol. 56, 1007—1021.
https://doi.org/10.1152/jn.1986.56.4.1007

Mclntosh, R.D., Buonocore, A., 2014. Saccadic inhibition can cause the remote distractor
effect, but the remote distractor effect may not be a useful concept. J Vis 14, 15.
https://doi.org/10.1167/14.5.15

60



Miles, F.A., 1998. The neural processing of 3-D visual information: evidence from eye
movements: Eye movements and visual processin. European Journal of Neuroscience
10, 811-822. https://doi.org/10.1046/j.1460-9568.1998.00112.x

Miri, A., Daie, K., Arrenberg, A.B., Baier, H., Aksay, E., Tank, D.W., 2011. Spatial gradients
and multidimensional dynamics in a neural integrator circuit. Nat Neurosci 14, 1150—
1159. https://doi.org/10.1038/nn.2888

Morris, A.P., Chambers, C.D., Mattingley, J.B., 2007. Parietal stimulation destabilizes spatial
updating across saccadic eye movements. Proceedings of the National Academy of
Sciences 104, 9069-9074. https://doi.org/10.1073/pnas.0610508104

Moschner, C., Baloh, R.-W., 1994. Age-Related Changes in Visual Tracking. Journal of
Gerontology 49, M235-M238. https://doi.org/10.1093/geronj/49.5.M235

Moschovakis, A.K., Scudder, C.A., Highstein, S.M., 1991a. Structure of the primate
oculomotor burst generator. I. Medium-lead burst neurons with upward on-directions.
J. Neurophysiol. 65, 203-217. https://doi.org/10.1152/jn.1991.65.2.203

Moschovakis, A.K., Scudder, C.A., Highstein, S.M., Warren, J.D., 1991b. Structure of the
primate oculomotor burst generator. II. Medium-lead burst neurons with downward
on-directions. Journal of Neurophysiology 65, 218-229.
https://doi.org/10.1152/jn.1991.65.2.218

Munoz, D.P., Broughton, J.R., Goldring, J.E., Armstrong, I.T., 1998. Age-related
performance of human subjects on saccadic eye movement tasks. Experimental Brain
Research 121, 391-400. https://doi.org/10.1007/s002210050473

Nachev, P., Rees, G., Parton, A., Kennard, C., Husain, M., 2005. Volition and Conflict in
Human Medial Frontal Cortex. Current Biology 15, 122—128.
https://doi.org/10.1016/j.cub.2005.01.006

Nakao, S., Curthoys, I.S., Markham, Ch.H., 1980. Direct inhibitory projection of pause
neurons to nystagmus-related pontomedullary reticular burst neurons in the cat. Exp
Brain Res 40. https://doi.org/10.1007/BF00237793

Nakao, S., Shiraishi, Y., Oda, H., Inagaki, M., 1988. Direct inhibitory projection of pontine
omnipause neurons to burst neurons in the Forel’s field H controlling vertical eye
movement-related motoneurons in the cat. Exp Brain Res 70.
https://doi.org/10.1007/BF00247612

Nebes, R.D., 1974. Hemispheric specialization in commissurotomized man. Psychological
Bulletin 81, 1-14. https://doi.org/10.1037/h0035626

Nieuwenhuis, S., Ridderinkhof, K.R., de Jong, R., Kok, A., van der Molen, M.W., 2000.
Inhibitory inefficiency and failures of intention activation: Age-related decline in the
control of saccadic eye movements. Psychology and Aging 15, 635-647.
https://doi.org/10.1037/0882-7974.15.4.635

Noda, H., Sugita, S., Ikeda, Y., 1990. Afferent and efferent connections of the oculomotor
region of the fastigial nucleus in the macaque monkey. J. Comp. Neurol. 302, 330
348. https://doi.org/10.1002/cne.903020211

Noorani, I., Carpenter, R.H.S., 2013. Antisaccades as decisions: LATER model predicts
latency distributions and error responses. Eur J Neurosci 37, 330-338.
https://doi.org/10.1111/ejn.12025

Nutton, V., 2013. Ancient Medicine. Routledge.

Nyberg, L., Salami, A., Andersson, M., Eriksson, J., Kalpouzos, G., Kauppi, K., Lind, J.,
Pudas, S., Persson, J., Nilsson, L.-G., 2010. Longitudinal evidence for diminished
frontal cortex function in aging. Proceedings of the National Academy of Sciences
107, 22682-22686. https://doi.org/10.1073/pnas. 1012651108

61



Oguro, H., Okada, K., Suyama, N., Yamashita, K., Yamaguchi, S., Kobayashi, S., 2004.
Decline of Vertical Gaze and Convergence with Aging. Gerontology 50, 177-181.
https://doi.org/10.1159/000076777

Ohgaki, T., Markham, C.H., Schneider, J.S., Curthoys, 1.S., 1989. Anatomical evidence of the
projection of pontine omnipause neurons to midbrain regions controlling vertical eye
movements. J. Comp. Neurol. 289, 610-625. https://doi.org/10.1002/cne.902890407

Ohtsuka, K., Noda, H., 1995. Discharge properties of Purkinje cells in the oculomotor vermis
during visually guided saccades in the macaque monkey. J. Neurophysiol. 74, 1828—
1840. https://doi.org/10.1152/jn.1995.74.5.1828

O’Leary, D.L., 2002. How Greek science passed to the Arabs. Routledge and Kegan Paul,
London.

Olincy, A., Ross, R.G., Youngd, D.A., Freedman, R., 1997. Age Diminishes Performance on
an Antisaccade Eye Movement Task. Neurobiology of Aging 18, 483—489.
https://doi.org/10.1016/S0197-4580(97)00109-7

Olk, B., Jin, Y., 2011. Effects of aging on switching the response direction of pro- and
antisaccades. Exp Brain Res 208, 139-150. https://doi.org/10.1007/s00221-010-2466-
1

Ostendorf, F., Kilias, J., Ploner, C.J., 2012. Theta-Burst Stimulation over Human Frontal
Cortex Distorts Perceptual Stability across Eye Movements. Cerebral Cortex 22, 800—
810. https://doi.org/10.1093/cercor/bhr143

O’Sullivan, J.D., Maruff, P., Tyler, P., Peppard, R.F., McNeill, P., Currie, J., 2003. Unilateral
pallidotomy for Parkinson’s disease disrupts ocular fixation. J Clin Neurosci 10, 181—
185. https://doi.org/10.1016/s0967-5868(02)00125-x

Patterson, M.C., Vecchio, D., Prady, H., Abel, L., Wraith, J.E., 2007. Miglustat for treatment
of Niemann-Pick C disease: a randomised controlled study. The Lancet Neurology 6,
765-772. https://doi.org/10.1016/S1474-4422(07)70194-1

Peltsch, A., Hemraj, A., Garcia, A., Munoz, D.P., 2011. Age-related trends in saccade
characteristics among the elderly. Neurobiology of Aging 32, 669-679.
https://doi.org/10.1016/j.neurobiolaging.2009.04.001

Perry, T.L., Hansen, S., Jones, K., 1988. Brain amino acids and glutathione in progressive
supranuclear palsy. Neurology 38, 943-946. https://doi.org/10.1212/wnl.38.6.943

Persson, J., Nyberg, L., 2006. Altered brain activity in healthy seniors: what does it mean?, in:
Progress in Brain Research. Elsevier, pp. 45-385. https://doi.org/10.1016/S0079-
6123(06)57004-9

Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L.-G., Ingvar, M., Buckner, R.L., 2006.
Structure—Function Correlates of Cognitive Decline in Aging. Cerebral Cortex 16,
907-915. https://doi.org/10.1093/cercor/bhj036

Pierrot-Deseilligny, C., Rivaud, S., Pillon, B., Fournier, E., Agid, Y., 1989. Lateral visually-
guided saccades in progressive supranuclear palsy. Brain 112 ( Pt 2), 471-487.
https://doi.org/10.1093/brain/112.2.471

Pierrot-Deseilligny, Ch., Rivaud, S., Gaymard, B., Agid, Y., 1991. CORTICAL CONTROL
OF REFLEXIVE VISUALLY-GUIDED SACCADES. Brain 114, 1473—-1485.
https://doi.org/10.1093/brain/114.3.1473

Pinkhardt, E.H., Jiirgens, R., Becker, W., Valdarno, F., Ludolph, A.C., Kassubek, J., 2008.
Differential diagnostic value of eye movement recording in PSP-parkinsonism,
Richardson’s syndrome, and idiopathic Parkinson’s disease. J Neurol 255, 1916-1925.
https://doi.org/10.1007/s00415-009-0027-y

Pinkhardt, E.H., Kassubek, J., 2011. Ocular motor abnormalities in Parkinsonian syndromes.
Parkinsonism Relat. Disord. 17, 223-230.
https://doi.org/10.1016/j.parkreldis.2010.08.004

62



Ploner, C.J., Gaymard, B.M., Rivaud-Péchoux, S., Pierrot-Deseilligny, C., 2005. The
Prefrontal Substrate of Reflexive Saccade Inhibition in Humans. Biological Psychiatry
57, 1159-1165. https://doi.org/10.1016/j.biopsych.2005.02.017

Poewe, W., 2006. The natural history of Parkinson’s disease. J. Neurol. 253 Suppl 7, VII2-6.
https://doi.org/10.1007/s00415-006-7002-7

Pratt, J., Abrams, R.A., Chasteen, A.L., 1997. Initiation and Inhibition of Saccadic Eye
Movements in Younger and Older Adults an Analysis of the Gap Effect. The Journals
of Gerontology Series B: Psychological Sciences and Social Sciences 52B, P103—
P107. https://doi.org/10.1093/geronb/52B.2.P103

Purves, D. (Ed.), 2019. Neuroscience, Sixth international edition. ed. Oxford University Press,
Sinauer Associates is an imprint of Oxford University Press, New York Oxford.

Rajah, M.N., D’Esposito, M., 2005. Region-specific changes in prefrontal function with age:
areview of PET and fMRI studies on working and episodic memory. Brain 128,
1964—1983. https://doi.org/10.1093/brain/awh608

Ramat, S., Zee, D.S., 2005. Binocular coordination in fore/aft motion. Ann. N. Y. Acad. Sci.
1039, 36-53. https://doi.org/10.1196/annals.1325.005

Rambold, H., Sander, T., Neumann, G., Helmchen, C., 2005. Palsy of “fast” and “slow”
vergence by pontine lesions. Neurology 64, 338—340.
https://doi.org/10.1212/01.WNL.0000149526.86990.ED

Rascol, O., Sabatini, U., Simonetta-Moreau, M., Montastruc, J.L., Rascol, A., Clanet, M.,
1991. Square wave jerks in parkinsonian syndromes. J. Neurol. Neurosurg. Psychiatry
54, 599—-602. https://doi.org/10.1136/jnnp.54.7.599

Rathbun, J.K., 1996. Neuropsychological aspects of Wilson’s disease. Int. J. Neurosci. 85,
221-229.

Raz, N., Gunning-Dixon, F., Head, D., Williamson, A., Acker, J.D., 2001. Age and sex
differences in the cerebellum and the ventral pons: a prospective MR study of healthy
adults. AJNR Am J Neuroradiol 22, 1161-1167.

Robinson, D.A., 1977. Linear addition of optokinetic and vestibular signals in the vestibular
nucleus. Exp Brain Res 30, 447—450. https://doi.org/10.1007/bf00237269

Robinson, D.A., 1975. Tectal oculomotor connections. Neurosci Res Program Bull 13, 238—
244.

Robinson, D.A., 1963. A METHOD OF MEASURING EYE MOVEMENT USING A
SCLERAL SEARCH COIL IN A MAGNETIC FIELD. IEEE Trans Biomed Eng 10,
137-145. https://doi.org/10.1109/tbmel.1963.4322822

Robinson, F.R., 2000. Role of the cerebellar posterior interpositus nucleus in saccades I.
Effect of temporary lesions. J. Neurophysiol. 84, 1289-1302.
https://doi.org/10.1152/jn.2000.84.3.1289

Robinson, F.R., Fuchs, A.F., 2001. The role of the cerebellum in voluntary eye movements.
Annu. Rev. Neurosci. 24, 981-1004. https://doi.org/10.1146/annurev.neuro.24.1.981

Rottach, K.G., Riley, D.E., DiScenna, A.O., Zivotofsky, A.Z., Leigh, R.J., 1996. Dynamic
properties of horizontal and vertical eye movements in parkinsonian syndromes. Ann
Neurol. 39, 368-377. https://doi.org/10.1002/ana.410390314

Rucker, J. (Ed.), 2011. Basic and clinical ocular motor and vestibular research: conference
entitled “Basic and Clinic Ocular Motor and Vestibular Research: A Tribute to R.
John Leigh”, held in Buenos Aires, Argentina on March 25 - 27, 2011, Annals of the
New York Academy of Sciences. Blackwell, Boston, Mass.

Rutar, T., Demer, J.L., 2009. “Heavy Eye” syndrome in the absence of high myopia: A
connective tissue degeneration in elderly strabismic patients. Journal of American
Association for Pediatric Ophthalmology and Strabismus 13, 36—44.
https://doi.org/10.1016/j.jaapos.2008.07.008

63



Salat, D.H., Kaye, J.A., Janowsky, J.S., 2001. Selective Preservation and Degeneration
Within the Prefrontal Cortex in Aging and Alzheimer Disease. Arch Neurol 58, 1403.
https://doi.org/10.1001/archneur.58.9.1403

Salvatore, C., Cerasa, A., Castiglioni, 1., Gallivanone, F., Augimeri, A., Lopez, M., Arabia,
G., Morelli, M., Gilardi, M.C., Quattrone, A., 2014. Machine learning on brain MRI
data for differential diagnosis of Parkinson’s disease and Progressive Supranuclear
Palsy. Journal of Neuroscience Methods 222, 230-237.
https://doi.org/10.1016/j.jneumeth.2013.11.016

Sergent, J., Ohta, S., Macdonald, B., 1992. FUNCTIONAL NEUROANATOMY OF FACE
AND OBJECT PROCESSING: A POSITRON EMISSION TOMOGRAPHY
STUDY. Brain 115, 15-36. https://doi.org/10.1093/brain/115.1.15

Shadmehr, R., Orban de Xivry, J.J., Xu-Wilson, M., Shih, T.-Y., 2010. Temporal Discounting
of Reward and the Cost of Time in Motor Control. Journal of Neuroscience 30,
10507-10516. https://doi.org/10.1523/INEUROSCI.1343-10.2010

Shafig-Antonacci, R., Maruff, P., Whyte, S., Tyler, P., Dudgeon, P., Currie, J., 1999. The
Effects of Age and Mood on Saccadic Function in Older Individuals. The Journals of
Gerontology Series B: Psychological Sciences and Social Sciences 54B, P361-P368.
https://doi.org/10.1093/geronb/54B.6.P361

Shaikh, A.G., Wong, A.L., Optican, L.M., Miura, K., Solomon, D., Zee, D.S., 2010.
Sustained eye closure slows saccades. Vision Res. 50, 1665-1675.
https://doi.org/10.1016/j.visres.2010.05.019

Shao, N., Yang, J., Li, J., Shang, H.-F., 2014. Voxelwise meta-analysis of gray matter
anomalies in progressive supranuclear palsy and Parkinson’s disease using anatomic
likelihood estimation. Front Hum Neurosci 8, 63.
https://doi.org/10.3389/fnhum.2014.00063

Sharman, M., Valabregue, R., Perlbarg, V., Marrakchi-Kacem, L., Vidailhet, M., Benali, H.,
Brice, A., Lehéricy, S., 2013. Parkinson’s disease patients show reduced cortical-
subcortical sensorimotor connectivity. Mov. Disord. 28, 447-454.
https://doi.org/10.1002/mds.25255

Sharpe, J.A., Zackon, D.H., 1987. Senescent Saccades: Effects of Aging on Their Accuracy,
Latency and Velocity. Acta Oto-Laryngologica 104, 422-428.
https://doi.org/10.3109/00016488709128270

Shepard, N.T., Jacobson, G.P., 2016. The caloric irrigation test. Handb Clin Neurol 137, 119—
131. https://doi.org/10.1016/B978-0-444-63437-5.00009-1

Shi, H.C., Zhong, J.G., Pan, P.L., Xiao, P.R., Shen, Y., Wu, L.J., Li, H.L., Song, Y.Y., He,
G.X., Li, H.Y., 2013. Gray matter atrophy in progressive supranuclear palsy: meta-
analysis of voxel-based morphometry studies. Neurol Sci 34, 1049-1055.
https://doi.org/10.1007/s10072-013-1406-9

Sinha, S., Taly, A.B., Prashanth, L.K., Ravishankar, S., Arunodaya, G.R., Vasudev, M.K.,
2007. Sequential MRI changes in Wilson’s disease with de-coppering therapy: a study
of 50 patients. BJR 80, 744—749. https://doi.org/10.1259/bjr/48911350

Spooner, J.W., Sakala, S.M., Baloh, R.W., 1980. Effect of Aging on Eye Tracking. Archives
of Neurology 37, 575-576. https://doi.org/10.1001/archneur.1980.00500580071012

Steele, J.C., Richardson, J.C., Olszewski, J., 1964. PROGRESSIVE SUPRANUCLEAR
PALSY. A HETEROGENEOUS DEGENERATION INVOLVING THE BRAIN
STEM, BASAL GANGLIA AND CEREBELLUM WITH VERTICAL GAZE AND
PSEUDOBULBAR PALSY, NUCHAL DYSTONIA AND DEMENTIA. Arch.
Neurol. 10, 333-359. https://doi.org/10.1001/archneur.1964.00460160003001

Straka, H., Baker, R., 2013. Vestibular blueprint in early vertebrates. Front. Neural Circuits.
7. https://doi.org/10.3389/fncir.2013.00182

64



Strassman, A., Evinger, C., McCrea, R.A., Baker, R.G., Highstein, S.M., 1987. Anatomy and
physiology of intracellularly labelled omnipause neurons in the cat and squirrel
monkey. Exp Brain Res 67. https://doi.org/10.1007/BF00248565

Strupp, M., Biittner, U., Cohen, B., 2009. Basic and clinical aspects of vertigo and dizziness.
Preface. Ann. N. Y. Acad. Sci. 1164, xi—xii. https://doi.org/10.1111/5.1749-
6632.2009.04922.x

Sweeney, J., 2001. Inhibitory control of attention declines more than working memory during
normal aging. Neurobiology of Aging 22, 39—47. https://doi.org/10.1016/S0197-
4580(00)00175-5

Takagi, M., Zee, D.S., Tamargo, R.J., 1998. Effects of lesions of the oculomotor vermis on
eye movements in primate: saccades. J. Neurophysiol. 80, 1911-1931.
https://doi.org/10.1152/jn.1998.80.4.1911

Tatler, B.W., Wade, N.J., Kwan, H., Findlay, J.M., Velichkovsky, B.M., 2010. Yarbus, Eye
Movements, and Vision. i-Perception 1, 7-27. https://doi.org/10.1068/10382

Taylor, A.J.G., Hutton, S.B., 2011. Error awareness and antisaccade performance. Exp Brain
Res 213, 27-34. https://doi.org/10.1007/s00221-011-2770-4

Taylor, A.J.G., Hutton, S.B., 2009. The effects of task instructions on pro and antisaccade
performance. Exp Brain Res 195, 5—14. https://doi.org/10.1007/s00221-009-1750-4

Troost, B.T., Daroff, R.B., Dell’Osso, L.F., 1976. Quantitative analysis of the ocular motor
deficit in progressive supranuclear palsy (PSP). Trans Am Neurol Assoc 101, 60—64.

Vallesi, A., McIntosh, A.R., Kovacevic, N., Chan, S.C.C., Stuss, D.T., 2010. Age effects on
the asymmetry of the motor system: Evidence from cortical oscillatory activity.
Biological Psychology 85, 213-218. https://doi.org/10.1016/j.biopsycho.2010.07.003

Van Gisbergen, J.A., Robinson, D.A., Gielen, S., 1981. A quantitative analysis of generation
of saccadic eye movements by burst neurons. Journal of Neurophysiology 45, 417—
442, https://doi.org/10.1152/jn.1981.45.3.417

Ventre, J., Zee, D.S., Papageorgiou, H., Reich, S., 1992. ABNORMALITIES OF
PREDICTIVE SACCADES IN HEMI-PARKINSON’S DISEASE. Brain 115, 1147—
1165. https://doi.org/10.1093/brain/115.4.1147

Vidailhet, M., Rivaud, S., Gouider-Khouja, N., Pillon, B., Bonnet, A.M., Gaymard, B., Agid,
Y., Pierrot-Deseilligny, C., 1994. Eye movements in parkinsonian syndromes. Ann.
Neurol. 35, 420-426. https://doi.org/10.1002/ana.410350408

Vignal, C., Tilikete, C., Miléa, D., Miller, N.R., Fumat, C., 2016. Neuro-ophtalmologie.
Elsevier Masson, Issy-les-Moulineaux.

Vintonyak, O., Gorges, M., Miiller, H.-P., Pinkhardt, E.H., Ludolph, A.C., Huppertz, H.-J.,
Kassubek, J., 2017. Patterns of Eye Movement Impairment Correlate with Regional
Brain Atrophy in Neurodegenerative Parkinsonism. Neurodegener Dis 17, 117-126.
https://doi.org/10.1159/000454880

Voogd, J., Schraa-Tam, C.K.L., van der Geest, J.N., De Zeeuw, C.I., 2012. Visuomotor
cerebellum in human and nonhuman primates. Cerebellum 11, 392-410.
https://doi.org/10.1007/s12311-010-0204-7

Wade, N., Tatler, B., 2005. The Moving Tablet of the Eye. Oxford University Press.
https://doi.org/10.1093/acprof:0s0/9780198566175.001.0001

Wade, N.J., 2010. Pioneers of eye movement research. Iperception 1, 33—68.
https://doi.org/10.1068/10389

Wade, N.J., 2000. A Natural History of Vision. MIT Press.

Walhovd, K.B., Westlye, L.T., Amlien, 1., Espeseth, T., Reinvang, 1., Raz, N., Agartz, [,
Salat, D.H., Greve, D.N., Fischl, B., Dale, A.M., Fjell, A.M., 2011. Consistent
neuroanatomical age-related volume differences across multiple samples.

65



Neurobiology of Aging 32, 916-932.
https://doi.org/10.1016/j.neurobiolaging.2009.05.013

Warabi, T., Kase, M., Kato, T., 1984. Effect of aging on the accuracy of visually guided
saccadic eye movement. Ann Neurol. 16, 449-454.
https://doi.org/10.1002/ana.410160405

Wennmo, C., Emgad, P., Henriksson, N.G., Scholtz, H.J., 1983. Vertical Saccades in Brain
Stem Disorders. Acta Oto-Laryngologica 96, 239-241.
https://doi.org/10.3109/00016488309123042

Williams, D.R., Lees, A.J., Wherrett, J.R., Steele, J.C., 2008. J. Clifford Richardson and 50
years of progressive supranuclear palsy. Neurology 70, 566—573.
https://doi.org/10.1212/01.wnl.0000286938.39473.0¢

Yang, Qing., Kapoula, Zoi., 2006. The control of vertical saccades in aged subjects. Exp
Brain Res 171, 67-77. https://doi.org/10.1007/s00221-005-0249-x

Yoshida, A., Tanaka, M., 2009. Enhanced modulation of neuronal activity during
antisaccades in the primate globus pallidus. Cereb. Cortex 19, 206-217.
https://doi.org/10.1093/cercor/bhn069

Yu, F., Barron, D.S., Tantiwongkosi, B., Fox, P., 2015. Patterns of gray matter atrophy in
atypical parkinsonism syndromes: a VBM meta-analysis. Brain Behav 5, €00329.
https://doi.org/10.1002/brb3.329

Zee, D.S., Robinson, D.A., 1979. A hypothetical explanation of saccadic oscillations. Ann.
Neurol. 5, 405-414. https://doi.org/10.1002/ana.410050502

66



Seznam publikaci doktoranda

Originalni prace s IF nad 1.0:

[1]

[2]

[3]

[4]

[5]

[6]

[7]

C. Bonnet, J. Hanuska, J. Rusz, S. Rivaud-Péchoux, T. Sieger, V. Majerova, T.
Serranova, B. Gaymard, E. Riizicka, Horizontal and vertical eye movement
metrics: what is important?, Clin Neurophysiol. 124 (2013) 2216-2229.
https://doi.org/10.1016/j.clinph.2013.05.002. - IF 3.7

C. Bonnet, J. Rusz, M. Megrelishvili, T. Sieger, O. Matouskova, M. Okujava, H.
Brozova, T. Nikolai, J. Hanuska, M. Kapianidze, N. Mikeladze, N. Botchorishvili, 1.
Khatiashvili, M. Janelidze, T. Serranova, O. Fiala, J. Roth, J. Bergquist, R. Jech, S.

Rivaud-Péchoux, B. Gaymard, E. Ruzicka, Eye movements in ephedrone-induced
parkinsonism, PLoS ONE. 9 (2014) e104784.
https://doi.org/10.1371/journal.pone.0104784. - IF 4.49

J. Hanuska, C. Bonnet, J. Rusz, T. Sieger, R. Jech, S. Rivaud-Péchoux, M. Vidailhet,

B. Gaymard, E. Razicka, Fast vergence eye movements are disrupted in
Parkinson’s disease: A video-oculography study, Parkinsonism Relat. Disord. 21
(2015) 797-799. https://doi.org/10.1016/j.parkreldis.2015.04.014. - IF 3.794

K. Mueller, R. Jech, C. Bonnet, J. Tintéra, J. Hanuska, H.E. Moller, K. Fassbender, A.
Ludolph, J. Kassubek, M. Otto, E. Razicka, M.L. Schroeter, FTLDc Study Group,

Disease-Specific Regions Outperform Whole-Brain Approaches in Identifying
Progressive Supranuclear Palsy: A Multicentric MRI Study, Front Neurosci. 11
(2017) 100. https://doi.org/10.3389/fnins.2017.00100. - IF 3.42

C. Bonnet, J. Rusz, J. Hanuska, M. Dezortova, F. Jird, T. Sieger, R. Jech, J. Klempif,
J. Roth, O. Bezdicek, T. Serranova, P. Dusek, T. Uher, C. Flammand-Roze, M. H4jek,

E. Ruzicka, GABA spectra and remote distractor effect in progressive
supranuclear palsy: A pilot study, Rev. Neurol. (Paris). 173 (2017) 225-229.
https://doi.org/10.1016/].neurol.2017.03.007. - IF 1.762

J. Hanuska, J. Rusz, O. Bezdicek, O. Ulmanova, C. Bonnet, P. Dusek, V. Ibarburu, T.

Nikolai, T. Sieger, K. Sonka, E. Razicka, Eye movements in idiopathic rapid eye
movement sleep behaviour disorder: High antisaccade error rate reflects
prefrontal cortex dysfunction, J Sleep Res. 28 (2019) e12742.
https://doi.org/10.1111/jsr.12742. - IF 3.432

J. Hanuska, P. Dusek, J. Rusz, O. Ulmanova, A. Burgetova, E. Ruzicka, Eye

movement abnormalities are associated with brainstem atrophy in Wilson

67


https://doi.org/10.1016/j.clinph.2013.05.002.%20-%20IF%203.7
https://doi.org/10.1371/journal.pone.0104784.%20-%20IF%204.49
https://doi.org/10.1016/j.parkreldis.2015.04.014.%20-%20IF%203.794
https://doi.org/10.3389/fnins.2017.00100.%20-%20IF%203.42
https://doi.org/10.1016/j.neurol.2017.03.007.%20-%20IF%201.762
https://doi.org/10.1111/jsr.12742.%20-%20IF%203.432

disease, Neurol. Sci. 41 (2020) 1097—1103. https://doi.org/10.1007/s10072-019-
04225-3. - IF 2.484

DalSi publikace:

[1] Bonnet, C., Hanuska, J., Dombrowski, A. & Ruzicka, E. Eye Movement Examination
in Neurological Practice. CESKA A SLOVENSKA NEUROLOGIE A
NEUROCHIRURGIE 74, 518-526 (2011). - IF 0.246

[2] Slovak, M. et al. Antisaccades and vergence abnormalities in functional movement

disorders: A video-oculographic study. Mov. Disord. 31, 1072-1073 (2016). - IF 6.01

[3] Hanuska, J. et al. Comment on ‘pro-saccades predict cognitive decline in Parkinson’s

disease: ICICLE-PD’. Mov. Disord. 35, 522 (2020). — IF 8.324

Souhrnny IF: 37.662

68


https://doi.org/10.1007/s10072-019-04225-3.%20-%20IF%202.484
https://doi.org/10.1007/s10072-019-04225-3.%20-%20IF%202.484

Priloha - publikované ¢lanky

69



Chimcsl Mearophysiolopy 124 (2015 FR1G-2220

Contents lists availabla a1 Sciverse Sciencelirect

Clinical Neurophysiology :;ﬁ-_.

journal hemepaga: www alsaviar.com/locata/alinph

ELSEVIER

Horizontal and vertical eye movement metrics: What is important?

@ s

Cecilia Bonnet **, Jaromir Hanudka*, Jan Rusz *®, Sophie Rivaud-Péchoux <, Tomas Sieger **,
Veronika Majerovd . Tereza Serranova®, Bertrand Gaymard %, Evien Rizicka®

* Pepr. of Mewrofogy aud Cenere of Clinkos! Meurescivece, Charfes Lniversiry n Prague, 151 Faouly of Maficie aaf Genenf Cnlwersy o, Progue, Coock Sepubdc
I of Chivaeks Thewry, Rcaiy of Eiverrion! Fagineering Creh Trckaival Unlversity, Pragie, Crech Ripublic

" Iupn, of Cwbermtics, facey of Blecirionl Boginivardeg Coeoh Tecbesion Uity Progre, Cech Repaiiiic

CRICM LIPMCINSERM LNR_S575, CNES UMNTIZS MM Pivké-Salpdirivre Heapital, Do, Frasce

Frree &f darie Comwe Parin-& Lbassrenily. Poris, Fromor

ABTICLE INFOQ HIGHLIGHTS

Archele hismary;
Accopied 6 May 2013
Avaitable oiline T3 e 2077

« Latency of sacvades lengthens with age, lor targets presenced lef, up and down,

» The emar rate of antisaccades may reach up to B0E by the seventh decade of life,
» Sulsjects of all age groups cormect over B9% of the errors maie on amisaccade sk,
= Skewmness of hovizontal saccades is stable throughout the Fifespan

» The gain of horizontal and sevtical smooth pursuit is not affected by senescence.
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ABSTRACT

[Nglrerive: To assist other eye movement investigators in the design and analysis of their studies,
Terhodds: We examined basic saocadic eye movements and smooth pursuln in the horizongal and vertical
directions with vides-ocubography in a group of 145 heahthy subeos bebween 19 and B2 years of age.
Resuits, Gerder and education kevel did not inlluence eye movement metrics, With sge, the Litency of
leftward and wertical pro- amd antisaccades increassd {p< G001 ), velodily ol upwan proseccades
derreased (po< 0001], gain of righraard and upward prosaccades diminished (p < (007, and the srmor
rate of anttsaccades increased (p < R L Prosaccades and annisaccades were influenced by the direcrion
of the target, reswlring un & rightleft and up/down asymmetry, The skewiess of the saccade velocity pro-
file was stable throughout (b Lifespan. and within the vange of saccades analyzed in the present study.
comrelated with amplitude and duration only for antisaccades {p < 00 ).
Conclusions: Some eye movement metrics must be separated by the direction of movement, others
accarding to subject age, while others may be pooled
Signdficance: This study provides important information for new sculomoor laboratanes concerning the
constitution of subject groups and the analysis of eye movement metrics
© 2013 International Federation of Clinical Neuraphysiology. Published by Elsevier breland Led. All rlghts
reserved.

1. Introduction being mainly concerned with the motor controd of EM, The lage
span of brain functions that may be probed with the analysis of
EM, from sensory to motor and cognitive functions, explains why

they have been extensively studied in both neurophysiclogical re-

The main objectives of voluntary eye movements {EM) are
either to bring [saccades) or maintain {smooth pursuit] images of

interest on the fovea; a small central retinal area of high visual acu-
iry. Although saccades and smooth pursuit are controlled by differ-
ent neural structures, common anatomical pathways may be
chistinguished, with several cortical areas being primarnly con-
cerned with the cognitive contrel of EM (&g, vissospatial atten-
Hon, deasion making or inhibition), and brainstem structures

* Comespondeg author,
E-ran siddfess onneLoccdudomalomn (O Do L

search and clinical practice.

In the last decade, two factors have been especlally responsible
for the rapid expansion of eculomoter testing in elinical practice.
First, the analysis of EM has been shown (o provide key contribu-
tions o the diagnosis ol soime neurodegenerative (eg., parkinso-
niam syndromes), hereditary. (eg, spinocerebellar ataxiasg) or
metabolic {eg., Niemann-Pick disease} disorders. and second, a
large choice of video-based infrared eyetracking devices are now
availabie, allowing easy and non-invasive recording of saccades

IR 2AET IR BE 00 © 2007 lnientabonsd Pederabion of Climcal Nevrophy=iokegy, Publsshed by Clseveer Bneland Lid All nighis ressried.
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and smooth pursuit. Hence, an increasing number of neurophysio-
legical depanments tend to include EM evaluation in their investi-
gatiom of the central npervous systeme Regardiess of  the
neurophysiological testing that has been implemented, the first
requisite step when deweloping a new technigue is the acquisition
of appropriate normative data. Although each lab should establish
115 o values, Dwo main guestions must neverthebess be answered
in advance: which tests and parameters should be studied. and
what criteria should be considered for the constitution of control
ErEREps T

Two basic saceacdic eye movement paradigms are curvently wsed
in clinical practice. Visually guided prosaccades, elicited by
instructing subjects to leok ar a peripheral target presented sud-
denty, and antisaccades (AS) elicited In the same manner as in
the presious task, but with the subiect instroctisd 1o look in the
direction oppasite of the peripheral target that is presented sud-
denly (Amador et al, 1998; Cherkasova e al. 2002 Curtls and
EYEsgrositen, 2003, Edelman ef al. 2006; Eltinger e al., 2005 Ever-
ling and Fischer, 1998; Gaymard et al. 1998; Guitton et al., [985;
Pierrot-Deseitligny, 1990; Schlag-Rey et al. 1997, Both tasks may
be performed with either honzontal or vertical targets, or with a
combanarion of beth spatial locations, I a prosaccade task, the
parameters typically analysed are saccade reaction time [SET) or
saccade latency, saccade velocity and saccade accuracy. Saccade la-
tency matnly reflects the fime required by cortical processes such
as largel selection and decision making. The posterior parietal
eye field is more involved in the control of reflexive prosaccades
[Braun et al. 1992; Gaymard et al., 1998; Merrot-Desellligny
et al. 1997), whereas the frontal eye field (FEF] is more involved
in the controb of volitional saccades (Braun et al, 1992; Dias and
Bruce, 1994; Gaymard et al, 1999; Rivausd et al, 1994}, Two addi-
tonal froneal areas are implicated in the control of valitienal sac-
cadies, The supplementary eye leld (SEF) i invalved i higher-
order aculomotor control, such as conditional oculomaotor assacia-
tons [Chen and Wise, 1995), the chronological control of sequen-
tial saccades (Gaymard er al, 19493 and rhe modulation of the
oculomotor system acoording to error monitoring  (Gaymand
et al., 1990; Stuphorn et al, 2010) but lesions of this area would
net affect basic saccade parameters. The dorselateral prefrontal
cortex {DLPFC) allows any anwanted reactive saceade 1o be sup-
pressed (Condy et al., 2007; Ploner et al. 2005} and is also respon-
sible for spatial working memaory, which allows the tripgering of
memory-gulded saccades [saccades towards a remembered loca-
tion ) and predictive saccades [saccades towards an expected loca-
tion} [ Funahashi et al. 1993; Gaymard et al. 1998: Guitton et al.
1985; Pherrot-Deseilligny et al., 2005, 2003a). It should be noted
thar the DLPFC ks nod & Erue ocu lomotor ared, since it does mofl oon-
tribute to saccade triggering per se. Within subcortical structures,
the superior colliculus [Leigh and Zee. 2006}, the dorsal vermis
[Sato and Noda, 19922 b; Waespe and ‘Wichmann, 18907, the fasti-
gial nucleus (Robinson etal., 1993 ) and the brainstem siccade gen-
crator are more concerned with saccade welocity and accuracy.
flthough it is wedely accepted that the analysis of both pro- and
antisaccade paradigms is a goeod compromise that allows reflex-
ive-like [prosaccades) and volitional [antisaccades) types of sac-
cades to be analysed. several practical aspects remain to be
determined concerning either the task design (e.g., should vertical
A5 he analysed? ) or the relevant saccade parameters (2.2,, 8 there
any usefull information provided by the analysis of vertical saccade
latencies?].

Another interesting parameter of saccades that has recelved li-
the altention and has enly been studied in small groups of healthy
subjects, is the skewness of the velocity profile (Collewnajm et al..
1988a; Collins et al., 2008: Smit et al, 1987; Van Opstal and Yan
Gisbergen, 1987, Skewness & defined as the ratio of the time
reach maximal velocity (the acceleration phase) to the total dura-

tion of the saccade, From these results it was concluded that skew-
ness 5 related to the amplitude (Baloh et al., 1975; Collewijn et al.,
T98Ra; Hyde, 1950 and duration (Smit et al, 1987 Van Opstal and
Van Gishergen, 1987 ) of the saccade,

Smooth pursuit eye movements (5P} allow the image of a mov-
ing targe to remain on the fovea. A widespread network of cere-
bral seructures {visual cortex, middie temporal visual area and
medial superior temporal are, the FET, pontine nuclei cerebellum,
vestibular and ocular motor nuclei) contribute to the control of
smooth pursuli (Butimer et al, 2008; Lisberger ar al,, 1987; Mer-
rot-Deseilligny and Gaymard, 19921 This valitional eye movement
requires attention and motivation and may be influenced by the
subject's age and affected by medication [Leigh and Zee, 2006).
Controversial results of previous studies include stable [Bono
et al, 1996; Moschner et al., 1994 Warabi et al,, 1984) or des
creased smooth pursuit gain with increasing age [Paige, 1994;
Sharpe and Sylvester, 1978: Spooner et al. 1980; Zackon and
Sharpe, 1987 )

A large number of studies in a wide variety of disciplines hawve
examined saccade parameters in healthy subjects but the results
af these studies are inconsistent concerning the Influence of age
and divection of the target, either for horizontal and vertical sac-
cade latencics {Abel et al, 1983 Bono et al, 1996; Fischer et al,
1997a: Huaman and Sharpe. 1993; Klein and Foerster, 2001; Mos-
chmer and Baloh, 1994; Munoz et al,, 1998; Olincy et al,, 19497: Peli-
schoet al., 20015 Pratt e al. 1997, Shafig-Antomacei el al., 1995;
Sharpe and Fackon, 1987; Spooner et al, 1980; Sweency et al,
2001 Waraht et al., 1984: Yang and Kapoula, 2006, 2008), vebocl-
ties (Abel et al, 1983; Bono e al, 1996; Fukushima et al, 2000
Moschner and Baloh, 1994; Munoz et al., 1958; Sharpe and Zackon,
1987; Spooner et al 1980; Tedeschi et al., 1980; Warabl et al,
1984; Wilson et al, 19937 and accuracy (Abel ef al, 1983: Bong
el al., 1996; Irving e al, 2006: Moschner and Baloh, 1984; Munoz
ctal. 1998; Olincy et al. 1997; Sharpe and Zackon, 1987; Tedeschi
et al, 1989; Warabi et al, 1984; Wilson et al., 1993} Similar dis-
crepancies have been repomed for antisaccades, concerning bath
AS Tatencies and error rates (Abel et gl 1985 Butler et al., 1999;
Eenshuistra et al, 2004; Fischer and Weber, 1997 Klein et al,
2000; Munoz and Everling, 2006; Olincy et al,, 19497; Pratt er al,
1097; Slhafig-Antanaces et al, 1999: Sweeney ¢ al. 20011 Many
factors may have contributed to this varability, among which
the characteristics of the control groups (number of subjects, influ-
ence of age, handedness), the exact instruction given before each
paradigm, or the task design [number of trials, perods ol rest,
interleaved conditions or blocks of similar trials, etc.) Studies
simultaneously investigating horizontal and vertical EM are scarce
aied have included ot mast 66 subjects (Bono et al,, 19961, The large
majority have analysed only horizontal EM in less than 100 sub-
jects (Abel and Douglas, 2007; Butler ot al, 2006; Butler et al,
1989, Edelman er al, 2006; Fischer and Weber, 1997, Honda,
002 Klein et al, 2000; Klein asd Foerster, 2001; Pelisch et al.,
2011; Tayler and Hutton. 20089; Warabi et al, 1984), rarely more
{Evdokimidis et al, 2002; Fischer et al, 1997ab; Munoz et al.,
1998; Smyrnis et al,, 2002}, while athers have analysed only vertl-
cal EM in at muost 4 participants (Collewiin f al. 1988b; Goldring
and Fischer, 1997; Huaman and Sharpe, 1993; Yang and Kapoula,
2006} To the best of our knowledge, no special arbention has been
paiel 1o the influence of gender on FAM metics,

The main purpose of the present study was to analyse two basic
saccade paradigms, namely prosaccades and antisaccades, as well
as smoath pursuit in an especially large number of healthy subjects
in order to determine the most relevant criteris regarding the con-
stitution of cantrol groups and eye mavemnent analysis.

‘Wi hypothesized that (i) aging similarly influences the SET of
harizontal and vertical prosaccades, as they thare cortical soruc-
tures undergoing progressive degenerative changes (Head ef al,
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200 Salat et al, 2001); (ii) the wvelocity and pain of saccades
dependent on topographically segregated subcortical siructuies
[Leigh and fee, 2006 are less and variably affected according to
the direction of movement: (i) smaoth pursuir and saccade shew-
ness driven by the adaptive capacity of the cerebelium should be
bess influenced by senescence, We expectad o confirm thar eye
movements are dependent on the paradigm used and on the direc-
tion of target presentation.

2. Methaods
2.1, Sulyects

Subjects were recruited through local advertisements ancd
examined at our video-oculography labosatory. All subjects were
derermined by a questionary 1o be free of any neurological or psy-
chiatric illnesses and denied the intake of any medication acting on
the central nervous system. All subjects provided signed, Informed
comsent and received an adequate flat fee bo compensate for their
rime and travel expenses. The study was approved by the local ech-
s committee and was in compliance with the Declaration of
Helsinki,

2.2 Experimentul paradigm

Subjects were seated in a calm, dark room with their chin sup-
pemed by a chin strap and their forehead in contact with a frontal
support, They faced a fat, 26 in, LOD screen [ Prodite, liyama model
PL 2600, size 550 mm » 344 mm) located B0 crmin front of them at
ey level, Each recording session started with a calibration proce-
dure during which the subject was instructed to accurately look
al 16 conseculive targels presented over the entire sereen, A com-
plete recording session consisted of 16 blocks of trials and lasted
20 min,

2.2.1. Proseooodes

This task started with the onset of a green central fixation poing
{size: 15 « 15 pixels: luminance: 120 cd/m®} that was presented
for a pseudorandom duration of 2800, 3200, 3500, 3800, 4000 o
4100 ms. The rationale of varying the lixation time was to avoid
anticipations of the subject. The fxation point was then furmed
off and 200 ms later, a red pernpheral tacget (15 = 15 square, lumi-
nance 120 cdfm®)] appeared during 1000 ms at a 13° right or left
location, or at .a 13" uwp or down location, The rationale for the
200 ms gap period is to Facilitate saccade triggering by an exoge-
nows removal of the fixation activity prior to saccade onsel, Sub-
Jects were instrected to ook as fast and as accurately as possible
1o the peripheral target. A todal pumber of 28 saccades wers per-
formed, horizontal targets being presented G times and vertical 8
rimes in-each direction. Vertical saccades {which have been inves-
rigated less in the past, see above) were presented twice more than
herizental saccades in order to oblain more measurements for ner-
mative data

Saceades werg analvsed for latency (o saccade reaction time -
SETYL velocity and gain. Gain was defined as the ratio between ini-
tial saccade amplitude and target locanion. We calculated & SRT in-
dex for prosaccades to the right vs, prosaccades to the left. The
same index was caleulated for the vertical divection the SET of up-
ward [downward prosaccades. These indicies were correlated with
panient age.

2.2.2, Antispoondes

The task design was the same as in the prosaccade task, with
the exception that the colour of the central Axation point was
red, Furthermore, horzontal and vertical target lecations were

either presented in separate blocks of simple horizontal and verti-
cal teials, or in mized hlocks of interleaved horizontal amd vertical
trials. Subjects were instructed to leok as fast as possible in the
direction opposite to the peripheral rarger. A total number of 48
saccades were performed. In the horizontal and wertical tasks, tar-
gets were prasentad & times in each direction, I the miked task,
horizontal targets were presented B times and vertical 8 times in
each direction

Latency, error rate and rate of corrected errors were extracted,
Wee calculared a SET index for antisaccades to the right versus anti-
saccacdes Lo the left, The same index was calculated for the vertical
latency of upward/downward antisaccades. This index was corre-
lated with patient age.

223, Skewness

Skewness of a saccade refers to the asymmetry of the velocity
profile. and is simply estimated from the ratio of the time to reach
maximal velocity (the acceleration phase] to the total duration of
the saccade, Skewness was estimated for correct performed hor-
zontal pro- and antisaccades with the before mentioned para-
digms. Additvonally, controls performed a prosaccade step Lask
[central target disappearing simultaneously with target onset) in
a warsable angle of 55, 15°, 107, and 20°, The ratiomale [o use vari-
able angles to investigate shewness was to investigate the relation
Between the amplitude and duration of the saccade and the shape
of the velocity profile, Subjects were instructed to look towards the
peripheral stimilius a3 soon a5 10 appeared. The experiment began
with the fxation point (same characteristics as in gap task) pre-
sented for the periods of 2800, 3200, 3500, 4000 ms, The target
was always a red sguare measuring 15 = 15 pixels. luminance
1240 edfin®, presented for 1000 ms. Healthy volunteers performed
this task bwice, targets being presented 2 times for each angle. in
each direction, for a ol number of 32 saccades.

The skewness was estimated enly for correct horizontal prosac-
cades performed in the gap and overlap task and for correct anti-
saccades pertormed in the simple antisaccade tashk,

224, Smaoth pursinit

This rask began with the presentation of a central red target
(20 pixels diameter) for 1000 ms, 1 then started Lo move with a
sinusoidal velocity profile, either horizontally or verticatly. both
directions being performed in separate blocks of trials, In the hor-
izontal trial {horizontal smooth pursuit, H5P), two different tarzet
welocities were wsed, the maximum velocity [Vl being either
167275 (H5P16) or 33445 (H5P33L In the wertical trial (vertical
smoalh pursil, VSP], & sighe 866715 masxi mum velociny was ised.
Each HSF task lasted 50,000 ms and the VSP ask 300000 ms. Sub-
Jects weere instructed o follow the moving fargel as smaosthly
and as accurately as possible.

The gain of smooth pursit was calculated as the ratio of the
subject's Vi, and the target Vi, on the middle of the curve. Ifa
saccade oceurred during 5P, the measure was shifted on the curve
backward or forward.

Each trial was presented twice during the entire oculomator
session in the following order: vertical prosaccades. horizontal pro-
saccades, HSP1G, HSP33, vertical smooth pursuit, horizontal anti-
saccades, vertical antisaccades and mixed antisaccades.

2.3, Recording, apperatus end analysis of daota

Eve movements were recorded with a binocular video-based
eye  tracker (mobile eBT Evebraln, Ivry-sur-Seine, France,
wwww eye-brain.com] with a 300 Hz sampling rate and 0.5 spatial
resolution. The left eye trace was analysed by default, howewver the
rigtht eye was used il the left eye signal was contaminated by arte-
facts, Saccades were automatically detected according to a velocity
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threshobd (Eyebrain seftware) but were individually inspecred and
manually corrected by the experimenter if necessary. Saccades
perturbed by blinks or ather artefacts were discarded [less than
10% of the trials in all subjects), In the pro-and antisaccade tasks,
wie defined the SRT as the interval between target onset and sac-
cade onsel, SRT below 80 ms were considered anticipatory sac-
cades and rejected, and SRT between B1 and 130ms were
considered “express saccades™ [ Delinte et al., 2002

2.4, Staristical il vsis

Analysis of variance (ANOVA] with post hoo Bonferreni adjust-
ment was applied (0 assess differences between the general char-
acteristics of metrics and - age groups, as the variables were
normally distributed [ Kolmogorgy-Smirnov test ) The level of sig-
nificance was set at g < 005 Subseguently, the Pearson analysis
wias used 1o examine the sirength of the relationships herween
parameters. Due to the number of comparisons between age and
mietrics, the alpha level was adjusted ro (L0019 by dividing the cus-
tomary alpha level of 005 by the number of correlations fested
{27). Robust linear regression was used Eo obgain rate of im-
creaseidecreate per year For all segnificantly  age-depemdent
variables,

3. Resulis
3.1 Group charocterisiics

We recruited 143 subjects aged 19-32 years (v) (mean age:
47.48; 5Dz 18.17) including 81 women [55.86%] and &4 men

Tatle ¥

2219

{44.13%) The majority of subjects were right handed (night
handed: 136; left handed: &), Laberality was not assessed in three
subjects. The education level was determined by the number of
years of education: 92 subjects had <13 years of education {pri-
mary and secondary school) and 49 subjects had a university de-
gree [total years of education =17) Education level was not
assessed in 4 volunteers.

12 Gender, lareraline, educaricn level and corelarion e EM mermics

There were no statistically significant differences In gender or
educational fevel xoross all EM metrics (Tabile 1), Due fo the statis-
tically incomparable sample size for right- and lefi-handed sub-
jects (136 participants, of which only 6 were lefi-handed), we
were nol able o stedy the influence of laterality on EM metrics,

33 Age ond EM metrics (Toble 2}

Eye movement metrics were correlabed with age for the entire
sertes. Subjects were divided into six groups by decades [ 19-249,
30-39, 40-49, 50-59, GO-69, TO-82 years) o precisely determine
Im which group age differences in EM metrics were more signifi-
cant. Each group was composed of nearly equally numbers of fe-
male and male subjects. The upper age limit was included in
each growp,

3.2, Prosaceedes (Fg 1)

3300 Horizonral, Only the SKT of leftward saccades increased sig-
mificantly (071 msfy) amd correlated with age. ANOVA revealed a
significant main effect of group for the SRT of leftward =accades

Influence of gender, education leyvid @nd direction of target presemtatsm on B metrics. Group dilferenoes. S8 samcade maction time; Ve,: averige velocity of siocades: p: g
value; H: horoncal; V: vertcad; B nghe; L ieft; U up; Do down; r tapee of antisaccades presenged on the right, cormect movement io ghe left & target of antisacrades presented
adi Chie | Corvac mmseemnl 10 (b fghe] il Targer of aniiaccades preceited up, oomedr Ml divem; & Biegel ol anrisaccadis presedted Soam, Corec] meme o]
Smooth pursuic 16 Vo of the tarpet 16,72 smooth pursuit 337z Vo of the tanget 33447 /s smonth pussait 8= Voo of the taget 86675,

PFaradigm EM metnic Sideidirecrinn Total n; 145 548 ME] Gender powalug Echigatrion kewel Ereciion of rarget
off presented Lapel F immean values | P value grreseigation BiL LT
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[R5, 1391= B35 p < 0001 | with post hoc analysis indicating morme
prominent differances between subjects aged 19 and 39 years ver-
sus 7O and 82 years (p < U001 ) The velocity [ Ve and V.| did not
correlate with age. Only the gain of rightward prosaccades de-
creased signifleanthy (-0.0015/y), This decrease was associated
with a significant main effect of group [F5, 139)= 589, p < 0.001]
with post hec analysis indicating differences mainly between sub-
Jects aped 19 and 29 years versus 70 and 82 years, (p < 00001

1302 Vertical, The SRT increased for targets presented up
(0063 msjy] and correlated with subject age. This increase was
associatedd with  a  significamt  main elfect  of  group
[F5,139)=6.54. p < 0.001 | with past hoc analysis indicating differ-
ences mainly berween participants aged 19 and 29 vears vs, 500and
82 years [p = 0.0011 SRT also increased for downward prosaccades
(B4 msy], a significant main effect of group [F5. 139)= 733,
p < 0001 | with post hoe analysis indicating differences mainly be-
rween subjects aged berween 19 and 29 years va. 70 and 82 years
(i = 0,000 L Only upward saccades became slower |V, —0.44° 50y
A5 130}=398, p<001] and hypometric |[gain —0UD017)y;
A5, 139} =308, p<0001] with senescence,

1.3.2 Annsaceades (Fig. 2)
3320 Horizantal Only the SRT of antisaccades made to a ket
presented target increased (0096 msfy) and correlated with age.

Tahle 2

C. tonner er al / Clincol Nearcphenkoge 184 (20T 3] 2216-2200

This increase was associated with a significant main effect of
group [R5, 139 =604, p<0001] with post hoc analysis indicat-
ing the greatest differences between subjects aged 19 and
29 years versus 60 and 69 years (p <001 L The error rate in-
creased for targets presented right (0.54%)y) and lell [037%/y]
and correlated with senescence. For right targets, there was a sig-
nificant main elfect of group [F5. 139) = 6,62, p < 0.001] with post
hoc analysis indicating more prominent differences bebween sub-
dects aged 19 and 29 years versus B0 and %2 vears {p < 0000 L For
feft targets, there was a significamt main effect of group
[F5.139) = 4.24, p <0, 01] with post hoc analysis indicaring dif-
ferences between 19 and 28 years versus 70 and 82 years
[p< 0001 The rate of movement correction after an Incogrect
antisaccade in afl age groups was 99.3-098%. During the inter-
leaved antisaccade task, the 5RT increased in both directions [tar-
get right: F5 139 =365 p<001; targer lefi: FL5 139) = 3,69,
p=001) as well as the emror rate (right: F5, 139) =244,
pr= 005 left: FI5.139)=G678p < M0} In addition, post hee
analysis indicated differences between 19 and 39 years versus
M0 and B2 years [p < 001] for left error rane.

31322 Vertical. The SRT increased for targets presented up
(1.01 msjy} and down (1.0 ms/y) and correlazed with age. For
fargets presented up, there was a significant main effect of group
[F5, 139)= 505, p<{. 001] with post hoc analysis indicating

Coredation bevwesn age and EM mecrics. ¥ vears; n; number of subjecs; Mo made; Fr females v rvaloe, prarson produce-momena correlacion coclfcient; pop value; SET: saccade
peaction Cinte, ¥ average vebocity of saccades: W Borismmialz W wertical; Boright; L lelt: U wpd D0 dosants 1 anget of polsaccades prasented oii Lhee right, commct movemenl 0o
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HORIZONTAL PROSACCADES
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Figz. 1. Age-related changes of bomeomtal and vermical prosaccades, SET: saccade reaction time; Vg average veloomy: Vs maximal velocry: befl: target presented o the ke
slees righes target presenced at rhe dight sile; upe tanget presented up; downe arger presenned down,

more prominent differences between subjects aged 19 and
29 years versus 70 and 82 years [p < 0.001 ). For targets presented
down, there was  a  significant  main  effect of  group
A5, 139)= 752, p< 0. 008 with post hoc analysis indicating dif-
ferences between subjects aged 19 and 29 years wersus 60 and
82 years {p< 00001} The error rate increased in the simple and
interleaved  task, for rargers  presented up  (Q40%y:
A5 139l =4.36, p<001] and down [(D.35%v: F5, 139)= 2.88,
p =< 005}, but subjects of all age groups still able to coreect 09%
of the ermoss maile,

339 Smwwoth pursudr
We did not find any corvefation between age and gain of hori-
zontal show, fast or for vertical smooth pursait,

3.4. Influence af torget presentation direction on EM metrics (Table 1)

3.4.1. Right-left

3401 Prosoceades, (Fig, 3} Rightward showed longer SRT than
leftward saccades [F{1, 288] = 14.309, p < 0.001]. The index compar-
ing the SRT of rightward vs, lefiward prosaccades decreased and
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Hg. 2. Age-related charges of horizontal and vertical antisarcades. SKT: saccade reactsan time; beft: target presenited &t the left side, carrect movement to the ghts ngin:
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Talle 3

Index comparing SET of pro- and antisaccades in the boneontal and vermical direction. Indes of S8T resulimg oo the division of Bomeonta] and veriica pro- and amtisaccade ST,
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correlated with age (Table 3). This decrease was associated with a
significant main effect of group |05, 139} =432, p=0.001] with
post hoc analysis indicating differences mainly between subjects
agedl 19 amd 28 years versus 80 and 82 years, (p < 0001 ), Rightward
saccades were faster (Vi and Vy,,) tham leftward [V
F1.288) =413, p<005; Voo A1,2885=4.91, p < 0.05), but the
gatn was similar for both sides.

1.4.1.2 Anrfsaccades, Generally, honizontal antisaccades had longer
SRT than horizontal prosaccades [F[1, 288} =54.11, p < 0.001]. The
SET in the simple task was similar for both sides (Fig. 4], In the
interleaved horizontal and vertical task, the SKT for horizontal anti-
saccades did not change significantly, being similar in borh dires-
tions |A 1, 288} =017, p=-06B[. Similarly to prosaccades, the
index of SRT anlisadcades to both sides [SET right/SET left) de-
creased and correlated with age (Table 3} This decrease was assn-
ciated with a sigoificant main effect of group |5, 139) = 4.24,
<00 | The errer rate on the antisaccade simple task was mod-
estly higher for saccades presented at the right side [movement

to the keft) |H 1, 288) = 5.63, p <05, whereas in the mixed task
o difference in taterality was detected [F 1, 288) = 166, p = 0,20,

The SKT of prosaccades and antisaccades to one determined
side, correlated for tarpets. presented- at the right (r=052,
p<0.001) and at the left (r= 0251, p <0001 ) side.

3.4, 1.3, Smooth pursuit. Gain for siow horizontal SP was similar in
bath divections. while in faster 5P the gain was modestly highe
for the rightward direction [F1, 288) = 5.54, p < W05].

34.2 Up-down

1421, Prosgecades, (Fig, 3) Vertical prossccades had similar SRT in
both directions. The index comparing the latency of both directions
[Tahle 3] did mot significantly correlate with age. Upward saccades
were slower (Vi and Vi) and had fower gain than downward
prosaccades [ Wiyt F1.288)=5732, p=0uDnl; Vinass
A1, 28R =43.47, p<0001]

1422 Anelsaccades. The SRT For vertical antisaccades was longer
than for prosaccades [F1, 288)=111.84, p=0.001). The 5RT in
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the simple [Fig. 4] antsaccade task was similir in both divections
[F1,.288)=0.17, p< Q68| The same was noted in the interleaved
[F 1, 2688 =002, p=08E] task, The index comparing the latency
of antisaccades to both directions [SET up/down] was not signifi-
cant {Table 3] and did nmot correlate with age. The error rate in
the  simple IF1.288)=0, p=098] and inliedeaved
[F1.288)= 144, p=0.23] antisaccade was similar in both
chirecienns,

The SBT of prosaccades and antisaccades correlated with targets
presented up (r=0.51, p <0001} and down (r= 060, p < 0001,

14.2.2. Smoovh mesweit, Gain for vertical 5P was similar in both

el amn

1.5, Skewnesy of horondal pros ang antisaooades

Tahte 4 summarizes the mean value of this metric for horizontal
pro- and antisaccades, and its correlation with age and other EM
mefrics. Skewness did not correlate significantly with age in hori-
sontal prosaceades or antisaccades, Skewness of horizontal prosac-
cades on overlap between 57 and 20° and gap 137 did not correlate
with duration, amplitude, latency, velocity or gain, Antisaccades
have a more skewed welocity profile than  prosaccades
IFI 1, 288) = 156.97, p < 0001 ). Skewness of horizontal antisaccades
correlated significantly only with duration and amplitude for bath
sides,
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T Iter subject variahifity in EM metrics according o subject age

There was a constant standard deviation across the six growps,
indicating that there was no higher intersubject variability with re-
SPect Do age,

4. Discussion

The present study examines ocular movements in a large num-
ber of healthy subjects wsing two standard saccade paradigms and
smooth pursuit in the henzontal and vertical planes, and provicdes
limportant cues Tor new oculomoter laberatories, The mosl rele-
vant ¢riterion in the constitution of control groups was age,
whereas gender and education level did not influence the ocular
motor performance. Age correlates with the latency of lefiward
and vertieal pro- and antisaceades, velocity of upward prossccades,
gain of rightward and upward prosaccades and error rate of anti-

saccatdes, Eye moverments should be investigated in the horigontal
and vertical planes. The direction of the target affects mainly the
SRT and welocity of horizontal prosaceades. velocity and gain of
vertical prosaccades. and the error rate of horizontal antisaccades.

41 Constifution of subject group

Age influences several EM metrics. Our decision to group sub-
jects by intervals of 10 years was rather arbitrary, Subjects may
be grouped by 5years (Peltsch et al, 2001} 10 years (present
study] (Munoz et al., 1988, 15 years (Bono et al, 1996) or 20 years
of age. There is no clear division of EM metrics between the differ-
enl groups, Some metrics differ berween the 2od, 3rd and Teh dec-
ade, while others differ between the 2nd, 3rd and 5th decade.
Althowgh the effect of age on EM metrics i linear, grouping sib-
jects by 20 years or more would hinder the accurate detection of
several results, We chiose 1o enrol imore than 20 sulbjects per gioup,
im an effort to obtain significant results. The intersubject variability
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of EM metrics in the different age groups was large, revealed by
high standard deviation (50} However, intersubject variablicy did
not increase with age, so that there is no additional interest to in-
erease the pumber of subjects in advanced decades,

‘We did not observe any differences by gender or educarion level
im EM metrics, even though some values were coincidentally on the
houndary of statistical significance. We were unahle to Investigate
laterality, considering the high rate of right-handed participants.
Hewewver, the proportion of right- to lefi-handed subgects in the
present study is reflective of the worldwide population (9:1) (Fra-
yer et al, 2002, Future studies with equal proportions of left- and
right-handed participants are needed to shed light on the influence
of laterality on EM performance, Intelligence {Evdokimidis et al,
2002; Haishi et al., 2011} and performance of executive functions
(Mirsky et al, 2011) have also been reporied to corredate with
EM metrics. However the required neuropsycholegical test battery
to asses both is rather complex and not wsed in clinical practice.

4.2 Parndigms and anolysis

Eye movements should be studied separately in the honzontal
and vertical plane, Clinical and hasic science studies have demon-
strated some anatomical segregation in the motor control of both
kinds el movermnents, The caudal pons is important for horizontal
saccades, and the rostral mesencephalon for vertical saccades
(Leagh and Zee, 2006 ) Selective slowing of horizontal or vertical
saccades Is the hallmark of different neurndegenerative diseases.
All more upward prosaccades are faster (Goldring and Fischer,
1997 Honda and Findlay, 1992 fhou and King, 2002) than honi-
zontal, and only the velocity of upward prosaccades declines with
age, Vertical antisaccades have longer SRT than horizontal antisac-
cades, whereas this directional difference is not noted for prosac-
cades, There 5 no advantage in mixing anbsaccades n ihe
horizontal and vertical plane, as the latency and error rate did
not differ berween the simple and the interleaved rask. suggesting
that while task instruction is still the same, response switching
{switching of direction) does not influence the oculomotor pro-
gram [Cherkasova et al., 2002; Reuter er al., 20067

To be refiable the paradipm to analyse eye movements must be
simiple, applicable toa large number of subjects of all ages, and fea-
sible to perform within a period of 20 and 30 min. We have chosen
v cormmaon saceade paradigms and smooth pursuit wsed (0 clin-
ical practice aiming to investigate the function of large brain areas.
The rargess were presented with the same gap, same angle but
varying directions, o efficiently compare the ohtained metncs.
As for other types of saccades (predicted or sell-placed ), Uheir fei-
ral bases and contribution 1o clinical practice are not well known,
we didl not include them in the present study (Leigh and Kennard,
20041 Memory-gulded saccades, an interesting paradigm used 1o
imvestigate spatial memory (Leigh and Kennard, 2004; Pierrot-Des-
ellligny et al., 20030}, has not been Included as [t requires a learn-
ing phase, which would exceed our fixed examination time.
Additionally, this task requires absolute darkness In the examing-
tion room, which would interfere with rypical examination condi-
tons, where the investigator's. screen slightly illuminates the
space. Furthermore, in this task, a significant number of trals are
[requently mvalid (&g, saccades towards the lNash, before the
end of the delay] and must therefore be rejected,

Two main variables influence EM metrics and need to be taken
Im account in the analysis; the age of the subject and the direction
of stimulus presentation:

4.3, Age and eye movements

Age induces changes in the following metrics: (i) SRT increase
lor honzontal bul onby leftward prosaccades, lor antisaccades
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when the target is presented at the left side, for vertical prosac-
cades and for antisaccades in both directions: (1) velociny decrease
[ Wywg) for vertical upward prosaccades; [iil} gain decrease for right-
ward and upward prosaceades; () error rate Increase; for horl-
rontal and vertical antisaccades.

Other EM metrics remain stable during the lifespan; [i) SRT of
pro- and antisaccades for targets presented at the right side: {it)
velocity, Vi, and Vi, of horizontal prosaccades V.. of vertical
prosaccades and Vo of downward prosaccades; (i) gain of lefr-
ward and downward prosaccades; [iv) smooth pursuit gain in the
hirizontal and vertical divectian.

The increase of SRT for horizontal prosaccades (Bono et al.,
1996G; Fischer et al, 1997a; Moschoer and Baloh, 1984 Pratl
et al, 1997; Sharpe and Zackon, 1987; Spooner et al., 1980; Warabi
et al, 19847, vertical prosaccades (Yang and Kapoula, 2006), and
antisaccades in both directions repoared in the literature [Abel
and Douglas, 2007; Klein et al, 2000; Munoz et al, 1998; Olincy
et al, 1997, shafig-Antonacct er al, 19990 has been refated o
reduction of brain volume (Folstein and Folstedn, 2010; Kochunov
e al, 2008 and global cortical brain atrephy (Creasey and Rapa-
port, 1985; Nyberg et al., 2010; Salat er al, 20011 We noted three
important characteristics regarding this change, First, the SKT
length of pro- and antisaccades is similar, without difference in fa-
wour of pro- or anlisaccades in the horizontal | Klein et al. 2000} or
wertical direction, pointing te a common cortical control. Second,
we observed significant age-related changes for pro- and antisac-
cades for left and vertical targets, but not for targers presented at
the right side. This last phenomenon may be explained by some
studies suggesting thar the et hemisphere undergoes less age-re-
lated changes than the right {Albert, 1988: Boniltha et al., 2009;
Brovwm and Jale, 1975; Vallesi e al, 2000; Doleos et al,, 2002),
The right hemisphere is involved in the processing of pictorial/spa-
thal informaton (Nebes, 1974; Sergent et al, 1992) and according
to the mght hemi-aging model, it seems o be the principal cause
of age related changes on SRT. Third, the concerdance in the in-
crease of SRT of pro- and antisaccades suggests that the position
of the targel ( sensorial posterior parietal andlor accipital right cor-
tices) rather than the direction of movement is the relevant
parameter.

Velocity and gain of prosaccades are bess affected by senescence
and this may be explained by studies observing that structures
responsible for their function, such as the brainstem and cerebel-
lum, remain relatively unchanged with age (Henson et al. 2003;
Raz et al., 2000 : Walhovd e1 al., 2011), We confirm thar the velociny
of horizontal prosaccades does not change (Munoz et al, 19958 and
that upward prosaccades becorme slower (Wennma et al, 1984;
Yang and Kapoula, 2006) with advancing age, This is not surprising
as the horizontal and vertical gaze centers are segregated in the
brainsten, 20 that they could age in a differing manner, Conversely,
upward saccades became not only slower but also hypometric with
advancing age [(Huaman and Sharpe. 19931, probably due 1o blo-
mechanical changes in the orhital fascia extraocular muscles
[Chark and Demer, 2000 Clark and |senberg, 2001: Oguro 1 al.,
2004) and degeneration of the lateral rectus-superior rectus band
{Rutar and Demer, 2009], These changes seem (o nol alfect down-
ward saccades, which remain stable throughout the lifespan. How-
ever, the fact that the gain of horizontal saccades decreased
significantly only for rightward prosaccades and not bilaterally as
previously described [Huaman and Sharpe, 1993 Irving et al,
2006; Olincy et ak, 1997; Sharpe and Zackon, 1987, Tedeschi
et al, 19849), wamrants further investigation.

We have demonstrated that the ervor rate of antisaccades may
reach up to B0 in advanced age (70-80 years), much higher than
described In the literacure (<300) (Abel er al, 1983 Butler et al.,
1999; Everling and Fischer, 1993; Klein et al, 2000; Leigh and
Zee, 2006; Olincy et al, 1997: Peltsch et al,, 200 1; Shafig-Antonaca



2236

&1 al., 19949; Sweeney et al,, 2000 1. This has been rafated 1o deterio-
ration of the saccadic inhibition system [Botler and Zacks, 2006:;
Davis et al., 2008; Miewwenhuis et al, 2000; Nyberg et al., 2010;
Persson dand Nyberg, 2006; Persson ¢f al., 2006; Ragah and D'Espos-
ito, 2005} Maoreower, subjects of all age groups are continuously
able to correct over 99% of the errors made (Fiehler et al, 2004,
20045 Taylor and Hutton, 2009, 2011, even in the interleaved anti-
saccade task, Thus, older subjects did not forget the instruction
during the task. The neural mechanism underlying the monitoring,
detection and correction of errors has been related 1o the anterior
cingulate cortex and lateral prefrontal cortex [Carter et al., 1998;
Gehring and Knight, 2000; Hester et al, 2005; Kiehl et al., 2006].
Our findings suggest that this last mechanism is the mone pre-
served of age-related changes (Eenshuistra et al. 2004) and the
atsility ro correct errors shoubd be incleded regularly in the analysis
of antisaccades. Furthermore, it remains e be clanfied how pa-
tients presenting 4 high error rate on the A5 task, such as those
diagnosed with progressive supranuclear palsy, Huntington's dis-
ease oF schizophrenia (Garbaett et al, 2008; Leigh and Zee, 2006;
Rivaud-Pechoux et al. 2007, 2000; Rivaud ef al, 1954, Vidailhet
and Rivaud-Pechoux, 2000 or developmental dyslexia [Biscaldi
e al., 2000; Leigh and Zee, 2006] correct their errors,

The stability of smooth pursuit gain during the entire lifespan
showwn i the present study may be explained by the paradigm
used. We used relatively slow moving targets and the analysis
weas simplified 1o the gain of pursult, Previous studies have shown
that the gain of smooth pursuit with predictable sinusoidal moving
targets is stable with advancing age {Kerber et al,, 20046), This has
b attributed to the abdfity of the ocolomaor system o compsen-
sate the age-related decline of velocity, acceleration, and latency
due to the preservation of anticipation and the prediction of target
motion continuation { Sprenger et al., 2011 ).

4.4 Direction of simufus presenfation and eye movemenis

The direction of stimulus presentation influences the SET and
the velocity of horizental prosaccades (not gain), as well as the er-
rar rate of antisaccades, The SKT is longer for targets presented at
the right side, and the V,,, and ¥, higher for rightward saccades.
The error rate of antisaccades is higher for targens presented at the
right side { movement to the left} [Dafoe et al, 2007; Fischer et al.,
1997a; Munoz e al., 1998, This correlates with the side thar has
shorter SET for antisaccades. The direction of stimulus presenta-
tion influences velocity and gain of vertical eve movements. ot
the SRT. The V.., is slower [Daloe et al, 2007) and the gain lower
for upward saccades.

Several questions concerning the differences between right-
ward and leftward, or vpward and downward saccades remain
open, Wee Believe that our normative soedy does not allow one 1o
draw strong conclusions about brain physiology, assuming. for
example, an asymmetry of the cerebral cortex because an asymme-
try was detected on the SRT of the horizontal saccades. Functional
magnethe resonance imaging performed during the honzental visu-
ally guided saccades showed that the brain network involved in
their execution, brrespective of the direction, presented specific
right and left asymmetries that were nol related (o anatemical dif-
ferences in gray matber or subci positions {Petit et al,, 2000}, The vi-
sual-spatial atention system also modulates the SET of eye
movements. This results in a left/right asymmetry, which is spe-
cific o individual subjects and to the dynamic modulations of
the target (Kiein, 1980; Posner, 1980; Shepherd et al., 1986; Weber
and Fischer, 19951 Vertical eye movements, unlike the horizontal
movements, have similar 5RT. This may be explained by the pro-
posed symmetnc neural representations of the upper and lower vi-
sual felds in the FEF, parietal eye fields and SEF [Fellerman and Van
Essem, 1991),
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Metrics independent of the direction of stimulus presentation
are; {i] SRT of vertical prosaccades (Yang and Kapouola, 20087%; i)
KT of horizontal and vertical antlsaccades; [i6) gain of horizontal
prosaccides; (iv) error rate vertical antisaccades; (iv) smooth pur-
suit gain horizontal (Bono et al., 1996} and vertical

The index companng the SET of horzontal proe- and antisac-
cades is an interesting parameter for the clinical practice. For pro-
saccades (SRT righrward vs, leftward prosaccades ) this index is
larger than one and correlates negatively with age. For antisac-
cades (SHT righrward va leftward antisaccades), even if the SRT
15 similar for both sides, the index reveals an asymmetry and is also
correlated with age. We believe that both indices may be useful for
the diagnesis of diseases with asymimetric SRT, as the corticobasal
syndrome.. There is no interest to compute this index for wvertical
dacdades

4.5 Skewness

The shape of the velocity profile of horizontal pro- and antisac-
cades is stable during the entire lifespan. Within the range of
teflexive horizontal prosaceades analyzed in the present study. it
is mot correlated to direction, amplitude, latency, velocity or gain.
However, there i5 a strong corvelation bepween the skewness and
the amplitude and direction of honizontal antisaccades, regardless
of the side of rarget presentation.

46 Conclusions

W conclude that the most important eriterion for the control
group of healthy subjects is age and that some metrics must be
separated by the direction of movement, others according (o the
age of the subject, while others may be pooled. If only one measure
of velocity for horizontal and vertical saccades should be chosen,
we reoommend the Vi, as only this is significantly correlated to
age for vertical saccades. The index of SET of horizontal pro/anti-
saccades and the rate of error correction in the antisaccade task
should be taken into account in the diagnosis of patients with
ey movement abnoermalities,

In our study, the major findings conceming aging and eye
movements, and their possible physiological meaning are: (1) The
age-related changes concern mainly the latency of saccades and
the ermor rate of antisaccades. (i) The latency of horizontal pro-
and antisaccades lengthens with age only for tarpets presented
on the left side, possibly reflecting an asymmetrical hemispheric
agang, (i) The error rate of antisaccades may reach up @ B0% by
the seventh decade of life, nevertheless. subjects of all age groups
are contimaously able 1o corvect over 99% of the errors made, This
sugeests 3 deterioration of the saccadic inhibition system with a
preservation of the monitoring. detection and correction of errars,
{iv] The relative preservation of velocity and gain of horizontal pro-
saccades points to the stability of the brainstem and cevebellar
occulomar systems. By contrast. the age-related changes in the
velocity and accuracy of vertical prosaccades are probahly due to
biomechanical changes in the eye muscles and adjacent syruciures,
(%] The skewness of horizontal saccades and the gain of slow hor-
izoneal and vertical smoasth pursair are stable throughour a per-
=on's lifespan.

The limitations of this study are the absence of skewness anal-
ysis for vertical eye moverments, and that the smooth pursuit anal-
ysis did not include veloacity, acceleration and latency of movement
initiation. To thie best of our knowledge, this remains the frst large
study of horizontal and vertical eye movements conducted in
healthy subjects, We have summarized in Table 5 how the results
of a routine eye movement examination can be presented.
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Talie 5

N

Example video-eculograghy assessment repori. $87: saccade machon bme; ¥, average velooiy of saccades; #: bonzontal; ¥: werteel; antissccades: mghi targei presended on
i TIghL CoETeet mrvement (o e eft Left arger of anfisaccacdss prosenied on e left, correcs movement oo the fght Up arge fnr angisaccacies prosenied up, cormect nvmveneni
doven. Do Larget of aniisaccades presented down, commect movement ups Smooth parsuil 162 Vo, of the farget 15.72° % smooth pursoit 87 Vo, ol fhe target 8660

Maime; Drate of birth: Date of examimation]
Harizenial presaccadis Vertical prosaccades
SRT {ms| Right [187 £ 31} Inschem SHT right/SRT ledt [Tahle 2| SKT up/SRT downf2 (Table 1)
Left { Talnle 1)
Wy [715) Right (238 & 43} wifi [Taldi 1
Ledt {228 4 a8] dorwen (2X2 4 5T
Galin Feight [Tatle 1] i [Table 1}
Lt {01513 2 006 dorwen | D5 & 117
Haorizontal Antisaccades Vertical Antisaccades
SRY (ms| Maght {218 & 42} Inchex SRT mghi|SRT ledt [ Table 2] SHT up)SET dowm2 { Tabbe 1)
Ledt { Tatile 1)
Erronr rate |4 | Right |Taale || % ER up + % ER doamniZ {Table 1|
Lot { Tastle 1)
Haorizontal Smooth Purslt Vertical Smooth Pursmit
[16-degs]: Caim right + Caim beft)2: {1062 0.18) 8 degisy: Caim op = Cain downi2: (097 £ 0.29]
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Abstract

Patients with ephedrone parkinsonism (EP] show a complex, rapidly progressive. imeversibie, and levodopa non-responsive
parkinsonian and dystonsc syndrome due to manganese intosication. Eye maovements may help 1o differentiate
parkinsonian syndrames providing Insights into which brain netwarks are affectad in the undedying disease, but they have
never been aticalty studied in EF. Horizontal and vertical eye movements wera recorded in 28 EP and compared to 21
Parkinson's disease (PO patients, and 27 age- and gender-matched healthw subjects using standardired oculomotor tasks
with inlrared videooculography. EP patients showed slow and hypometic horizontal saccades, an incréased occurence of
squiare wive Jerks, long latencies of wertical antisaccades, a high error rate i the harizontal antisaccade task, and made
maee efFors than controls when pro- and antisaccades were mixed. Based on oculomotor performance, a direct
differentiation between EP and PD was passible only by the velocity of horizantal saccades, All rembining metrics were
similar between both patient groups. EF patients prasent extensive oculomaotor disturbances probably due to manganesa-
induced damage to the basal ganglia, reflecting their rale in oculomotor system,

Citatiorn Bonnet C, Husz L Megrelishvill M, Seger T, Matocdkown O, et al. 20040 Eye Movements im Ephedione-indiuces Parsimsonsm, Ploh ONE $181; &1 04784
dak WL 1371 fountal pone S 047 64

Editor Dawd & Frkelsieing Flomey Sacnne of Meurascence and Mental Heatn, The Unfeesity of Meiboume. Ausiralla
Recalwed Wait 12, M4, Acospted luly [ 004 Publiched Augusn 17, 2004

Copyright: © 2014 Bonner et al This 5 an operraccess anicle dstriouned under the serms of the: Cesative. Comencrs Amibution License, which pesmim
WnTRRTHCTed ke, dismAian, and e oducion in ey madiom, povided the griging autkge and souncd ane cridited

Data Avaiabillity: The auilees conficm b all dats undeelyleeg e Teslings ane Sl availabile siibout sk don. Al nekosint data as within The pee.

Fuanding: This @udy was sopporsed by tha Siech Minivny ol Heakh 068 M7 AR NI/ 1226303011 and 954 8T AER T 2102520111, Grant Agency of Chisles
Lirimpersity in Prague (& LIE #1TETH, The Embassy of the Crech Reputaic Thilsl Bepubtic of Geawis, 15 Bank Repotric Thilial Georgla, By s supporied by the
Cppch Soience Foundation (GACE 1001072280 TS iy supporied by Ceech Miniviry of Dducstion, WEM 884077000 2 Trre-diciplimary RBasearch in dhe Aans ol

Beceradical Erariesion . JB 5 Supported by the Seeed i Aesearnch Courdl 15012011 -4423]. This fursters had mo roda in sudy design, data collection and analyss,
il b pablivh, &f piejiadibion ol P maniscda

Competing Intarests: /50 Rank Sepublic Tedie Georgla contrionded with shipment expernes of the W05 machivs fraem Prague o Thiis. Ths doe nck alter the
puthorny’ sdhemence to FLOS ONE policies. on sharng deés sng matenal,

* Ermail; enesaf ) cunice
% Thes suthery comibuted sqully bo this work,

Introduction cathy gt ket wisl podiral dsbilie [155-10] Several
snichicw v sturan i i EF, prosoknent lesbons accur i e GF
and sbstantia g pass peteolan [N, bon eeem evidenee

suggests mote widespiead - pruropatholegy.  Divestigations  in

Ephedrne
freguenily o e Gt Soviel U This drsg 1 prepianesd

1WA lwnie-naade |'|-.:,|-|'m.||||||||,|||| R |

Frean oyep-ahie-couner comnumon cokl bl conmining ephedime
or- prerulocphiedume, by osdonng with potisaon permangaoate
i proseoce al acete acid, withowt any faher prificaion [1],
vontiining a high resilusl manganest moahe final synihens
mixie 2], As @ consequence, cphediose addicts oy sty
ravemiehy high manganese An) Blisod concesraions |3 and
|||'l||'|.|||| o clanmic nenEEr oo |'|'||?|.||||[|-|I:|'|l| wmlar 1w chie o
ledd

il

ifl AEAREEE ofe iminees ainl welilees, This @i d

W
|'|||1r||I||Iu'-i|||||nl|'|| 1I.'¢||\.i|:'oulll-||'|| (EP cxiaeests ol i s L
progreaaive, immeversible and ponelevodepa. responsive porkinso-
natn sl dysioonic syodrome chogeerieed bayospeech disorder [4],

PLOS ONE | www.plosonearg

ehmonie Muo-intsicated momkeys ool weleless with S imdosea-
tien Jowve shewen lesaons adbecing the subsinorizsy oawa pars
comngescta | 11] brairsiem, comebellun | 12], Troaal seliie macer
and cortical gractuees [15, 1]

Favt ewonvemenies i P T been reparied eo b sdony and mnilfly
gesiricted in the verteal and lovizental pline [ 155, 14], however
they Teave deves been oligectively stsbied st videooeadogragdhs
1l pale o the basal gaisglia o e conteol of eye pesemenis las
bween simaparted by extonsive evidenee [15 17], In EP, Mn i the
mwst |thely ctiodogival wgent for Bot clocal symgroms and ME
g wlhanges; which vion be clserved as bivperinnenstie signal in

August 314 | Volume 9 | e 8 | o104784

84



Tl l.‘iu_i'l!l'l| MR b s |’.‘;|ll1:|.w |'|:|J|it|'u:- el iy ewhier Liasal ;,‘-*.um-ii.u
(s} structwres soch o the substimtes nagra caudade, ool patamen
| 148]. Wit regmrrl 0 the high representation of eye movemeni-
relaied newmins o the BG |17 e I1l.-'|'u|LI||'sim|'d ihid Kis dumagr
chue v M aceowmulaticm in EF can canse more sevioos dysfunetion
of ey pmewement comeed than in P,

The mim of the prosom sody wiss 1o amalyse porenial
aculmmoior ahinommalides in P |'|'.|.|i:~nl1 I'q. thie wse ol video=
ocailography (WVORGE and o compare dese fimdings with VMG
resiilts in PLy |l.|!i|‘|||-i aned |Ir|I|.1|I'_l l|.||.gil.1 1=

Methods

Subjects

Patient eharctenstes are showi m Talde 1Al ;mrlil.':i|ml|l.'|
s the imformmed comsent The sosdy was spproved by e bocal
wthirs comumittees ol the T Fuoeuly of Medivine and General
l.'|1i1<:|'sj|1l,' |'|4'.\v:|'|ir.'|I:I Prnglu'. Ceech |;{|'|u.|I|I5'| el sl dhe 5,
Ehechinadhwvili Unersity Hospisal, Thilisd, Georgia and was in
veaniplince with the Dreelarition of Helsinki,

LP pavicms: 20 panienes (25 males, 1 lemale: mean age 594, 50

Sl wage 2R0BLT vears) were examined ol e department of

.].tll' rJI.-'.lI."_Jm‘d! l"ILP M Illlml CHL III"‘!"H\_-’ |J|.I.'ii|L"h‘|JIH: [Eal aIIIII
sutmerquent development ol o padamenim syahonse, with MEL
shonving pallical lyperinteasises oo 1 lweagheed  mages moall
|m|i|'l|:s. However, wi the mse ol dhe presenl sy, e ol che
pativnies were petive comsinmers ol ephiedroge or sshes ilbcie dmgs,
The sl was peelivmed  afier the patens Teal - swopped
epliedrone consimption in average 5.9 years belore e exaini-
natinn (mugye, 3 monihs to 12 years fom At the drug use. A
wewe A1 MRBL was pertormed 28 weeks prine o the elinical
examimation (Muagneem Verio, SIEMERNS] a0 il Besearch
Insgivuie af € Jimical Medicine, Thilisi, Cevegia, Sumdand T1 (s,
T2 ), FLAIR. T2% aid MPRAGE sequeeiees were used fi
srochwrn] mmaging. Oy ooc paten (EF 27, wha swopped
ephedmne conmmmption 5 months befe ncluson, shovwed typical
hilaterul - dalfise hypeniniensiy on I'l-swrighied mmages in the
globus prallidhus (G s pardally in dee sabstamia nigma (5N, In
all snher eawes, o pathologeal T1-hyperintensity. was oheeroed,
Mangunese concentration wis ascasured o ledy and scalp haae o
Upprsala Lleversity, Sweden B Mean My concentraton in om
petienes (11540, 513 0,50 ) was w vl modder the vakues nhiainesd in
the same [abormore Inr Esionmn (02, 50 1L.01 ppm .'|.l||:| anel
Swerelialy commals 1LAS, S0 122 i M), confimming the alsence
of ongning eplsedrone use i BEF pacdenis. Parients were exsamined
with the Mamral His-l:l.ll‘_r anad NL‘Ill‘I-‘H’Ulh"‘l;ﬂll i Parkimson Plis
Syvidromes Parkinson plis wale (NNIPPS) [19]) 0 odsgectively
AREDEY |'|a.:_'l:.||||nr|i:n|.~:l>g.':l.1mir fewinees ol oye movemend shnor-
madicies, .’\a'ultl[u.\'rlunfln:qi.ral lesting ranstsied ol the mibni-memial
stabe examination (MMSE) mean 2700000 Beck Depression
Toweemioey (BRI (ooean TOU0A60) aomd Fronstal Assessment Banery
(EABRY) (e [LES 1L

Py comimnl B The LT npszsted of 2 |:|.'||.ir1|.'|s. (B mbes,
I Temndes; mean age 540 S0 906, range 80 T1 veurs) dingninsed
|i|'|'|ll'l.|':I|:|.:' o the Uk Parkinson's Disease -":u."irl:. Beain Bank
criteria [20], Fatienis younger thoan Wb years weins gencieally
tesied e the parkin [PARKY mutation, and ne carmmens wene

Toandd, AN |'|.1'|in|:|:|a. sere esansined  an the l!r|1:|..r|||||'1L| il

Hulun:luq‘ andd Cepire ol Climdcal Neovascienee, Cluirles Uldver-
sty im Pragoe, The part T of the MDS-UPEBRS [21] and Hoehn
& Yahr [23] scales were wsed foe clinical evaluation, Additiomally
e (TR S TR LER R I'.\‘.il.'lll.nli'\l! u'|-u|._|; '|IIL' IH:IIIIIIEIIIH'T EH.II" ol tIII'

MNIPPS-Padkinson phes secale. Neoropsyehological s inelucd-

PLOS OME | wovw plosone.ang

Eye Mavernents and Ephedrone Parkinsanism

e the MAISE mean 2746500, B msean WC3SGH) @awl FAR
(i DS 18

Healthy cosired gronp The contml groop was incladed
caahlish a novmial haseline aml corsised of 37 panicipants (25
maibes, P ofemales paean age 602 ST GO0, range 20635 years),
MMSE fsean 209050, BIDL fimean 1000, FAB (men 1777
1L A questionmadve wis used o detersime deae adl controls were
free off aiy prurslegioal o psychiueie Haess, and all controlds
demied the unake of any medication acting o the cenoal nenaons
SVRIET,

Crculamotor examination

Eve nwmements wers exmmned moall subpects b the same
mvestignior (B} using 2 hmooular vides-hased ove iracker (mabide
BT B Train, ['\'l.'!pulrw."irinr-. France, www r:,'r'-hmi:n.rnm,
A e sampling vate and 003 spanial vesolution] Saccades were
atstoirically derecied aceording oo velocing theeshold (Eve Brain
sabbware) bun wiee indidduadly inspecied and manually corvecied
by b esgrerimnenter i pecesary, The el eyve e was analvaed
by dlebamle Bowever the vighi ey v used al thee lelh ove sigaal wis
contarnimated by artilars. Sacewdes periurbied by Binks or other
artificts were cliscarvched (Jess than 10% of the wrinds in all sshjrem),
Saveaces with a bency below B ms were considered antcipaiory
sacracos wned n:"||,u;||'r|. and SR bevweren 3] ad FHY s weie
considered Uexpres socades™ 2]

II.‘II"FI' llJIE'l".'.II' tLilL‘ﬂ wene |M'I.'IIIITIII"II mi e siume ordeer o
sewiion ol B nunates dandon: 1) Sanple prosaceadhs . orcsnl
and verdeal: i .‘\':i1|.1|1h' animaccades hwizonl angd vertieal; T
Mied horizonin] pro- aod antissecades, Subjects were seated ina
calm, dark oo with their chine supporeed By a0 chin sugs aml
their fovelveind o contaey witli o froneal sugsport. They Gueed o ar,
26 i, LCD somven (Prolawe, Bvioma owsdel PLO2600. sige 550
w4 | becated Ghem m ram aof them an eve level

1 sampde lwrteontaf and vorbeal prosaccades: This sk sared
with the omser of a green cemral fxation Tuah:ll:fnu:: (LR
p'mr'h: I L0 oclfmiZ) thar was Fm'ﬂ'lu:rrl wr a
|'m-|.n:|.<|l:||1|:||.|n|. doration ol 20K, SXEL S5 RS, N0
arf 100 ms, The fsation poim was shen oomed ol and
00 me Jaer, o ored peripheral weges (1B x5 square,
Bamdree PA0 kA2 appenred dhofeg (000 mie o o
15 tight or Jefi Tocatsse o av w15 ap or dioan [ocitson.
Twenty-right saceades were peeorded. Latency,  velociy
[avermge (Vi) and maximal  [Vmox)] and gon were
illlilh'ﬂl'l.‘l .rnr 1'il.i.']|. :iﬂfr.-'ll]l'. [.IH'IJ L NWTESE IIII Tli] '{-'Irl'il.':[(ﬂ
for mach menmic wis |w'|ﬂ:lmuu1 In earh |'|;|.1i|'|:||I ]_.Jll'nn_. [
lelimed as the repcrion time e the tormen onses o bepin ol
the saccwde, Glam was defined as the o between accade
gkt aned orget Jocation. The ooursber and anplioode of
i wanve perkes (SW e mcasired derag the period
wlhen dhe [abion poin wies one st lor 55 socooads,
Squarc-wine ks small, mappropsiae sweades that
mtruche st steachy fication by taking the cve avay from e
target ancl then rr'|:||r||.i|'||; it o the fisatdon rh'.ihirm |'_’-I|. il
hegizvnnial H'H.i]\ hevween 1 HE weve copsidered R analyvsi=,
Precause SW] ovee W e comsidlered macee W] 125

1) Hample borgeati] and verseal antisaceacdess Tlhe sk design
wisie thie saeme as i e ;muh'luﬁ' sk, witly ks P\n'pliml
that the eolor of the central T s was red, Sukgects
et jnsarucied o Jook as Bl as possible o the divection
oppesite o the peripleral mrger A weal puamber of 52
secades werr peconded, Latweney, omor sode and rvage ol
L":H.'ITI."I'II IO wWent 1'3\:’l'-1l'||'|.|. Ril'.".'nl'l‘ll" ll'llIJIIH'I'J I.l'\
blinks or ather artelscks were discaded (less than L0 of the

August 2014 | Volme 9 | lssue B | e104784

85



Bve Movements and Ephedrone Farkinsonism

AR A I g i L - Rl (gAY Tihmdidhinil %) dr-eiy St

L0t FEL PO LT suodt pumal | CE oL

P nsmEsEmAWEDeun I LS ST RIEL PUP UYBTH AEH e B meep

U Avn 0 jriisls il R Pl e KiOE L P ) i ddibisd

o s L)) Sy iy

L Haiad iy i i s Sy s § senLeig g seraucs i aunagueds % agiunis i e g sl e Uiy s iR i aeeaRig) 10 e ) U e it a0 e e e aubli Faeg ag) g e gl e
PR a5 POOPOAS I PR SIS (Rdopana) Bl (0L = st G ¢ edopove B o= dpead i B 000 G0 ad 1une Sunuecop jo juamanka 0 sdopoea) g0 B i S50 i) FIRI juse i) rogiey

50 L] 4 GH LTS s PEISEWE | (T3 3 LEEF BT Db/ HLE

¥ L LB o B

5 i 0z Wi r it i

» T . 13 it '

] ¥ i oy 24

] & = E N ¥

il = [ i £z

L o ¥ iy s

o i [ auall ey i I LY T ¥ ) 7l W 12
& i i atali i L 2 T ] " " - i (L R
I ] 1] e I B Bl § &r b 23t} ol
o { i 5 [ & EEI ] g 8 = & A B
i r 9E 0TE 4] 37T [ ¥ b ESt i
a {4 (4 X o i i u i & r my u
o E 5E NEEES ueiow oy oo oz s 5l 5 ¥ L& edupena g THN 5t
a £ 6E auah jramo sy o @ W o & Les pnponay [ ey i
o I i aual jpaou ity » I r e &1 pipradig | : T EL
o i 0 - 0w F T £ = - ] e
o T il 1 4] e b ¥ I i THY i
L i i . i i ol L i E 4 waoa
1 r 14 auafi s I Fei ] fi 5] (g Bdupin k (4] 6
I i Gl sl oy e * W E B 5 k iy L]
o 1 I oo E oW £ 1] ol W I
o T S5E oEEstiowfog DOE 11 LT T T (>4 ] [ £
1 r Fid oo i [TV & & i Py 5
o d wl auali jpanoy SEST 38 oM [ £ i f BN #
L T [7d i It AN E [ ] 9 iy £
o z Az . [ 0 BNt ¥ ™ - b iy z
o r o [T @ BEN 0 [ (e q Y L
1z 18 et L ] weeahidw Od 1z TEES B mimag EXLLLIEET 43|
WD SddINN AEH 1N SHOdN L E_._ms__uu.u:“ul aag sfiyianpusn 194 WO SddINN L SadENN [ LT aa wiyuspuesn ey

[LLETY

SN (g PUE g3 Jo SRR [E3LD C| sjgel

August 2074 | Volume 3 | Issue B | 2104784

PLOS OME | e plosaneong

86



trimls moall sobjects, o the procand aitsacoabe fasks, we
delined the latency as the interal between et onser aned
sncrnde onsel. Lareney  hebow H0 o ms wern oomsickered
ut|:i|'i'|u|,nr:. micrandes anel !‘;‘iil'l_'l{'d |‘._"H|. Mean vency wiis
ileermemied only for eomeen antisaccades, Ehiveciemal ermors
wepe defined e saccsdes inicially divected wsarde the targes
Ihe vate of covpecied erpors (% wae exteaied For e
lnerdomial antmaccide ek

ii' Alimed task of pro- oaml anzaceades: This parsdinn,
perfinrmed accowding v Rivaud-Pechoux [26], was veed
avalimare thee ahility o |||,'r|'|'|rrn n gask in which v dusk sens,
vathier than one, st b Jefled shnuloneously, dseey
dherandiog an ineressed cognitive lead, inercased demanids
i wocking meroey, sigilince, sustised alention, sotiva-
faon amed response selection [$] Tl contral xaton poam
inmtally comsisted of o verscalbe abigned amd comiguows ved
anel green paints. with the same size and lumsance as o e
twn previes sk, Adier 504200 ms, one ol dhe P s
ek o preen) was tumaerd ofl The wmaining |1r|i:||: 1|.=|!.|,'|I i
fooe SO0 s, el sisperts soere inssacted thie the color of the
[inaarion proint was o be osed Fsclecting the appropriaie
pespanee do b lteral igen o geen posd recuaieesd i
prosaceadbe anel o oeed peinn ooantsaecade. AC2000ms gy
Isetwaeen e locatiom poaint amd the Berad tanget was ased gs
in dhe previous ks We confirmed  verhally dha ihe
imsrructions had been correctly uadersanod. Seven prosac-

encles ane six anrisseondes weps |||~=-r||||:'~cl wiil an anple ol

H In each -uh}l'r:. wit cialeulnted mean e and
mneissecide Batencice and evoor paues i the aniisaccade sk,
Phen we sferively apalyeed swaades sepeased in she sane
directon. Repeaved vials were analyeed w o provile o anixiog
cost for lateoels and error rates, defined s perlioreanee,
Ihe perdormance in rr'pi':lu'rl irials was subitructed from the
performuse 0 the smple mskes of berzonal pro - and
ansbsweeades. We employerd the resticive method of anabysis
wl Rival-Fechim |2I"|[. wnking i acoeang only N1 oials
xeciiten |'|'|I'|rl'l,|!. weth e wime  imsrnictieds. We fivsi
analyeed resalis seporately bo the gl aod Sely divecnon,
anel thew ax Usere weee oo dilfeirnees beoween baoth sides, we
wlevted v gl cighn andd Jelk prodansdssecades

Statistical analysiz

Mksl®  (Mothworks, NMassachuseis, USA} was esed  Tor
spaistical mmmlywes, A the Kalmogorass-Snninmese jest Tor ilbeiqu"u-
dent spmples il por detecs abmormal disgribadion of oculmoetor
varkahles, analvsis ol varinnee (ANOWA war osed W assess
tidlerenees between e BF s bealthy comieod grouge Sinee e
PI} padents were generally alder when comgeered w EP subjeces,
HJL.1|'!M1I ol eovamanee ANDOYVAY wos ased 0 caleulare dilfer-
voees hetween BP aned FD grougs: saith age as a0 covanaie, The
Pearian correlation analysis was used 1o examine the reladonships
hierw e e mwnirics and clisgeal anel |1|'u|'r||'h1l,|'|!|nlngira| alabn.
Post-boe Bomferroni adjusiiens was aggified o cogrect. for 1he
vurther of all wests performed according w e cach poradign,
Tl Il ool signniliennee aliey Pranfernon aeliusmnen) waes seg o <
(IHIR

The clinical daia of EP as well o= PLY I can b seen in

Tahle |1,

PLOS ONE | warw plasone.ng

Eye Mavements snd Ephedrore Parkinsonism

0 Sunpde prossceachs Fgure 1) I looeomiod prossecades, EP
paticnts showed stgmilicandy decrced. Vmax (8 4= 15.3;
fr= 1N, -"_=|I.I4.F:I.. significantly kwwer guin () 5 = 6L
fir= LN, g0 p e oward decrease Vavg
Wy =B cormeeied S 0006, uneorrecied  fe= 80007,
i = 0160, -and normal kueney (8 5 = 0406, s 100, 7 =0
as eompared o omnirals I addinoon, EP patens showed
derreased Vimax () = L2, = 0,02, 07 =0,2%) in comp
TR ] s.||h:'rrh. There wese o dilferences beeween 1Y
amil EP r.\;llir'l:llh n-prﬂiu.g ks (F) =11, P:Il.tﬁ.
|r" =10,00), YVave F, "= 1.4, fo=10756, rr" =11, 113, andd Zain
Fp =12, ".l = 1.0, W = {ki}]}.

L wertieal prosaceades, when compareel m eosernls, EP patienis
showeeel o eened ewnnd. Tonger Leeney (F) 4 = T8 romeocted
j:!'—’ll.lj?, pmcormerte] ll.l'—'l.LlIh'I.". rr'=||.|f!-: whereas pither e
mavement meirics  welading Vavg (F o =83, pEin,
g =G, Ymox (=34, =060, gt =006, and gain
1F s =240, =000, it =00 pemained wormal. In CEOT[RATTmI
t PV suibyjects, EF paticits manifestod significanily shonaer laeocy
=138, j,l =1LHG, 7 = 10,31 whereas v differenees in Vg
Fra=hl, =L pl=0 Vies Fra=05 p=100,
ot =001y, mnd zain F = LA, p= 000, 1 =003 were ol
eerurl,

Conmsicering e wanve jorks, EF patients produced mone
SW]s (EF mean number 7 S G272 comirols mean number
D06, A0 .98, F) =00 g = 0,03, 7 =13} than contrals hist s
diflerenee in SW] berwern EF and PD groups weee obaerved (1D
mean oumber B30, SD7.HE F) = 008, p= 100, i =000,

ml Sunpde anhsaceades (Figure 230 In boreoial dieetson, EP
puatienns groddueed more eerors o conials (F L = 176, g
AL, g7 =005 el thicre wiis 1w gl shilfenonee for
lueres (F) =008, 5= 100 =000 Mo agnifican
dhlferences were noted bevween PLY imd EP groups e both
lacencies [F) =006, =100, g =0.01) and ersoes

Fi = 0.9, 4= 100, 4 =

L wertical climecion Laeney swas el i be longer e EP
i when  mompaoed w0 coairols (Fy = 1605, p=ikl,
i,l'=“.|5: whercns comor dabe revianmed  ialfecied F, o= 80,
fr= 025, = ), dnerestingly, EF paticnts maniteaed supifi-
ranthy shorter Dok when conmpared 0PI subjecis
I.F| e = 100, p= DLk, r.I:TH.'_'z L There was oo diflerenee betwern
EF e PO groug for error eate §F =01 g = L, g° =00, EP
||.'|:ir'.|||:'- showwed @ mde of movement cormecmon adier an ineoreeaot
amabsaceace ol 4%,

Bl Mued ek of pro-oand antsaceades (Figuee 3 dessls ibe
reslts ol imising eoed Jor dhe laeney ol eemor mae ol
antisaceades: There was increased enor mie i EP groug
when compared 1o contrals (F o = 156, frILINEL, Ir.'I = (.23},
whereas o diflerensoes were Tound for labeney (F) = 1.3,
pEal g =i0Es Moo differeoces: between: EF oand BT
groups were swen for both Bveaey () =00 fr= L,

i = 0L and ermor ate (F) = = Lk, g7 = 0),

o eodvelaiom were fousd Betwcen the peanopeschological
et soores and cve movemient mieves e EP paticnis,

Discussion

Ephieclrone g, meoomparson w ety conrmods, had slow
wned J|.1_;|'¢I|w|'rir lewriznnnal sagcailes, long laiencies af vertical
amsarciades, o high ermor mee i the hocieomal antisaccade sk,
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Figure 1. Latencies, average velocities [Vawvg), maximal velocities (Vmax), and gains for horizontal {left] and wvertical (right|
prosaccades. Comparisan of EP patients with PO and healthy control groups aher Bonferroni adjustment; ®p<005; **p-<001; ***p=<0001. The
symbok represent mean values and eror bars standard deviations. EF = ephedrone parldnsonism; PO = Pasidnson's disease,

dot 10,1371/ jowmal. pomne DT 047 B4 g0

roeare s than eontmds whien [ln--.uul antisarcarles were mised, veboacity ol horizantl saecades in BE Yel, the I;.,u-||r! lawr lach
iI1I|I| n i:ID:'ITaIM'\d T o 1I.'|I:Iil|'\.' AV il'l'k.’i. -llllll' III:II'!. ':“I'\C'\l'| '\'I'l’lil.'n.'ll |:II'\CI:IW'I'EIIJ}’!| iI:IK] il.ll|i}-'.'ll'ri.\llr.‘\| WWas I'II'\CH;I:II:I.I.!;\C'\d ill ]:nP w|:n'r|
skmificant diflevenicoe between EP and P concemed a sddoaer peeak compsared to heahhy controle D porricabie, an solaed prolon-
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Vertical antisaccades
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Figure . Latencies and error rates for horizontal (left) and vaertical (right] antisaccades, Companson of EF patients with PD and healshy
cantral groups after Bonderroni sdjustment: *pe- 0S; *=p-o008; ***p-- 0001, The symbols represent mean values snd emor bars standard desistions.

EF = ephedrone parkinsonisme PR = Parkinson's disease,
doi 10,137 8 journal pore 01047840002

Sl |.l|'|:'|.ll.'|1|':| al vertival, bt not horteonti] saecades, bas o e
hesi ol e kneawleebsr, new born odseroern] |:||1"|'ir|||\I1l.'. (R FIES
dilfierenee sugaests than the saceade reaction time may be driven
ilil’jrlll'll(h‘lll]\ m ||ll' I.1III.'iﬁIIIILiII a'II.1I:| el I)I-I1b€'. |I.IJI| II.MIII'I,Ide
again the imporiance of sudving EM i bosh dipections [27], In
!{HIIII'IH! ferms I.|1I' Lllbl!l:ll:'!.' nl 'Hll.'l'il.i‘l!! lli.'ﬂ IH".'JI. I'I'I.1|.I'L| [15) hil.'l“'l.'ﬂl
] mevivstiony o the posterior paricud aod Frool cortees [249],
.\Iﬂ I'Illll'l“" il .'\|1III:|'!. I:f\ Hill!l'h:l :||:||.1:-Iir::l1": alsn "iIIIH:I:IHI.\.'a'II.
srrwrres in the coead ol this mewic, shivwine i s ||||.|.|1|1:|-
cobogically-tnactivated noeleis retcularis egmenn pontes ol the
mnrkey beadn, wsaally oo ey of vertical siccarles |:5‘IJ|.

Hergonial |;||u_-,w.;||,||-c woere slower |1:.[n|r|n'||:i| when
CrImpEanng Er Elillirl:|l:5. wiil eonimls, while jhe luepry was
preserved [HUELL Slow g hypomietric prosaecagdes are also
hallmearks ol pasents watl bevedicary ataxias. viseulir kesions at
thr pons anid cerebelfom, Gowcher’s discase Type 3 ond Toy-
Sachealisemne | 29.02), However, ot disorders, saceades seem
tey T eonskberahly slower, choically anl b econdings The
wedocity of horzeaal saceades hax been related o the preponine:
reveular formation |fi-||. while the My, |e=s ~|k'ri1|'r (Rt
dmtaned  in chsorders
cerehieliom, hramsiem and |'n'|'i|:|l1|'r.'|l. asriglinmEEnr |'|.'||h'.l..n:-| 129)

NEFCIE Ol IcEsure, THLRY ‘Jl' I.ll. ||D|'
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Figure 3. Latency and error rate for mixing cost. Comparson of EP patisnts with PO and bealthy contral groaps alter Banfermni adjustrent:
*oe2i105; *p-S 0 =000, The symbols represent mean values and error bars standard devistions. EF = ephedrone parkinsonism: PD o=

Parkinson's dissase
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EF pagients presenied an inersased number of SA] duoring
sicczihe sk The patlwgleysiodogy of B3] 5 wnkiown, o dhey
have been ndaied 1o desmupgon ol cercheal, cerchellar, lxasal
sanglin [imetion [35,534)] wordl apv:iﬁl‘.tll'r in Jesoms ol the GF
| D35 55%]. Hish oumiber of SW] las been previsusly repormed in
PO [E6]. alker smalaieral pallidowemy [16.37], or samuolotion of the
i leus sadmhilimens [38], and twy hoe abo been fowad 10
prowressive supramochear gl (PSP 30)0 Smidar o PSP EF
]1..1I:i.£"lll'i shawy gt and 1r.u:|'|'l1 distnrhances, and o non ||'\.'r.p;l|a‘:=
respotsive prarkinssion sndrome, However, in PSP the predom-
it e msreient deleets conocm shis aned bypometeie vertical
siceades fHI| wiile e noetrses were nwsthy preserved owe EF
Broug

Hoh in e B and PEY paicnes, the andsaccude emror e wis
e g borigonal, o pod foe vertiea] andsaccades. To oo
koowdedue, such dhsocanon between ligh erooe rates: o the
brveontal amd pot in the vertieal plane has noe been desenld
beloge, These changes are ot relaed oo gy since we dernne
atrted i previoas siudy diat Baoth e increase with age b
ot i o dfissociated mannes [37]0 To borins sl non-Taonan
pramdes, the dorsolaenl pefrooid cores (IDLPFC) has been
related 1o indubitdon of rellesive saocades (41]. '|mpﬂinu:| mlaation
ol eflesive horizonmal saccmles his been deseribed i PSP pasems
assoc e with the invelvemend of e THLUPFE i ibe degenesnive
frocess [H2] Becent mon-lioman. peioie stsdics suggess i the
GF might vegulaie eye mewrments: theough e sgne-eedleslor
cheserading rin::llim_r, win  the  basal  ganglia thalamescortical
1:.||:|1-.1..'|-.-\. |'|].'|1_.i||g an i|1||1nr|i|:|| ke i 5.||p]'rr|'.wi|1|_5 :||.;|r|n'|q|..|l4'
antiaccardes [43]. Consequantly, a specilic invobvemen of the GF
might undeslie the incoeased antsacesle eeror rue i EF patienis
[44] b it dhses oot 1':qJL|'||| the dissoctaton between lortoonal
aniel verneal pmisaccade directin,

I additsar, our EF patients eshilic an inoreased  ermon vaie
wheen pao and pntisccades were mived, Mising coss oF pro- and
antisaceade error rotes owere by dn ooe contel groap, i
agreement with previoas sidies [45.46] whereas i0was inereased
in 1 o previoush desceibed [17] withoue significem: diftorensee
ik B paricnns, The fnerensed mising cost has been asaociated m
recruitiment of pdditional condal stueiuves as the sapplemeoniary
oy Beld [, beadnsg 1o ahe ypothess tha jis setvation ity
partially reflect tmsk shifiing [449,500).

Y mlrendy menmioned, il amly sigmificant dilferener in
ewigdommononr perlowmance begeeen BEPowd PI coneered ek
Teorbmomal spceade selocivg. Iomay relleat o disiinen irepaiimene of
apecilic neural petworks wsderbong the atbology o P,

A homeemons musion of the Mo cansporter SLO3E0ALD
cawsing  severe hypernungancsenia,  dvsionin,  parkinsonim,
plyeythemia, and choonic hepatie disease has eeently Leen
deseribed  [51]. SLOB0ALD i haghly exprosed o e GP,
subthakanac nuclews, putimen, deep cevebiellar nucler, aned other
rl'il'nn:phn:llir anel cowniernl areas |:'| 1 I At the annual meeeting of the
Sumerican Acadermy off Mevrobsgy B J005 Frowegient ancd Bl
[52] presented o dses al SLOSANE mlatioee with ey
mewemeil abasormalities sbuilar oo these Foend in oo EF patieans,
inchuzting slowy and bypomeane horizoneal ssceackes, b ok o higl
error rale i the antsaccacls wsk Thes HIEEECSLY thiin Tanganese
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wonieity may b e detenminimg factore i ibe pathogesesas ol eye
O rnrng ﬂl.'lllﬂl'miliiti.f'{ i.'l'l. E.I".

Tl e b cowrelacions il By one it s Detwesn ibie
VO muetries suwd seventy of cve movemmenn aboormilinses ss mted
by the veulemoior part ol the XNIPPS. We chiose the XNIPPS as
W 5 the mnly available clinkeal scale chin inclodes ERRRR L A T ]
evaluation in patdents with aivpical  parkinsosion syodonees,
Himwimver, NNIPPS alloaws i '°f.'|l|:H'|I.‘l.iIII|.I|'-'||.i'|'I:'J}' raki ||||]'_.' .|I1:||:||i.'-
nnle and speed ol '-.'|:|I|.||||.:|:r:. hewiznmeal wmd venical sccwies.
Thereloe i iy sl e sullickntly soosiive o relinhly captore
distiner bt dfserele oculamowr abmormalitics obaeryved  using
VIO i sor EP greags, Do partcabse, laenenes and eeror sues ol
antsaeeaces e i.'JI'iI.TI'!.' whnormal i EF but thelr evalimtlon is
ool cemtained in the NNIPFS. Anyhow, this highfighes ihe
imprtance ol incewporatiog. VOO essmination, as o sensitive
pot-miasive ol o reveal dight oculoomoe changes, Fuarther-
mnrT, J]IEIIILI!{JI: (RS i TRVRR b P I'll.'rl;.'u'lll...'lﬁl'f |.1llﬁ hle'\l'ﬁ shown o |1r
carrelated with UPTYHS subsoores |35, commimae limeton in P11
[54.55]) mmelfor sverhal fuency [56], we did nor reveal any
voriekation between te severity ol eamopsvchologaeal Bopairment
wsnessed with MMSE, BDI and FAR wsd EM metncs moour EF
grop, Che possible explimation & b oor EP poticons mandesed
only very milid cognitee impaimment and thevelee a more specific
menrpry e dogical assessncnt wouhd e peeded o geveal pessible
relanonsligs hetween cognitve wmld eye mevement. (osctions.

In smimary, the presenn sy shows e ey movemesl
abmarrmadities dee wepldroane ghose shiare sl eatores bt
alsn exhibi ceram diflerences lrom P, .‘i'imil:lrl}.' i PLY pisens,
sibjects with ephedrone-indoced  parkinsonism denwsioae de-
el j{,il.ill liwe liczeiitiil |rhn:||:w||.|l'.‘.. sl soeiirence ol
spuare wive jerke Jong bieocees of vertical angisaccades s well as
a hagh ermor e o the boreontal antsccade @k and when
|.11i'xi||ﬁ"|1rn- aned annisaccadies, (U the ocher hand, APl such s
decreased peak velocky ol hovizonal saceadoes and alfecion of
Eaterrwies widy i vertsal divcion can evarespond o patbiogenic
mechanisms of ephedrosemduced  parknsonsm eellectng o
specific invedversent of ghobws pallichs and ooher beain arciomes
e o mmaness inrosE Lk
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Parkinson's disease

Fackgroumnd; Blurmed near vision |s 3 common non-moior symptem m patients with Parkinson's disease
(PO, Iswever detailed characterization of vergersce eye movements (VEM)] is Lacking,

Methods: Convergence and divergence were examined in 18 patsents with PO and 18 controd subjects
using infrared video-oculography. VEM mecrcs analyzed ficluded latency, velocny and accuracy, o
vertical and horizomtal planes,

Results: The latency of comvergence and divergence was significantly increased in PO subjects. Adidi-
tiomally, divergence was slow and hypomet e, while other onvergense metrics were similar (o contrals,
Concfustan: We provide evadence in favor of distupted VEM in FD,

© A5 Elsevier L. ALl rights resenved,

1. Introduction

Vergence eye movements [VEM) are disjunctive eye movements
necessary for reading and tracking obdects. moving in - depih.
maintaining a fused and singular percept |1). They consist of
convergent and divergent movements thar may be divided into fast
vergenoe (Eo step tarpets) and stow vergenoe (to track. sinusoidal
rargeds).

Fatients with Parkinson's disease (PD) sometimes complain
about blurred near wvision, which may be related (o convergence
deficies, Diplopia i one of the noen-motor signs found in appros-
imately 20% of PFD patients and may be caused by convergence
insufficiency [2]. Visual discomfort in PD has been studied with
several ophthalmological devices amd guestionanies revealing

= Cormesponding dithon Departinend of Neurology, Frrst Medical Faculty, Charles
University in Mrague, Katerinska 340, 1210 160, Mragoe 2, Coech Bepaohlic Tel: —d20
224 BRE5S; Tak: 430 124 UETR,
E-nindl afiress! cii @ Loonicr (B Rubeka),
" Contributed equally

Faripie | ke il | LEEVEDVG] s bl i _MFL S TR IR
1353-8000)0 2045 Edsttey Ligh, All sgghis posersald

decreased convergence amplitude, conwergence insufficiency,
heteropheria and divergent strabism | 7] Video-based infrared eye
tracking is an objective method increasingly wosed in clinical
neurelogy for oculomaror testing in the diagnosis of some
newradegenerative (g, parkinsonian syndromes |, hereditary or
metabolic diserders [4],

The aim of the present study was thus to describe fast VEM in PD
using video-ocubography.

2. Materiaks amd methods
AL Subpects

Patieivis ail Bealtly controls were cxdmined a1 ibe Depamment of Merakogy,
First baulty of Medicing, Charles Unnersity in Pragoe, All particpasts provided
signed, indarmed consent, The study was approved by the ocal ethics commiries
aml wad in camgilisnce with the Declation of Hoelsinks Fighdeen O patienis (B
{ermabe, 10 mades; age &0 71 (mean 334, 50 W25 vears diagnesed according o LK
Mrnsnes Disedss Socioty Brain Bank critena and fflowed o the mosemsenl dis-
urders chnic weie mowded. PD duraton rangesd Trame 1 o 20 (mean 93, S0 565
years, wich UPORS O score 8-47 (mean 252 50 104 ] and Hoehn & Yahe (5] smome
13 {mean 19, 500G}, Siateen of sighaeen pariencs woere meated with dopamine
aponists {10 ropenicnl, 8 prantgpexol |, 10 ol wdiel wipe reied i coitilinaten with
levadopa, while 1 patient received levodopa monotherapy and one patient was
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FRg 1. Eve movernenl Lisk eniploged. A: pabws] position: B coammaation ol oo rgevoe: O exarmmation of dneipence: bt Bead suppont constivdiem; ey imovement meoader;
o pear fixation point; = soeen; 3 = 10 om; b= 80 om; @ = 43467 |l = 2877 FC: focus change,

unCreaned an Thwe cirese of exansnaticsn, T bevodaps equivalent daily dase was mean
B22 range 02890 mg (6L Al niedicsted patienls were exaiddned i the “en®
canditon, following & regular dose of their dopaminerge medication. Excluston
criteria were cognitive impairmient with an MMSE <26 points, any alber nedin-
paychaarric ar eye dissase, or a history of bram surgery includiog deep bradn stim-
ulation. n adclivkm, 18 sokingiers. [ 10 men, § wamen; e 31-72 [imesn 539050
116} vears | with no bisbory of nearmicegcal or eye diseave amd not using medicstion
al’fﬂ:ﬂng cemiral neTeonis system wene ingluded as Bealchy conirals

22 Evpenmenind prendigm

Suhjeces weene seaied ina calm dark i wirh T chin restiog on & chinstrap
amd 1heir forehead placed agaimst a fromtal sepport and with a screen locaved G0 o
I frone of their eyes. Ewe mavements were initally calibrated fallowsng the (-
rmpation of 16 consecutive targets covering Lhe entore visual feld Bogh pabents ansd
cantrols were examined with the same devior amd the same paradigm. The crial
Pregan weith 1l appearance of a distan | lexation peaot {25 « 25 pisets oval lumisano:
280 od i’ | ocaited en the middbe of the screen; 6 cm Trom the sulsect's eves. The
mear NAavian going was 4 white plasic hadl | om b Sameter, positiones] 10.0m in
frant of the subject's eyes. The subgect was instructed o gaze at the distant fixation
paine until g5 exiinctan (go signal 1) then 1o change gaze locus as quckly as
primasibie o Al reEar poiml amd continue Baking AL aril the distant poiod lghilsup
again (go sigmal 21 The @ming between sach go signal was foed, regular and pe-
rhdlic, charactorined iy deming on and off af the derann carger Tor 2000 ims
Fle, 1B One edal consisied of O divergent and 6 convergent movemenis. Three
erials wrne performed ineach subsject, with a taral of 18 convergent anid 18 dvergens
Pt VEM witliim Hlmis. Every suijict was aked to repsor] doibbe vision or any obher
prohlem with near visinn During the exammation, all subjects weere able to dearly
st By Raation pednts witbaoiil visual eisconifon,

23 Recorting oppansis amd WIRIOT maENce

Eve muovements. were recorded with & wideo-based binocular pupsl tracker
Imatile ¢BT Eyebralm Ivry-sur-5eane, Francel with an acquisiton frequency of
T M, and precision of 0.5 horizongally ame 05 vestically, In anabsis ol vergence
meinics; preference was given in the lefi eye VEM are composed of hariroeial,
wertical andl pclosrdrgent companents [ 7], As our popil acker lionved os 1o snatvee
only honzontal amd vertical movement components, we chose o describe bosh, We
dhtined the odborwing parameners for all experimenral condicioos; laneooy (@), gain
[ % and velncay | =ec) divided into sverage (Vo b and masimal velociby (Vmax
Latercy was defined s the reaction sme from the divergent @rget onsecfoffzet o
the beginming al (he VEM. Laencies befose 500 my were oonsidered preimatune
anticipatony movements and were regected. YVEM contaning dimectional ermors were
discarded as well, Gain was defined as the ragie between VEM amplinuide ani rargen
focation,

24, Aiarkaieal e

Sqantical analyses were performed in Matlab® (Mathworks, Massachusents,
US&L Firse thwe meecape af a0l saccades for esch metric was caloulamd for each
sulgert. Subsequently, a t best for independent samples was used far intergroup
comparison The Bonfermoni adjussment was applied oo correct for the number ol
testy performed according bo each paradigm [convergence, divergence |, The Pearson
coirelation wags applied 1o evaluate te refarion hepacen vergence metrics and the
UIPDHES DL The lesel of signoficance sfler sdjustmet was sel al j < B0G,

3, Resulis
1.0, Convergence

in comparison (o controls, latency was significantly increased in
the PO group in the hodzontal (1 34) = 3.9, p = 0003} and vertical
([ 34] = 4.3, p = 00001 ) planes. There ware no significant differences
between the PD and control groups Tor velocity and gaim (Fig. 2

3.2 Divergence

increased latencies were found in PD patients in comparison to
controls in both planes (634) = 53, p < 0.0011 In addition, PD
patients showed slower velocities Vavg (34) = -&.7, p < 0001}
and Vmax (1[34) = -G8, p = 000 L but only in the vertical plane.
Furthermore, decreased gain in PD patients was also found only in
the vertical plane {1{34) = —3.3, p = Q.02) (Fg, Z)

Mo significant correlations were seen between VEM metrics and
the UPDRS 11, disease duratson or levodopa equavalent daily dose,

4. Discussion

In the present study, we describe distorted VEM metrics in PFD
using videp-cculography, One of the more significant results of this
study concerns the prolongation of latencies for convergence and
divergence. The latency of VEM reflects the function of several
areas of the brain including the fromtal eye field (FEF) the
posterior parietal, extrastriate and primary visual cortices |7,
Previous studies in PO patients have demonstrated widespresd

93



I Mk o al ¢ Parlrispesm ol Beliied Sisoeders 20 (20030 797759 To

CONVERGENCE DIVERGENCE
500, e, ps 500
= 450 ’E‘ 450
= 400 e S A,
& 350 E 550
E 304 H 500 i {
250 @ @ 250 Q O
200 Horionial | Vestical 00 Horizontal  Vertical
pinln] 2D
akd
= [ |
= 50 F g0
2, e
E 100 100
. TR 2 ¥
50 50
Horizontal  Vertical Hormontal | Vertical
350 150 i
[
= 300 = 300
-~ a
= 250 E’ 250 4{]
S
200 £ zoo
f=l 30 B= §
150 150 i
%0 Horizontml  Vertical W) Roomd Vet
: -
=i Cont o
x { ‘% oo
.E 0g E og
U o8 C o8
a7 o7
hb Vertical o8 othontal  Vertial

Fig. 2. Latencies, sverage sekocities [(Ving L masimal welocities [Vimsax), and gaing for
ronvergence and diverpesoe. Comparison between PO and bealthy contml groups after
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cortical hypometabolism and disrupted sensorimotor connectivity
in these areas, especially in the frontal and paretal regions |8,4],

Surprisingly, the velocity and gain of convergence were similar
to contmls, whereas PO opatients: showed slower velocities and
slightly lower gain for divergence. The mesencephalic reticular
formanion, situated dorsolateral to the oculomotor nucleus, the
medial lengindinal fascleulus (MLF) and the nuckews pencularks
tegrmenti pondis [NRTP) play an important mole i 5I'II'II.IE'I'|£'I'I'IS the
velocity of VEM. Our indings are in agreement with previous ob-
servations that velocities of conwvergent and divergent VEM [n pri-
mates may be under separate newral control, with convergence
Buirat eells iy anoeler more dorsal mesencephalic region, rosteal o
the superior colliculus | 10],

One admitted limitation of our study is that patients were
investigated under medication. Frevious studies have shown that
both dopaminergic and exrradopaminerglc mechanlsms may affect
aye movements [ 11], In particular, comvergence insufciency in PD
has been described to improve with levodopa therapy |12 and
deep brain stimulation | 1). However, the present results demon-
strate WEM abnormalities in PD patients, despite the fact that
dopaminerglc treatment may have normalized eye-movement
dyslunction related o dopamine deficit.

In summary, we show that VEM may be used in the assessment
of P in clinical practice using a simple paradkgm. We found that PD
patients have bonger Litencles in all VEM a5 well as slower and
hypametric divergence, sven in the absence of complaints of visual
discomfort in near vision. We beliewe that further stedies of VEM
may peovide further insight into the pathophysiology of PD,
particulary in regard to possible involvement of the wpper brain-
slem. Further studies on early-stage and presympiomatic PR sub-
jects are needed o determine if VEM disturbance can serve as a
binmarker of the disease.
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Disease-Specific Regions
Outperform Whole-Brain Approaches
in Identifying Progressive
Supranuclear Palsy: A Multicentric
MRI Study

Karsten Mualler'*', Robert Jech®', Cecilia Bonnet®, Jarosiav Tintéra®, Jeromir Hanudka®,
Maraid E. Maller®, Kilaus Fassbender?, Albert Ludalph®, Jan Kassubek®, Markus Otto®,
Evien Ruzicka®, Matthias L. Schroeter " and The FTLDc Study Group*
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To identify progressive suprenuckear palsy (PSP, we combined wowel-bassd
morphometry (WBM) end support vector maching  (SVM)  classification  wsing
dizease-speciic features in multicentric magnetic resonance imaging (MBI data.
Structural brain Efferences weare investigated at four cantars betwean 20 patients with
PSP and 20 age-matched heatthy controls with T1-waighted MRBE at 3T, To pave the
way for future application in parsonalized medicing, we apphad SVYM classification 1o
icartify PSP on an indiviciual level basices grop anatyses based on VBM, We found
a major declne in gray matter dansity i the brainstem, insuda, and striafum, and
also in frontomedian regions, which is i line with curent [iteratues, Moreover, SV
classification yweldad high accuracy rates above 80% for disease identification in imagng
data. Focusing analyses on disease-specfic regions-of-mterast (RO led to highar
acouracy rates comparad to a whole-brain approach. Using a polynormial kerne! (instead
of a limear kernel) led to an Increased sensitivity and a higher speciicity of disease
ahetaction, Cur stuchy supports the apphcation of MBI for ndnadual diagress of PSR
combined witn SV approaches, We demonstrate that SYM classification provides hegh
accuracy rates m multicentric data—a prerequisite for potential application In diagnestic
routine

Haywords: magneli e imnging, prograssive sup I
maching clansification, vorel-based momhometry

palay, atypical parkinsoniam, support sechor

INTRODUCTION

Progressivie supranuciear palsy (PSP} is @ neurodegenertive disesse with o dinical syndrome
including  atypical parkinsonism, supranuclear palsy, postural  instability, and  dementia,
Kewropathelogcally, PSP is characterized by the sccumulation of tan protein (tauopathy), resulting
in mewrofibrillary mngles and affecting both newrons and glial cells (Willkams and Lees, 2090, 0 is
associated with structural changes in the midbrain, also called “hummingbird” or “penguin sign™.
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Recently. several studies inwestigated the pattern of PSP-
refated  structural brain changes using magnetic  resonance
imaging (MR} in combination with an analysis techniqie called
vixel-based morphometry (VEM ). These studies present, at least
partly, conticting results, Many studies found o diminished gray
matter density (GMD) in the left and right insulae {Brenneis
ef al, 2066 Padovanl €4 al, 20065 Ghosh et al., 20012}, Several
papers reported a reduced GMD in the thalamus {Cordito et al,
2005% Boxer et al, 2006; Padovani et al, 2006, Shi et al, 2013),
but other papers did not Gnd GMD changes here {Brenness
et al., M Ghosh et alb, 20012} Volumetric analysis of stroctereal
MEE showed a significently smaller putamen in PSP patients in
comparkson o bealthy controls (Messing et al, 2011, Recently,
quantitative and systematic meta-analyses have been introduced
to imaging data to identify the prototypical neoral correlates of
neuradegenerative diseases (Schroeter ef al, 2007, 2008, 2009],
Meanwhile three comprehensive meta-analyses have applied
miethods like anatornical likelihood estimates or effect-size signed
ditferential mapping to PSP studies (Shi et ol., 2013, Shoo et al.,
I0%4; Yo et all, 2015) By investigating groy matter changes, these
meta-analyses consistently identified the thalamus, basal ganglia,
insula, and midbrain as the disease-specific core network of PSP,

Ohur study atmed al further investigating strociural brain
changes associated with PSP by using MR and VBM using &
multicentric approach. We included a cohort of 20 patients and
20 healthy contral subjects. Mote that 20 patlents |5 a relatively
large cohort because of the low prevalence of PSP, We included
11 patients from Germany (Ulm, Homburg, Leipzig) and 9
patients from the Crech Republic (Prague). In order 1o assess
the effect of the different locations and scanning conditions,
we analvzed the Crech participants separately, becatise all
Crech participants were scanned under identical conditions. [n
additiom, we alse performed o conjunction analysis nsing the
Crech and the German cohort. A high degree of similarity
between the VBM reselts of both cohorts would demonstrte that
the elfects of PSP in terms of brain degeneration are large enough
tn be shown across different centers using VB,

Another wim of the study wis the individual dassification
of PSP patients and healthy controls by machine Bearnimg
pattern recognition algorithms applied 0 imaging data with
oir multi-centric approach, Here, we performed support vedor
marhing (VM) classification {Chang and Lin, 2001) on the
basis of GM D images obtained with VBM. In two recent studies,
this approach was aleeady vsed to clssify PSP patients from
healthy controls within o unicentric setting (Focke et al,, 2001,
Sabvatore el ul, 2014). We demonstrate that high accuracy rates
can also be obtained across different centers. Furthermore, the
availability of multicentric data for the training of a classifier is
a major advantage in the rebable detection of a rare condition
Recently, muolticentric SVM classification was shown to achieve
high accuracy rates for the differentistion between Aleheimer's
disezse and frontotemporal lobar degeneration (Duakar ef al,
2003) Dukart and colleagues used disease-specific regions of
interest (RODY for SV M feature selection instesd of using all bram
regions, The RO were selected according to comprehensive
meta-analyses, Similar to their approach (Dukart et ol 2013)
and in comtrast to-ather recent work {Focke et al., 20010: Salvatore

Forders in Nermaoanos

Ianiifng Progressie Sutiirucear Paliy

el al, 2014), we nsed disease-speciic ROIs based on meta-
anabytically extracted protdypical neural networks for PSP {5hi
el al., 2003 Shoo et al, 2004 Yo et al, 2005) and performed
SVM classification using the vwoels within these ROMs for feature
selection i addition o whole-bram analyses. Note that the ROl
ate defined here {Shi ot al, 2003; Shoo ef al, 2004 Yu et al,
20155 in an independent cohort m a data-driven manner, We
compared the resulting accuracy rates with the resulis from a
whole-brain approach, expecting higher accuracy rates within
the ROL-based technigue, [n addition, we validated the influence
of different kernel functions and different approaches of feature
selection on results,

METHODS

Subjects

A cohort of 200 PSP patients (7 female, age 673 £ 7.8 years,
mean + standard deviation} was compared toa group of 20 age-
and gender-matched healthy conteol subjects (B female, age /6.3
+ 7.8 years). Multicentric data were obtained in Germany and
the Ceecls Republic {see Table 1 for demopgraphic details), The
German cohort of 11 patients (4 female, age 69.0 £ 9.3 years)
and 11 controls (4 female, 68,1 4 7.8 years) was chosen from the
data of the Consortium for Frontotemporal Lobar Degeneration
at the centers of Ulm, Homburg, and Leipziy. The Czech sub-
cohort of 9 patients (3 female, 65.2 & 5.4 years) and 9 controls (4
female, 64.2 4 7.6 years) was selected in Prague under identical
conditions and was, therefore, additionally vsed to perform a
unicentric analvsis. Mean age and age vanabiliny did not differ
ketween cohorts as investigated by two-tailed two-sample $-
tests and F-tests for equal variances {ull comparisons po= 0.2},
The study was approved by the local ethics committees (Ethics
Committer of the General University Hospital in Prague, Caech
Republic; Ethics Committes of the University of Ulm, Germany;
Frhles Committes of the University of Leipaig, Gernuny: Ethics
Committee of the Saarland Medical Board, Homburg, Germany),
All participants were carefully informed about the study and gave
signed written consent In accordance with the Declaration of
Helsinki.

Data Acquisition

Tl-welghted structural brain images  were acquired at all
four cemters wsing the magnetization-prepared rapid gradient-
echo (MP-RAGE) sequence implemented on 3T MAGKETOM
scanners {Slemens, Erlangen, Germany; Prague: MAGNETOM
Trigg Ulm: MAGNETOM Allegra; Homburg: MAGNETOM
Skvr; Leipene MAGRETOM YVerio), All images were acquired
with a nominal reselution of 1 = | = 1 mm?, Further imaging
parmmeters are listed in Table 2. Mote that the same pequisition
parameters were used in Hombarg and Leipzig, whereasa slightly
different set of parameters was used af the other bwo sites, Prague
wndd Ul (omger echo time with @ smaller imaging bandwidth per
pixel ),

VBM Analysis

Image processing was performed vsing the VBM 8 toolbox
rev. 435 (Structural Brain Mapping Group, University of Jena,

= BOAT 11 | strtizen 1N

Wndire
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TABLE 1 | Demagraphical and scannar data lor patients and control subjects.

Patient 1D Age [years) Sex Gty Scanner Control 1D Age [years) Sex ity Scanner
POEDE 55 L tlim Mera CARDE 73 m Ukn Akgra
P4I0E 74 | ] Aoy CEADE B m Uin Ay
e &1 I Mim Aliecrn GF20E 75 ! Uim Ak=yra
BdanE [ m Wi Hiegra GOXIE 73 m Uim Ao
BEE L m iy Mo CHEOE T { Uim Alagra
FTIDE B m im s CIDE " m um Ak
PEL0E T ! Lepag e OBDE 54 ! Lepag Wano
Frace bl n Lepag kg CROOE B4 m Lepiag Vano
F130E as M Hombarg Shyra C220E T2 m Lepd) o
F20E &7 I Hombrg Shyra C4o0E E1 I Logiag Wano
FO20E ] o Fomtarg Shyta CAEDE T m Leindyg Yerio
PCE L m Prage Tre CodCE £5 ! Progue Tro
e ] i Prague Tho COBCEE L) | Prague Trio
acE [<F:] Pragus Tno COTCE 2 | Pracua T
PIRCT [ i Pragus Tro (4.5 v R m Pragus Trig
Pacs L1 m Frap= [ CIBGE bd m g Tria
B kL 1 Frague Trics 0250E L] m Pregus Tria
F2ECZ e m Fragee T C2osz 36 m Pragua Trio
T 5B i Fragus Tri CINCE m ! Prigus Tri
BHICT 6 i Eragees Thits CICT TE m Pragps Tria
G Cower Fapolie, OF, Gavrnary: [ lemmlss mr, miile

TABLE 2 | Acquisition parsmeters of The MP-RAGE sequence of all four imaging centers,

ATngry] cerbas Pragpia Lim Lenping Hornbumg
SEAnner Tria LI EE] el Syt
Saflwne =g MA BT myrigo MR ASD swmpo MR BT syt MA 071
Fip agle 10 B a a4

Bapetition tremm 2,300 2200 2.5 2.5

Echo trmeires) 447 438 2.8 2.0

Iresrskon Bmeims] ) 1200 900 900
BanowdttsHz P 150 3 238 240

oy 24k = 256 256 = 255 240 = 254 240 & 256
g e 240« 256 = 160 255 « 256 = 204 240 = 255 = 176 240 = B5E = 170
Numﬂﬁduwnmf‘: fxl= T=x1=1 T=1=1 1=1=7

MP-RAGE, magrefitdd-prepvec dagvd groiad-soho; Rl eld of wens Pac ol

Department of Paychintry, Germany) with Statistical Parametric
Mapping 12 rev. 6470 (The Wellcome Trusi Centre for
Menroimaging, UCL, Londomn, UK and MATLAR A6 (R2015h,
MathWaorks, Inc, Matick, MaA]. GMD images were generated
using the unibed segmentation approach that presents a
probabilste framework combining mage registeation, tissue
classificatbon, amd bias correctlon (Ashburmer and Friston, 2005),
Each woxel within the GMD images containg a measure of
gray matter probability obtained by the unified segmentation
approach. In order to account for volume changes during
normalization, GMD was scaled Dby the amount of non-
linear deformation that is also called modulation. To mees
the assumptions of random field theory, GMID images were
finally smeothed with a Gaussion kernel of 8-mm full-width

Frorifess in Naumsseres | wwidfoiliemen.og 3

at half-maximum (FWHM), YVoxel-wise statistical analysis was
performed with the general linear model Implementing o two-
sample t-test o compare PSP patients with healthy participants.
controlling for age, sex, and total intracranial volume. Closters
were detected using a voxel-threshold of p < 0001, To correct for
multiple comparnisons, & minimum cluster siee of & > 1000 was
chosen to detect significant clusters with p < 0,05, fmily-wise
errar [FWE} corrected threshald on the cluster level {Nichobs and
Hayasaka, 2003).

T study effects induced by a single center, and o assess
between-center variability arising from different location and
hardware, statistical analyses were performed separately with
paticnts and controls from Pragoe (unicenter approach) and
with patients and controls from the German centers (multicenter

oz 20T | Vo= 11 | Adicls 100
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approach). Due to the smaller numbers of patients i both
subcohorts, a voxel-threshold of p < 0,005 was used, However,
a minimum cluster size of & = 1000 was again used o report
significant clusters at p < 005, FWE-corrected. A conjunction
analysis was performed including the Crech and the German
cohort to investigate the overlap of the results between both
groups of participants.,

T test the vanability between the German centers, a secoid
conjunction analysis was performed using twis cohorts generated
by merging the participants lrom Prague amd Ulm. and by
merging the participants from Prague, Homburg, and Leipzig
(Homburg and Leipzig used identical seanning parameters, see
Table 2). In both cohorts; two-sample {-tests were performed 1o
detect significant GiAD differences between patients and controls
using the same threshold as in the conjunction analysis described
above (voxel-theeshold of p = 0005 w0 combigation with a
i cluster sizeof k = 1000 Resulis of both analyses were
combined using a confunction analysis to investigate the overlap,

SVM Analysis

In order to differentiate PSP patients from healthy contrals,
SV classification was performed with GMD images using the
HBSVM software packige rev, 308 (Chang and Lin, 2001} The
ISV M package offiers npen source software ssing the sequential
minimization optimization algorithm (Flat, 1998} supporting
SVM classification and regression. Classification accuracy was
obtained by cross-validation using the “leave one oot” approach
by penerating a set of 400 models, leaving a patient and a
control subject out when building the classifier. Thereafier,
it was checked if both remaiming data sets were clissihed
correctly, Sensitivity and specificity were computed from the
number of correctly classified patients and controls, To assess
the stability of classification results depending on kernel type and

Ty Py I CLEMERICES ik

feature selection, the analyss wis performed with two different
kernefs (linear. polynomial) and two different approaches of
festure selection, First, voxels were used with SPAS gray matfer
tissie probability map wsing different minimum gray matter
probabitities between 0 and 80% {all thresholds are listed in
Table 3). Before thresholding, the groy matter tssue probability
miap was interpofated (o meet the resolution of the GMI imges
wbtained by using the VEM toolbox as described above, The gray
matter tissue probability map was also syt bed with o Gasssian
kernel of B-mm FWHM, which isthe same filter that was applied
to the GMD images,

The sccond approach of feature selection was based on
disease-specific ROEs. ROTs were extracted from comprehensive
meta-anafyses on structural MBI changes in the gray matter in
PSP from the literature {systemutic literature search in PubMed
o Jumse 14, 2006, search terms: supranuclear palsy, meta-amalvsis,
VBM), Based on three relevant meta-amalyses (Shi el alb, 2003
Shao et al, 2004; Yo e al, 2015). the disease-specific ROs
inciuded the thalimuos, basal ganglia, midbrain, and insula,
becanse these brain regions were consistently impaired across
all meta-gnalyses. Mote that the definition of disease-specific
ROIs in our study was based on comprehensive meta-analyses
mdependent from our data and conducted across whole-brain
stidies only, ROTs were defined with the WFLU-Plckatlis across
the aforementioned braln regions. Finally, a model wis generated
from all patients and controls, and weights of voxels most
relevant for $VM classification were detected using the GhSVM
package (Chang and Lin, 20110

RESULTS

The VEM analyses revealed a major decline in GMI} in
PSP patients compared to healthy controls. In particular, a

TABLE 3 | Accurnoy, sensitivity, and specificity of support veotor machmne (VM) classification with oro lidaton g ineg S04 dil buding a
patient and @& hoafthy control when building the classifier.
Lnear kernad Polynomial kernal
Pap A (T HC As (%) Sens (T Spec (Tl PSP A ) HEC A [T Sens (%) Spec %)

g 200 1] 20 ED i &2 240 &0 08 T T2 B4
ar 250 ES 360 &0 B 72 a 7H 35 83 B3 4
oA 206 [+ 343 BG ] ) 20 an 36 B4 4] B
fa 205 £ 341 85 a3 Tl &0 B0 29 a2 B2 B
o4 28 i 340 ES ) 4 Hak i ar 24 =5} L]
o3 281 i) sl ] =] a2 (] T | 3anr a4 B3 E0
02 282 3 aae ES a2 T4 na ED 38 ad B B
o1 283 T 240 BE B2 T4 me o] iy a4 B4 ]
o 281 il 340 BS 5 T4 18 En ae a4 B ]
k1 209 Th 360 ) =) i} =7 B 45 a6 Exi B
w2 33s BS 330 B2 B B M0 BS 323 a B2 E
k3 aar B4 342 Ef 83 B4 40 B5 84 il Th E3
kL 280 ) a5y EQ aF Ta 40 ES né fa:] (= 1] Bl

Colarmm walfs progressyes supminuoiesr pater [PSA) pafacte ang' haaihy contmis (W5 show Me aombee oF ooveslly chssiae’ oo fiopants for o ciersnt ways of peoscaing movels
azing a naar anda pofnamn) Anme, Foasnr solechon was pedformed with SR s pray matier iosue protabitrap sy oV theeshoins, ond wih o St rmasks goneming'
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dimanished GMEB was observed i the brainstem, thalamus,
left amd nght anterior inswlag, and alse in wide cegions In
the putamen extending o the pallidum (Figure 1, color
coded i vellowfora ). Less prominent differences were

frontemedian
imvestigating GhD

lateral orbitofrontal and

were obtained when

detected
Ihe

differences i the multicentri

TEFIOns,
RAiTE PN

trerman cohort with matents

three different centers (Ulm, Homburg,
Leipzig, Figure 2
iP5 patients

nstila,

¥
and controls from

and color=-coded o vellow
The o
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hemispheres. Smaller of

SO |
diminished  GMD
.."I,I P'_ll:-'lll,|I'||.\,|”|';E'.I|I| m i,:':l':ll

showed  a

brainsiem,
Tects were algo abtained i frontomedian

FEOns

GMD: PSP < HC, p <0001, k > 1000 & Prague + Garman cohort

X =42

y=25

The comjunction amalvsis between the resulis obiamed with

the Prague cohort and Germa ahor! revealed o consistent

pictiire of GMD decline in PSP patients compared o cofnlrods,
We alvained o remarkably Lirge overlap of briin regions i fected
by PSP in both analyses with the German and Crech participants
(Figure 3, colored in yellow)
GMIY in patkents nod only

Fhe overlap seveabed a reduced

1 the putameen and pallidum but also

i the fnsular cortex (coloved in vellow) The German cohort
shaoived |'|'|||||||,'||I GMIY reductions m the bramstemnm (oolared
i red), while the Prague cohort also showed diminished GMDHn

frontomedian regions (colored in blue)
comjunction between PSP-related GMD

two different

Figure 4 shows the

decrease. ablgined  rom cohorts obuined by

z=-168

FIGURE 1 | Sagstal, cononal, and axiad brain aces showing significant gray matter denssty (GMD} diffarences batween 20 patients with progreaahes
supranuckaar palsy (PSF) and 20 age- and sax-matched healthy controls (HG) Ipnl-l}r-i:“nr!ud n ren.‘yallnh _|:| < (L0, k.= 1,000, mnlmlluﬂ far rnl.lll:lpln

:nmuarl"
i . T achore ol B to e sntanekra-to

ns u"lng family-wise error-oormection with p - 0.08 on the -rlu"lnr el i1 PSP e | el

o]
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GMD: PSP < HC, p < (L5, k = 1000 4 German cahord

x=-35 y=25

z=-15

z=0

FIGURE 2 | Orthogonal brain sections showng significant groy matter density (GMD) diferences betwaen p:ll:u:n!" weith pn:gtn:.::lur.‘ supranislear
palsy (PSP and hﬂ::lllh'.l cunlml:{HC'l foalor-coded n reddyellow, p = 0U00S, R = 1,000} in the German cofiorl, © arl ChusTens & S L

TR TIy - et ST~ LER AT | =l =

ind Ulm, and by merging
An overdap

merging the participants from Frague

fromm Erague

the participar o Leipzig, and Homburg

of GMD decrease was observed in the thalamus, priafaneen, insiila,

add frontomedian and frontolateral regions (Figure 4, color
I..|||.I| \.j Im !I‘.--I'.I.lll 1

Usimg SVM classificatlon with o polynomial kernel and a
feature selection of wvoxels within SPMS grav matter mask

with different minlmuom Brdy nialtet pl-::l:-.|=:-|||':|a."\.. PSP patients
were identified with classification accuracy up o 80%, Healthy
detected with classification accuracy up to §4%
o Hd%

controls wer
{'Table 3)
specineily was up 1o Bl'%

The resulting sensitivity was up and  the

Interestingly, we received similar

results using Jifferent gray matter probabilities =&0% when

|.'|'|-'-|n-".| vorels within SPMs ETaY mattef mask (Table 30, This

@

demonstrates the robustness of 5V M classihcation w
feature selection dependent on the minimum gray matter tissue
probability, Using a linear keenel, accuracy values were generally
lower for the PSP patients at arcund 71
fic ROT-based WM
he pallidum, putamen. candate nucleus,
as PSPS core
classification with all gray matter voxels of the brain with respect
{Table 3,

detection
and & polynomial kernel, we

(F1N1

_'||1|'-|'1|;:;:" locus

The di HISE-SPEC

midbrain,
thi

thalamus,

and insuly network generally outperformed

o disease and specificity of classification
Figure 5}, RO s

obtained accuracy rates above 84% for detes tirg L patients,

Using different

which outperformed all other whole-brain approaches uxing
minimum gray matter probabilities (see rows with masks M1
M4 in Table 3). Accuracies for deted Ting hez

¥ a_|||'|‘.|-.-| '\.'.l.|‘:||'-:":'\.
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GMD: PSP < HC, p = 0,005, k = 1000

Xm0

y=24

Zm=12

z=-3

FIGURE 3 | Gomjunciion analysia showing both the unicentric Prague cohort [Color-coded in biue) and the multicentric Garman samgla [Ulm,
Homburg, and Leipzig, cofor-coded in red, seo also Figure 2) showing significant gray matier :lrn-ul:y [EHD-J differences between pmm with

prngmssw\e supranuickear 'pul:l,l IF‘SP",l and h!ﬂ|th'|l cunl.rul:-ll'lﬂ-:l [|:| a2 ) D".'IE.JI. 3 | DDGJ ertap fookar-coded il 74 e

it Liamen exlendineg o ha paliour Wl &l i Ene nEuier Coeten

| and §6%, depending on the ROI, However, the
specificity was always above B3%:;

Finafly, when using a model for all patients and healthy
controls, relevant voxels for classification were observed in the
braimstem, putamen, pallidum; and cawdate nuocles, but also
n cerebellar regions (Figure 5). Thus, using the whaole-brain
approach (hrst row in Figure 5), we observed the same regions
|1.|I are dis \."'\\f{'l tudies

vuried between 7

in the context of PSP in recent VBM st

DISCUSSION

reral recent studies aimed at investigating strectural gray
tter differences between PSP rulu nEs ar ||I.| conteols using VBN
; In
l.|-.-|.l.|.| LEHN \.1I.LFI..I‘L
r approach based on a relatively large sample
A recent meta-analysis (Shi et al., 200 3} investigating
1 a total of 143 PSP patients sugpested
insila aind basdl ganglia in PSP owhic
by our findings

line with these I'1m|i|1_~.{-. we -I1-.m' a disease-
using & multicen
atients.
ning Y
a crucial fole of the
corroborated

M. studics wi
However, the most prominent
!ir|{'||"g (Sl et ol LAY was a GMD deching in the thalamss,
which patients
frivm Prague, Leipeig, and Homburg (see Figure 4, brain reghons
colored inored), Wote that the thalamues is not included in th
of principal areas affected by the disease (K

we obtained when restricting the analvsis (o

Roeosh an

Fimally, we also found a major GMD reduction in gray
miatter regions in the vicinity of the brainstem, which supgests
atrophy and seems to retlect |||,_. so-¢alled hummingbird sign
proposed as a pathognemonic entity in PSP,

In o more recent mete-analysis, Yo et {2015
19 VEM  publicstions investigating brain
corticobasal degeneraticn,
tistal, 176 PSP

with our I'|:'.|||||-‘-_-'\ and the

studied
atrophy in PSE
and mudtisvstem atrophy (MSA) In

ents were included in this

vsis, I line

leteeaiure (509 e al 113 5hai

i), they reported brainatrophy in insular brain cegions and
the thalamus, Our mapor resslt of GMD decrease o the putamen
L2001 While we
o \1‘\-‘5 patients from our cohort associating striatal GME

and lidim appears dive rgent from Y & il

excludh

) showed
k.l|.'|.|l.||':-."-||] redugction salely for MSA, but not PEP. The authaors
claim that striatal atrophy might distinguish M5A from PSP (see

2115}, This is not in line with our Andings
et of

decline with PSP Yu and co s {TU 27 ul,

Figure 2

in
W 4 MOre of
Hions with PSP,

lo distimguish  ditferent  patterns  of nerative
discases, SV classification across GMD maps can be a useful
toal beyvend grow

plex and widespread involvenr

newrod ACi

the guestion remaing
as tee whether it is posdble to achieve a robast dissociation
between atypical Parkinson symdre
of brain degeneration. In a recemt ! ;
wsed SV classihcation with a relatively '-i"|||| |1|-"|Iu| of 160

y comparisons. Flowever,
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FIGLFAE 4 | Conjunction analysés showing signficant gray matter density [GMD} differences [p < 0.006, k = 1,000 in two grotps of parl.n:lpant.
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the masor GMD differences between PSP patients and conirobs
that ohserved, We specificity, and
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lncated in exactly the same the
VHM statistics investigating .||ru|'-|1§. in PP paticnts vs. controls.
Ihis major differe stween our Andings and
might be due to different discase s
diff PSP patients. Probabl
L0 PSP patients is a limitation for achieving sufficient sensitivity
for cassihcation. On the other ha alser amilveed our
Gierman {11 patients) amd Czech {9 patienis) cohorts separately
and received very simular GMD differences in botl analvses
L b is in Figure 3, Untorunately,
did not show VBM comparisons between

'\-IE_I'I|||| H1

ACcuracy
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Wi achieved sensitivity
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he results of

nt sample sizes of the
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comparison might be a reason why
Lo 20000} did not detect GMIY changes in the stri
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A mre recent study used 5V classibcation with quite a large
number of 28 PSP patien ~i|‘-l.']u'r||--:.".u|1-'r.:.prm..'lp | components
analysis (PCA) on T1-weighted structural images (Saly
14k In contrast to the dy of Fock L (2 .I.-..
obtained h rates in ons -.\I I"HIJ ar
IPD patients with healthy controls 1~|II| very similar patterns
of relevant voxels for both conditions (Sabvatore el '114)
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levant voxels mainly detected in the thalamus (5h
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FIGURE 5 | Weights of voxels most relevant for suppart vector machine IS\IM} olassification between both gn:-ups of patients with prugrr.":uw

supra.nul:lbar pal:w' IF‘SF‘l and hN|I|‘r|' conirals |HC| after SWM I.r.:lnlnq

analysis usi
tv the GMD &

es. The combination of the SVM. technigue
with the VBM approach might be more sensitive for relati

matter chz e in the striatum and insula 1o PSP,

Both previous SV [ |

W014) applied o linear kernel for 5V ‘-1 clussification,

reflects ||1|.- default setting in the GhSVM  software pac
However, other kernels might be more suitahle, leac
higher accuracy rates and an mproved sensitivity |
In a recent study, wrte ¢f al (2016) performed SV M
classiheation using a raddl basis function (RBF) kernel.
the extraction of 53VM weighting factors is mathematica
defined for the linear kernel and not for an RBF kernel
the 5V M approach was repeated with a linear kernel to identify

stdies [

id speci

Hivwever,

erefore,

ms for classification {Hupperts

Muotivated by a recent paper demonstrating the advantage
|m-|'.|m. | kernel showing an improved accuracy
when ||I\:\-.u| iting mild cognitive impairmyent rom Alzheimer’s

the most relevant regi

disease (Belimol d Ben 121, we also used
polynomial kernel for PSP disease classification. We -.'Im?
obtained an improved accuracy when comparing the accuracy
rates with the use of a polynomial and 4 linear kernel, Note that
the polynomial kernel allows kernel parameters that enable a

chingg in the batance between specifiicity and sensiti I the

fuitiire, this mighit be helpful when usng sensitive approaches for
disease detection

In contrast to previous studies that used  whaole-hr
.'|':!l|‘-l':|:'-.|'||-.'h {Focke ¢t & 2001 1 Salvatore e M4), we alse
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showed that classification can be improved when using @ disease-
specific ROI-hased approach for SVM featore selection. ROIs
were defined In independent and comprehensive cohorts in
4 data-driven manner with meta-analyses across whole-brain
studies (Shi et al, 2003; Shao et al, 2004; Yu et al, 2005
avoiding circular approaches. This is in line with previous work
comparing the meta-analytically inspired HO1-based approach
with the whale-brain approach for feature selection. Combining
disease-specific RO approaches with several imaging modalities
can improve the classification accuracy that was shown for
wentification of and differentiation between Alzheimer's disease
and fromotemporal Jobar depeneration (Dukary el al, 2001,
200130 Therefore, future studies might combine RO-based
featitte selection with additional tmaging modalities, such as
diffusion tensor imaging sensitive o changes in white matter
of positron-emission fomography sensitive o metabolism, or
clintcal features and blomarkers from  serumdcerebrospinal
fluid for PSP detection that can help us (o understand the
specific pattern of disease-related brain atrophy In PSP, Further
developmant of $%M-based classification might complement the
radiologist’s MRT-based diagnostics for PSP disease detection and
characterization.

In sum, our study investigated structural brain differences
etween PSP patients and healthy comtrols: To pave the way
for future application in personalized medicing, we applied
SV classification to identify PSP on an individoal level. Using
VEM, we found a major decline in GMI in the brainstem,
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1. Introduction

Progressive supranuclear palsy (PSP) is an atypical parkinso-
nian syndrome characterized by supranuclear ophthalmo-
plegia, axial dystonia, peeudobulbar palsy, early falls and
subcortical dementia |1), Cerebral cortical hypometabolism
due to the combined loss of interneurons containing beneo-
diazepine receptors and differentiation of the cerebral cortex
from distant brain regions haz proved to be related to the
pathophysiclogy of PSP [2]. Previoue studies have shown that
PSP patients may improwve their fine motor skills, dexterity and
voluntary saccadic eye movements with zolpidem (a benzo-
diazepine receptor [subtype BZ1) agonist) treatment [3-7]. To
test the hypothesis that alterations in garmma-amincbutyric
acid-#rgic (GABAergicl transmission underlie the motor
symproms of PSP, the present study abmed to analyze
opculomotor  performance in relaticn to frontal cortical
concentrations of GABA in patients with PSP

A method widely used for GABA determination is magnetic
resomnance spectroscopy (MRS), which allows the detection of
metabolites in humans [8). GABA levels have been correlated
with a susceptibility ta distraction when examined by an sye-
mavermnent paradigm, the remote distractor effect (RDE] 9],
The RDE consists of a delay of saccades with simple visual
targets when an irrelevant stimulus appears elsewhere in the
wvigual figld [10]. The RDE invelves cell populations coding for
visually guided saccades and distractor inhibition gt aither the
lewel of the superior colliculus ar within the cortical eye fields
[11]. Summner et al. |12 showed that healthy subjects with
higher GABA levels have more efficient suppression of
distractors, resulting in lower RDEs

Based on these observations, it was assumed that PSP
patients would probably show higher RDE and lower GABA
apectre in the frontal cortex, including the frontal eve field. To
resess this theory, GABA levels, measured by 3 T MBS, and the
RDE were investigated in seven PSP patients and eight age- and
gender-matched subjects (controls).

2 Methods
21, Subjeces

All participants gave their informed consent, The study was
approved by the Ethics Committee of the First faculty of
medicine and General University Hospital, Prague, Czech
Republic, and was in compliance with the Declaration af
Helsinki, The study included seven night-handed patients with
probable PSP, according to National insttute of neuralogical
disorders and stroke (MINDS)Society for PSF (SPSF) clinical
criteria [13], comprising three men and four women (age
range: 59-76 [median: 66] years; disease duration: 2-10
|median: 5] years). Clinical evaluation was based on functicnal
measures of the MNeuroprotection and natural histery in
Parkinsen plus syndromes (NNIPPS)-Parkinscn plus scale
{PPS) |14]. Newropsychological testing consisted of the Man-
treal cognitive assessment (MOCA] battery of tests and the
Frontal assessment battery (FAB). Two patients were being
treated with levodopa (300 mg/day and 500 mg/day, respecti-

vely) and one with amantadine (200 mg/day), whereas five
patients were not taking any drugs.

In addition, eight healthy, right-handed subjects (five men
and three women), ages 56-74 (median: &7) years, were
included as the control group. A questionnaire was used to
determine that all controls were free of any neurological or
psychiatrc illness and were not taking any pharmacotherapy
that could possibly Interfere with neural transmissian,

22 Spectral acquisition

GABA spectra wera acguired always in the morning, with &
whole-body 3T MR scanner (MAGMETOM Trio, Siemens,
Munich, Germany) and MEGA-PRESS spectroscopy [echo time
[TE}: 68 ms; repetition time TR} 1500 ms: time points: 1024;
number of accumulations: 258, excitation frequency: 3 ppm) in
a single-voxel sequence, using a birdcage transmit-receive
head coil. The valume of interest (VOI; cca 45 mL) was placed
im the right frontal brain region {Fig. 1}, Automated shimming
was followed by manusl shimming to achieve optimal spectral
quality. Three chemical-shift selective saturation {CHESS)
pulses (bandwidth: 50 Hz) were used for water suppression.
Each signal accumulation was saved separately and referen-
ced to the selected {first) signal accumulation, based on the
position of the maxirmum remaining water peak, All accumu-
lations were subsequently summmed up and processed using an
LCMadel software program [15]. The optimized LOModel basis
set has been used for fitting spectra in the 2.6-4 6 ppm rangs.
The calculated concentration {mM, laboratory units} was used
to express GABA measurements.

2.3, Ceulomotar examinatisn

Eye movements were examined using a binocular video-baged
eye-tracking device (Mobile EBT, e(yejERAIM, lwry-sur-Seine,
France), with a 300-Hz sampling rate and 0.5 spatal resolution.
Ssccades were automatically detected according to & velocity
threshold (e|ye|BRAIN software), but were individually ins-
pected and manually corrected by the experimenter if
necessary, The lelft eyve trace was analyzed by default, although
the right eye was used if the left eye's signal was contaminated
by artifacts. Saccades perturbed by blinks or other arifacts
were discarded (= 10% of trizls of all subjects). Saccades with &
latency < 80 ms were considerad enticipatory saccades and
rejected, and sacchadic reaction times [SRTs} of 81-130 ms
were considered “express saccades [16).

Each participant was seated in & quiet dark room, chin
supported by a chinstrap and forehead in contact with a frontal
suppart, facing a flat 26-inch liquid-crystal display (LCD) screen
{liyama ProLite, mode] PL 2600, size 550 mm = 344 mm} located
60 cm in front of the subject at eye lavel.

The RDE was assessed in one 30-min session, &5 described
by Bompas end Summner [10]. Each tnal started with the
appearance of the central fixation point. When the fixation
point was switched off, 5 small green tarpet appeared on either
the tight or left side of the screen. In some trials, a bright
lrrelevant stimulus {the distractor) appeared on the opposite
gide after a variable delay relative to the target appearance.
Farticipants were instructed to move their eyes as fast as
possible to the terget, ignoring any other stimuli. The fixation
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Fig. 1 = Placement of volume of interest (V01; cca 45 mL) for *H nuclear magnetic resonance (NMR) spectral measurement in

all three projections.

poimnt was a small red square in the center of the screen
(15 « 15 pixels; luminance: 120 cd/m?); the target stimulus was
a small green square {15 = 15 pixels; luminance: 120 cd/m?)
appearing at a 13 eccentricity on either the left or right of the
fixation point on a Back background. Distractor stimuli were
larger light-gray sguares (20 < 20 pixels, luminance: 120 cd/
m) centred at o 13 eccentricity,

Each trial began with the fixation point displayed for
500 ms, before diseppearing when the target appeared
randomly on either the right (R) or left (L) for 300ms. On
some trials, the target appeared without the distractor
Distractors were presented for 50ms with six different
stimulug onset asynchronies, ranging from 80 ms before
{—20, ~50, —B0) to 80 ms after (20, 50, 80) the target appeared,
The mals were always performed in a iixed order: first, the
paradigm without the distrector and then with the distractor
(B0, 80, -50, 50, 20, 20, The target stimulus was randomly
presented four times on the R and four times en the L, The RDE
was caleulated as the percentage incréase in 'Iu'.r'ru_':,' of a
correctly performed saccade in trials with vs without the
distractor. The frequency of erroneous saccades towards the
distractor was also messured.

2.4, Statistical analysis

The Mann-Whitney U test for two independent samples was
used for comparisons between variables in the PSP patients ws
healthy controls. Bonferroni adjustment was performed to
correct for the number of comparisons (1 = 30). The corrected
level of significance was sat at P = 0.0017,

3 Results

The NNIPES score for the PSP patients ranged from &4 to 116
(median 100), and the NMNIPPS pculomator subscore ranged
from 9 to 15 (median 13}, MOCA scores ranged from 9 to 24
{median 15.9), and the FAB ranged from 3 to 16 (median 12.5)
GABA concentrations ranged from 0.18 to 2,10 (median 0.82)
mbdin the PSP group, and from 0.55 bo 2240 [median 1.02) mMin
the controls {Table 1).

Considering spectral acquisitions, there were no significant
differences in GABA concentrations between the PSP and

Table 1 - Clinical characteristics of progressive supra-

nuclear palsy (PSP) patients and matching controls,

PSP Cantrals
Mean 50 Hange Mesn 50 Hange
NMIFFS-PRS 506 03 8-116 NA A MNA
BEOTE
MHIPPS ocalar - 12,1 =2 5=15 MNA MNA  NA
subscore
MOEA 1549 51 o-24 255 B R =
FAH 1.5 3.2 16 16.3 Z8 10-18
GAEA levels 103 062 OUE-2.10 116 (58 [DUSS-240

S0; standard doviation; NNIFFS-FPS; nsurgprotection and natural
history in Parkinson plus syndromes-Parkinson plus scale; n'n: not
applicatde; MOCA: Mantreal cognitive assessment; FAR: frontal
assegsment battery; GABA: gamma-aminobutyric acid

control groups (P=051), There were alse ne significant
differencas bEiwesn ]Jii!iq"lll.‘,‘ and controls in RDE [Takls 2)
However, when the results of the distractor trizls were pooled,
a significantly greater number of errors were made by the PSP
patients compared with the controls &nd, although not
significant, saccadic latencies were shorter for PSP patients
than for contraols

4. Driscussion

Contrary to our expectations, no statistically significant
differences were found in GABA concentrations between PSP
patients and controls. Thess negative results might be
explained by the small number of investigated subjects or by
the VOI in which GABA was measured - namely, the right
frontal brain region. In fact, messuring GABA transmission in
F5P is evidently a difficult task, if the previous conflicting
results are taken ints account, Whereas GABA[A) receptars and
glutamic add decarbosylase (GAD) activity have been found to
be diminished at the anterior cngulate cortex 2], globus
pailidus |17), putamen, external pallidum and hippocampus
18,19]. other authors have found normal [20] or even increased
GABA levels in the autopsied breins of PSP patients [I1].

The present study has alao failed to demonstrate any
statistically significant differences in RDE between PSP
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Table 2 - Statistical results for remote dlatractor effect (RDE] trials in patients with progressive supranuclear palsy (PSP) us

controls.
Time of DF (sec) Side (R/L) Parameter PSP median I0R. Controls median QR Mann-Whitney
{9 = 100) 1 test (F)
Mo distractor R Lat 185 B7.75 2E7S 43,19 0.014
Mo distractor L Lat 19863 BR75 257,75 a2.75 31807
i R Lat 328.08 161432 287.5 43,19 a.7308
a B Errol 025 0.56 L 0.50 OEa42
0 L Lt 1875 a0 3555 3, 00426
a L Ermer o5 035 .25 0.63 0.343
] [ Lat it 164,81 316,240 101,24 0.3357
0 H ErroT L1} @5 a o3 @3.3963
20 L Lat 267 49,58 361 (= 0.2141
20 L ErreT s 073 a 035 a.0118
50 B Lnt 32399 LER 331 =4 113,63 0.3357
s R Lrmar L B25 1} a3 [P
50 L Lat F33.467 259 3317 57.25 0.5974
L1k} L Error 35 814 [i] 13 o351
an R Lat ITR.25 2104 3725 TS5 @152
an B Errat 025 025 a a a.0513
a0 L Lak 24775 99,23 3z 4735 a.0401
a0 L Errar L] 025 a a 0,350
20 R Lot b 114:13 3.5 105,49 (LA
i B Erraa s 038 025 0.3§ 0519
an L Lat &5 181,38 a5 .83 1% k]
20 L Errat 075 .38 0.4 0.34 0.0044
i B Lat 1B 116,42 338,775 55E 0833
50 R Erren 5 a3 .35 0.9 07918
50 L Lat 331 254,20 3525 b 0.9333
a0 L Emar L LI .33 25 Q0345
B0 B Lak 13533 53.63 3% 143,69 05167
HO R Lrror 1 075 0.5 0,54 L3465
EO L Lat 437 L4 5 AMG.T5 41 0.1061
Hi) L Error {7k 015 0,13 0% 0.04863
Pooled fall distractors)
Mo distractor Lot 19063 TS AR W6 TS 45,71 LuO734
Eatly distractors Lat 26350 16568% 35393 4418 0152
Error {LE5 G244 028 041 uoaF
Late distractors Lat L5120 10B3% 33139 B4 59 01893
Error 435 Bi7 g 15 00059

[F: distractor presentation; R: right; Lo left Lat latency; O same fime as target 25080 H/50H0 ms after target; —200- 507800 2005080 ms

before target.

patients and controfs, However, when pooling all the results
of trials with no distractor, and early and late distractors, a
higher error rate and shorter latency times were obtained in
PSP patients, Some authors argue that saccadie inhibition and
the RDE reflect the same mechanism [22,23]; others contend
that saccadic inhibition comprises the majority of the RDE
|24}, Our present results are in line with the known loss of
saccadic inhibition, reflecting prefrontal dysfunction in FSP
[25, 26}

In eonclusion, no clear relationship between an increaged
RDE and abnormal GARBA concenirations was revealad in our
present small-scale pilot tial. Thus, larger studies are needed
to measure GABA transmission in the brain, and its relations-
hip to distraction susceptibility and other behavioral features
of PSP patients.
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1 | INTRODUCTION

idiopathic rapld eye movement [REM) sleep behaviour disordes
IRBD] k= characterized by & loss of muscle atonla, dream enactment
and cormples motor behaviours occurring during REM sleep (Ferind
Strambl & Jucconi, 2000, Schench. Bundlie, Ettinger, & Mahowald,

Abstract

Abnormalities of eyve movements have been reported in patients with Paddnson's
disease (PD). However, It is unclear If they occur in the prodromal stage of synucle-
inopathy represented by idiopathic rapid eye movement sleep behavicur disorder
(IRBD). We thus aimed to study eye movements in subjects with IRED and in de
novo PD, to assess if their abrormalities may serve as a dinical biomarker of neu-
rodegeneration. Fifty subjects with palysomnography-confirmed IRBD (44 male, age

40-7% wears), 18 mewly diagnosed. untreated PD patients (13 male. age 43-

75 years] and 25 healthy controfs (20 male, age 42-79 years) were prospectively
enrolled, Horizontal and vertical ocular prosaccates and antisaccades were investi-
gated with video-oculography. Al patients completed the MDS-UPDRS and the
Montreal Cognitive Assessment, In addition, a neuropsychological battery was per-
formed on iIRBD subjects. When compared with healthy controls, bath de novo PD
patients and iRBD subjects showed increased ermor rates in the horizontal antisac-
cade task (p < 001, p < 005 respectively). In the IRBD group. the error rates in
honzontal and vertical anbisaccades cosrelated with performances in the Prague
Stroop Test and the Grooved Pegboard Test, as well as with motor scores of the
MD5-UPDRS, De novo PO patients showed a lower gain ip < 0.01) compared with
contrals. In conclusion, the increased error rate in the antissccade task of IRBD and
PD patients reflects a dysfunction of the dorsolaleral prefrontal cortex and is
refated to the impairment of executive functions and attention,

HEYWORDS
eye movements, Parkinsen's disease rapld eye moverment slesp behaviour disorder. saecados,

video-oculography

1986; 5t Louis, Boeve. & Boewe, 2017) IRBD coswerts into a mani-
test pewodegeneralive synuckeinopathy phenotype, such as Parkin-
son's disease (PO). multiple system atrophy (M3A) and dementia
with Lewy bodies (DLE) in up to 93% of cases within 15 years (5t
Louis et al, 2017). Several brain structures at the corfical (frontal

i Slepn Res 3F18;e12742;
hitps Aol org 101 11 e 1 2742
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cortex] and swbcortical (hypothalamus, thalamus and pontine nuclei)
levels are involved in the regulation of REM sleep. but their particu-
lar rola in the pathophysiology of iRBD is still not completely under-
stood (51 Lewds et al. 20017} Current research efforts have focused
an linding sensilive clinical biomarkers lar the early prediction of
megradegeneration in IRBD. To date, several predictive markers of
PO and other synuclelnopathies have been [dentified. such as hypos-
mia (Barber et al. 2017 MahEknecht et al. 3015; Postuma, Berg
et al., 2015; Postuma Gaghon, Vendette, & Montplasir, 2009, Pos-
tuma, Iranza, et al. 2015). impaked colour vision (Postuma et al.
200%; Postuma, Berg, ot al., 2015; Postuma, lranzo. et al, 2015) and
nowrnimaging markers (Iranzo et al. 20310; Meles ot al, 2007; Pylig-
arskaya et al, 2017).

Eve movement aahels 5 a suitable ool bo investigate brain func-
tion and to elucidate the pathophwslology of neurodegenerative dis-
eases (Antoniades & Kennard 2015). Studies of eyve moverment
metrics in PO showed hypometdic saccades, normal or  rildly
increased latency amd an increased ermor rate in the antisaccadic para-
digm |Antoniades, Demeyere, Kennard, Humpheeys, & Hu, 2015
Loigh & Zoe, 20061 These abnormalities have bean attributed o dys-
fumction in circuits connecting the basal ganglia, brainstemn, cerebelium
and prefrontal cortex — circults that have a pivolal role ineye move-
mienl cantrol (Condy, Wattiez, Rivaud-Péchous. Tremblay, & Gaymand,
2007 Plones, Gaymard, Rivaud-Péchoux, & Plerrot-Deseilligny, 3005;
Rascol et al. 198%: \White. Saint-Cyr. Tomlinson, & Sharpe. 1983}
Results from the antieaccade task demonstrated a higher error rate in
patients with M54 and DLB (Mosimann et al, 2005 than it did for
healthy subjects (Brooks et al. ). An increased eror rete in the anti-
saccade task can be atinbuted to tho pationt’s dysfunction of the
prefrontal cortex (Condy &4 al, 2007; Ploner el al, 20048), This 14 sup-
ported by previews shefies which showed that poor antisaceade ermoe
rate performance correlates with nevropsychological test measures of
prefrontal cortical function [Lewy, Mendell, & Hofzman, 2004; Pos-
tuma Berg, et al,, 2015; Postuma, lranzo, et al. 2015). Higher antisac-
cadic error rates were also found in early-stage drug-naive PO
patignts {Antoniades & Kepnard 2015; Antoniades et al, 2015), Eye
movement abnormalifies have beon presumed tooocour even in the
pre-symptomatic phase of nesrodegenesative  disonders;  howeser,
there Fave been no siudie charactenzing eye mosverend metrics in
iRBED perfarmed so far [Antoniades & Kennard, 2015).

The main goal af the present study was to verlly whether aye
movement abnormalities are detectable in (RED subjects and
whether these abnommalities are similar to those found in eary PD
patients. Additionally, we analysed eve movement parameters in
conjunction with clinical and neuropsycholegical measures to confirm
their relations.

2 | METHODS

21 | A Subjects

Three groups of study subjects were enrolled al the Department of
Mewrology and Center of Clinical Mewroscience, Charles University

and General University Hospital in Prague. Each participant provided
written. informed consent. The study was approved by the Ethics
Committe: of the General University Hospital & Prague, Crech
Republic, and was perfarmed in sccordance with the ethical stan-
dards laid dowm in the 1984 Declaration ol Helsinki,

Filty IRBD subjects (46 men. 4 woarmen], with a mean age of 654
{standard  deviation [S0), 7.4) yews, were diagnosed with IRBD
according to the Intermational Classification of Sleep disorders diag-
nostic criteria, third edition (American Academy of Sleep Medicne,
2014), Eighteen de novo, untreated PD patients {13 men. 5 women:
mean age of 626 |50 4| years! were diagnosed based on the
established clinical criteria (Postuma, Berg, ol al, 2015; Postuma,
Irarzo, et al, 2015k mean disease duration was 1.6 (50, 1.3; range.
1.0-4.00 years, In addiben, 25 normal contral INC) healthy subjects
were enrolled (20 men, five women), with a mean age of Gé.4 (S0
Q.00 years and without any history or signs of neurcbopical ar psychi-
atric disorders. Mo subject complained of visual discomfort.

None of these IRBD patients had overt Parkinsonism or demen-
tia. Dementia was defined according to the DEM-V criteria for major
newrocognitive discrders, Parkinsanism was defined sccording to the
MDS chnical diagnostic oriterda as cleardy present bradykinesia, in
combination with either rest tremor, rigidity, or both (Postuma, Berg
#l al, 2015; Pastuma, Iranza, el al 2015).

Clinleal examination In all subjects was perfarmed by a imove-
ment discrders specialist (P.D. V1. or ER) wsing the Movement
Disorders Society-Unified Parkinsors Disease Rating Scale {MDS-
UPDRS) past lIl—motor scale. Eve movements were examined by an
eye movement specialist.

Cognitive  function in iRBD subjocts and in pationts  with
untremed PO owas assessed by o certified newropsychologist 108, or,
T.M.) using the Montreal Cognitive Assessment (MaCA) (Kopecek
et ab 2017 Additionally, IRBD subjects underwent an extended
neuropsychological battery, Including tests of: (a) attentson (Trall
Making Test. Part A |[TMT-A] and Prague Stroop Test [PSTIL ibd
waorking memaory (Digit Span Backwards [D5B] and Letter-Mumber
Sequencng from the Wechsler Adult Intelligence Scale, Third Revi-
sion [LNS]) fc) executive function [Trall Making Test, Part B [TMEB-B]
and vertsal fluency [VETL [d) explicit memony (Rey Saditory Verbal
Learning Test delayed recall [RAVLT] and Memory Binding Test
delaved recall [MBT], and (&) paychomator and motar speed of
upper limbs (Symbol Digit Maodalities Test [SOMT] and Groowed Pag-
board Test [GPT (Kane, 1991}

22 | B.Video-oculography recording, apparatus
and experimental paradigm

Saccades were recorded with the binocular video based eyi tracker
{mobile eBT, Evebraln, lvrpsurSeine, France, wwww.eyve-beaincanm
300 Hz sampling rate and 0.5° spatlal resolutien) using a standard-
lzed protocol (Bonnet et al. 2013). Two different tasks were per-
fommed in the same order in 3 single visit lasting 20 min without
interruption of the examination. We examined: (3] prosaccades (a
saccade towards a target) in horizontal and vertical planes. and b}
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antlsaccades [a voluntary eye movement made In the direction oppo-
slte to the shde where a stimudus Is presented) in horlzontal and wer-
tical planes (Figure 11 Subjects were seated in a quiet, dark room
with their chin supported by a chén strap and their forehead in con-
tact with a frontal support. They faced a flat. 2&-inch Uiguid Crystal
Display scroen [ProLite, livama model PL 2,400, size 550 = 344 mm|
located &0 cm in front of them at eye level,

11) Simple prosaccades, horizontal and vertical: a green cenfral
ligatiom paint {13 = 15 pisels luminance, 120 cdim®l was pre-
sented lor a pieudecandom duration. Folloewing a 200-ms {mil-
lisecand) gap after the fation point was tuesed off, & green
peripheral targat (15 x 15 pleels, luminance, 120 cdim®} appeared
for 1.000 ms, in a random order right or lefl up ar down at
11.84° from the central fization point. Twenty-eight saccades
were recorded in each plane (horizontal and werticall, Latency
{the time between the target osset and the beginning of eye
mowvement [msll, average velodty (Vavg degree per second {551
maxirmal velocity (Wmax, 5] and gain (ratio of subject’s saccadic
amplitude to desired saccadic amplitude) were analysed. Lower
gain [< 1) reflects saccadic hypometra and higher @ain [ 1) hyper-
metric saceadet Mean values were obtained for each subject Tor
each side and direction,

12) Simple antisaccades, horlzontal and vertical: in this task, the
colowr of the central foation point and of the peripheral stimulus
was red, whereas all other parameters remained the same, How-
ever, unlike performing simple prosaccade bask. subjects were
instructed to look as guickly as possible at the cpposite direction
of the peripheral stimulus. Thirty-twa saccades were recorded in
each plane. Only latency of antisaccades and numiber of errors
were measured, Because there was no target in the correct gaze

START POSITION SACCAIE TASK ANTISACCADE TASK

L J L | L J

A

FIGURE 1 Eye movement examination trial for prosaccade and
pntisaccade tasks, (a) Start position, subject looks at the target
[green) in the middie of the screen; (bl prosaccade task, subject
performs a saccade towards the target (greenl; (o) antisaccade task,
subject makes a volunfary eve movement in the direction opgaosile
to the side where a stimulus [red) is presented
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direction. netther wveloclty nor galn could be measured in this
sk

Saccades with a latency below BO ms or above 1000 ms. andior
an amplitude below 17 were rejected, but this represented <1% of
all trial=. Mean latency was determined only for correct antisaccades
Directional emors were defined as saccades initially directed towards
the hemifield away from the target following a prosaccade instruc-
tian, or towards the terget following an antisaccade instructicon

23 | C Statistical analysis

The average eye movement rmetric was calculated across all saccades
for each subject Grovp differences for gach eye movement metnc
weere evaluated across all three groups (PD, Rapid Eye Mowvernent
Sieap Behaviowr Disorder and MC) using an analysis of variance with
the post hoc Tukey-Kramer test, Pearson cormelations were also
applied o test for significant refationships. Because of the explos-
tory charscter of the study, comections for multiple comparisons
were not appled and the lewel of significance was set ot p < 0.05
The classification performmance fsensitivity'spedficity] of the rebevand
features was caleulated using binary |ogistic I-'\E-,g.rl.‘;!'j:\il:if'l with e,
oneoul cross-validation The overall indication of diagnostic accu-
racy ‘was reported as area under the curve (ALC) obtained from Lhe
operating characterstic curve,

3 | RESULTS

Table 1 provides clinical characteristics of the PO and iRBD subjects
The measures of simple prosaccades can be seen in Figuee 2. In
horizontal prosaccades, significant intergroup differences wene fowand

TABLE 1 Clinkcal characteristics of the PD and IRBD patients

IRBD (n=50) PO n= 18]
aan age [years) G564 (50 Th 62,57 {50 7.4,
range, 40-T49) fange, 43-75)
han 2% [n = 48] Ta% {n'=13)
Positiee history of Parkinson's 4% (n = 2] 22% [n'= 4}
dizeasa In family
RED presence (%] 100% (n = 50) 0%
Antidepressant therapy 14% n=T] 11%.In= 2§
Anti-Parkinsonian therapy 0% 0%
Clonazepam therapy 2% in = 1) 5% in = 1)
Mean age of disese onset 40,4450 9.4, 405 (5D 10,3,
|pesrst range 35-77} range J7-374)
Mean symptoms duration 5.3 5047, 1.4 8013,
|wears| range 1.0-280) rarge 1.0-4.00
Maan MOS-UPDRS I score B350 49, 32.7 (5D 14.3,
renge 00240  @nge 8.0-43.00
Ml 24.3 (50 4.2, 238 3D 8.2,
ranga 19-30} rarge 18-248)

P0: Parkinson's disesse; IRBD: Rapid Eve Movemant Sleep Behavioor

Disorder; 50: standard deviation,
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200 | & oonl & 250 1)
g £ } ? £ e % = 3
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180 ——m e 180 | o 2080 250
PD RBD NC PD REBD NC o e il
260 ;.g:nl il ] (1]
| "
Qo) = 50 = 5D
= oagn | = I & } — £
s EEETNE T Fe TR
E ol 3 E : ¢
= =0 = ko) = . é
200 14nt i % i
PR RBD NC PD} RED NC P RBD NC PIY RHD NC
" - FIGURE 3 FResults of horirontal and verficsl antisaccades, Tho
50 pod clreles rapresent mean values and error bars represent standard
— 500 " error mean vakses, Anatyiis of vadance was used (o test for groug
o ' £ g | % % differences with ‘p = 005, **p < 001 and **%p < 0001, PD:
_:' aBo | ;; Parkinson's disease; [RBD: rapid eye movement sleep behaviour
o = disorder; MC: normal contral.
B E 4qoo|
= 4hn | =
440 e F7.8%) and RBD and NC groups with ALC 070 (sersitivity, 71.9%:;
PD RBD MO PD RBD MO specificity, $3.4%],
; . When lecking for trends bebween errors in antisaccades and ¢lin-
" | ical data in the IRBD group, positive correlations were found
g | | — 0.5 | between the MDOS-UPDRS 1l score and errors In horizontal antisac-
= < = ﬁ rades [r= 052, p = 00001} a5 well & with ermors in vertical antisac-
% 08 | ] 3-': 08 | § cadey {r = 049, p=00003), A weak correlation was ako found
e de | * : 6.85 | § between the MoCA score and errors b wertical antisaccades
' | fr=—031 p = (03} In addition, several moderate comelations were
GE R of § > i
P RED NE PD RED NC detected batwoen porformance in antisaccades and neuropsychologi

FIGURE 2 Results of horizontal and vertical prosaccades, The
chrcles represent mean vohses and error bars represent standard
error mean values. Analysis of variance Wwas used to test for group
differences with "p < Q05 *"p < Q.01 and **"p < 0.00L PD:
Parkirson's disease; iIRBD: rapid eye movement sleep behaviour
disorder; MC: mormal controd; Vavg: average velocity; Vimax: maximal
velocity,

in the gain Fas = 57 p = 0005, ¢@ = 0,13), mainly reflecting the
ditferences betwesn PD and NC {p < 0.011

The resufts of antisaccades can be seen in Figure 3. The only sig-
nificant differences betwesn groups concerned emrors in horizontal
antisaccades  (Fase = 6.8, p = 0002 »° = 0,15, which  mainly
reflected differences between PO oand NC [p < 0.01] and between
iRBD and MC [p < 005} A trend towards differences between RED
andll NC weas also abserved for efrors in vertical antisaccades (I test
(73 =21 p=00d) A combiration of two measores related to
errors in horizontad and werticaf antisaccades was able to separate
the PO and NC groups with ALIC Q.82 (sensitivity, 7143 spocificity,

cal teat regules, The errors in homeantal antsaceades correlated with
PST-D (maming cobowrs] [r = 041, p = 0,004} as well as with the GPT
ULL (wpper left limb) (r = 044, p = 0uD02). Ercors in vertical antisac-
cades comelated with the scores of PST-D [r=Q.57, p < DOOD1).
PST-W [weak interference condition] (r = 0dé, p = 0001, GPT URL
jupper right limb) {r= 047, p= 0000%] ead GPT ULL (r =057,
o= D000

4 | DISCUSSION

The current study revealed eye movement abnormalities in individu-
als with idiopathic RBD, Because IRBD s considered & the prodro-
mal stage of synuckemopathles, we can assume that obsersed
oculomotor sbnormafitios represent markers of prodromal neurode-
generation, This hypothesis is further supported by the observed
correlations bebween MOS-UPDARS part Il and erors In antisac-
cades:

‘W found an increased ermor rate in the antisaccade task in both
PO and IRBD patients, compared with controls. This suggests an
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TABLE 2 Results of neuropsychological tests in IRBD subjects

Test IREO.

THT-A 42.3 [5D 19.6, range 23.0-114,0}
THMT-H TOl4 TS0 84,5, mnge 10.0-384.00
THT-B [ewrars) 1.2 150 1.5, enge Q0-6.0)
TMT-B(A 27 (50 1.5, range 0.3-10.4)
Stroop O 14.5 [0 34, range 10.0-31.00
Strgop W 149 15031, range 11.0-24.00
Stroop C 321 (30 84, range 15.0-54.00
Stroap | 8.4 (50 125, range 25.0-10004
Stroop C/D 12 (5005 range 1.5-34)
Stroap 1D L7 (5D 0.7, mnpe 1.7-6.3

WF vegetables 13.0 (50 3.2, range 50-220)

VF animals/clothes 183 [5D 3.1, range 120-24.04
WF action 1832 [5D 5.2, range £0-29.10)
GPT URL BOF (5D 209, range 11.0-153.0)
GFT ULL .5 |_SD 1?.4._ranze G30-135.00

IRED: rapid eye movement sleap behaviour dsarder: S0 starndard deviz
tion; TMT.A: Trall Making Test, Part & TMT-8: Trall Making Test. Pan
B Stroop: Stoop noming colow test; WF: werbal fluence: GPT URL:
Grooved Pepboard Test far upper right limb; GPT ULL Groowved Pep-
board Test for upper left limb,

imvchvement of the inhibltory control of reflexive saccades, ensured
by the dorsciateral prefrontal cortex (Condy et al, 2007; Ploner
et al, 2005, As cognitive and executive functions of the prefrontal
cortex age lacilitated by dopamine via actions on DUDZ recaplon
an pyramidal nedrons in the prefrontal corlex (Floresca, | Jennl, Lar-
kin, & Floresco, 2017 it can be assumed that the observed changes
may be related to the reduction in dopamine transport dermonstrated
in IRBD, which i consistent with a wide range of functional neu-
mimaging ocxaminations {lrango et al, 2010, 2011} Accordingly, o
previcas studies, an increased emor rate i the antisaccadic task has
been described In our PO patients even in an early stage of the dis-
ease [Antoniades et al, 2015) and improvement of the antisaccades
\marked by a decreased error rate] after 3 dose of levodopa has
been docwemented (Hood et al, 2007).

Saccadic hypometria. which is considerad one of the most consis-
tent ocular moter abnormalities in PCE [Antondades & Kennard, 2015;
Rottach, Riley, DiScenne, Svotedsky, & Leigh, 1996 and was discoy-
ered inoour patients with de nove PO, was net clearly pronounced in
IRBD patients. This suggests that hypometria appears later in the dis-
ease course, in line with the progression of PO motor signs.

Interestingly, severad relationships were found between neu-
ropsychaological test perfformance and YOG results in iIRBD, Mamaly,
tarizontal antisaccades showed corretations with measures of visual
scanning and sustained attentlon (Stroop naming colour; PST-[3), This
correlation may reflect a specific contribution of eye movernent
abnormalities to impaired  sustained wiseal attention in IRBD,
whereas preserved interference (PST-C) possibly recruits. different
mechanisms that are independent of saccadic eye movements
{Ploner et al,, 2005)
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Thesa findings were further corcoborsted by moderale sssocia-
tians Tound bebween tasks involving eye-band coordination, such as
GFT, and wertical antisaccades, GPT k& considered a biomarker fior
nigrostriata? denervation n PO (Bobnen, Kuwsbara, Constantine,
Mathis, & Moose, 2007}, but it appears to contain 3 cognitive come
ponent (Bezdicek et al, 2004), Thereafter, the association observed
miy be indicative of a cognitive impairment in IRBD that is reflecled
by bmpaired antisaccades as well.

The current study revealed eyve movernent abnormalities in indi-
viduals with idiopathic RBD. Because iRBD is considered as & pro-
dromal stage of symucleinopathies. we assume that observed
oculomator abnormalities represent markers of prodromal neurode-
generalion, This hypothesis 18 further supported by the obderved
correfations between MOS-UPDRS part 1l and eve movermsent abnor-
mafities.

‘We acknowledge that we did not perform specific neurcgsycho-
logical testing in PD and MNC. In addition, cur PD patients did not
exhibit RBD symptoms, whereas PO with and without RBD may rep-
resent distinct disease pheriotypes [Romenets et al, 2012), However,
a4 numbers al errors in anblsaccades [n RBD subjects clearly inter-
mediated batween those of PD patients and healthy controls, we
befieve that errors of antisaccades represent a susTogate measure of
prefrontal cortex invobement parslleling the severity of motor
imeoheerment independently of Parkinsonian phenotype

In summary, we demonstrate that eye movement abnormalitics
correspand to ewrly prefrontal cortex mvohement In IRBD patients
This olservation has been corroborated by correlations with the
results of newropsychodopical testing. The present findings broaden
the range of markers reflecting subclinical neurodegensration in
iRBD amd show the potential of cye movement examination a5 &
tool for research of neurodegenerative diseases,
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Abstract

Backgrounds This study aims 1o characienee eyve movement shnommalities in Wilson disease pnd examine their association with
the degree of brainstem atrophy,

Methods Twenty patients 10 males. mean age 46,8, 50 8.9 vears) with genetically conlimmed neurological W on stable anti-
copper treatment and 20 age- and sex-matched healthy subjects were examined. Eve movements, including prosaccade and
antispeeade tasks, were evaleated vsing infrared videooculography, MR was performed using 1.5 T system, and T--weighted
imzpes were used [or the measurement of midbrain and pontine area on mid-sagittal slices. Clinical severity was assessed using
the Unified Wilson's Disease Ratng Scale (LW DRS),

Results Compared e healthy controls, W patients showed prolonged atencies of homontal prosaceades and hvpomietry of both
horizontal (p= (L04) and vertical (p= 000046) prosaccades. In the antissccade task, WD patients showed prolonged latency of both
horzomal (p=0.04) und vertical antisaccades (p=0047) and mereased ermor mile of vertical untisaecades (p= 004 ) There s a
sigmificant assocition between midbrain area and horsontal latencies (r=—0053; p = 0,02 ) and vertical maamuom spesd m prcaceades
(r=04T: p=004 ) The pons area inversely comelaied with honzontal prosaceade and antisaceade latencies (=007 ),
Conclusions We showed impairments of ocular saccades such as prolonged latencies, hyvpometry, and increased emmor mte in
antisgccades. The strong association between prolonged latencies of prosaccades and the brainstem atrophy suggests that VOG
might scrve as a sensitive clectrophivsiological marker of brumstom dysfunciion in WD,

Keywords Wilson discase - Eve movement - Brainstem

Introduction The structures most vulnershle to the toxic effect of copper in the

brain are the basal ganglin (BGE other stuctures nelwding the
Wikon disease (WD) = an autosomal recessive hereditary dis- brainstem, cerebellum. and contico-subcotical remons may alkso
cise chamoterized by dysfimetions ATPTH copper transporting be affected [2, 3], Dvsfunction of the aforementioned structunes
prodein, This alicration coses the secumulotion of copper in the s manifested tepically by symptoms such s tremor, dysarthng,
brsin andd liver [ 1] that feads o0 progressive neumdegeneration.  drooling, ataxia, parkinsonism, and/ or dystonia [4],
Additionally, other neurodogical abnomalities, such & REM
sleep bahuvior disorder, polynewropathy, or coulomotor dysfunc-
tao, were wlzo desertbed m WD [5-7] In gencral, ol newmlogs-
ical symproms diminsh during anti-copper therapy, b, dase o
ireversible central nerveus system (CNS) dumage, residual

Departmient of Meurodogy and Centre of Climical Meuroscience. symploms are often detectable even afier treatment lasting sev-
Chardes Univemity, 1ot Fasulty of Madicine and Genernl Uisiversity A
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> In WY patients with neurologicel manifestation (neéums-
Departmet of Neurmsurgery, Na Homolee Hospital, W, savers) st fitios 6F EMb were d
Trague, Caech Republic i, several abnormalines of eve movemeni (EM b were de-

seribed such as slow horizontal and vertical saccades [8; 9],
abnormal vertical smooth pursuit [10], and increased anti-
saceadic lntency snd error rate [6]. Similar abnormalities of
EM arc ofien present i patients with neurodegencrative
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discases, Motably, specific EM abnormalities related 1o atro-
phy of distinet broinstem regions were detected by
videopculography (VOG) in patients with progressive
supranuclear palsy (PSP) and multisystem arophy (MSA)
[E1] In mewro-WD patients, magneic resonance imaging
(MR shows brainstem amophy frequently reaching severity
compamble to that is scenin PSP [12], Additionally, midbrain
dinmeter in neure-WH patients inversely cormesponds (o neu-
rodogical severity [13). However, the association between EM
ahnormalitics and brainstem atrophy in WD was not studiced
50 far In this study, we thus aimed o analyze EM m WD gsing
VOO and 1o assess their relation to global neurological sever-
ity and to the degree of regional brainstem atrophy.

Methods
Subjects

Twenty WD patienis { 10 males, mean age 46,8, 50 8.9 years)
with genetically confimied neurological WD on stable anti-
copper reatment and 20 age- and sex-matched healthy con-
trods (10 miles, mean age of 46,4, SD 207 without any history
or signs ol neurmdogical or psyohiatric disorders were enrolled.
Mo subject complained of visual discomfort, Clhimcal exami-
nation im all WD patients was performed by @ movement dis-
onders speciahist wsing the Lnified Wilson's Disease Rating
Scale (UWDRS) including its sctivities of daily living
{ADL) subscale (LW DERS [1) and objective newrological ex-
amination subscale (CWDRS Iy [ 14], (Table 1.

Subjects were enrolled at the Department of Neurology and
Center of Chinical Meuroscience, Charles University and
Geeneral Liniversity Hospital in Pragee, Each parficipant pro-
vided written informed consent. The study was approved by
the Ethics Conmmitice of the General University Hospital in
Prague, Crech Republic, and was performed i accordance
with the ethical standards laid down in the 1964 Declaration
of Helzinki.

Videooculegraphy recording, apparatus,
and experimental paradigm

Succades were reconded with the binocular video-based eve
tracker {mobile eBT Eyebsain, Iviy-sue-Seine. France, www.
eye-braim.com, 300 Hz sampling rate and 0.5° spatial
resolution) using a standardized protocol. Two different
Lsks wire performed in the same onder one after the other in
# single visit with duration of 20 min without a break. We
examined { | ) prossceades (a saccade toward a terget) n hor-
veontal and vertical direciions and (2) antisaccades (a valun-
fary eve moverment made in the direction opposite o the side
where a stimulus is presented) in horizontal and vertical direc-
liens. Subjects were seated in a quiet. dark room with their
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chin supported by a chin strap and their forchesd in contact
with o frontal suppon. They faced o at. 26-in. LCD sereen
{ProLite, Iivama model PL 2600, size 550 mm= 344 mm)
located &0 cm in front of them at gye level. A green central
Axation point (15 = 15 poeels: luminance: 120 od/m2) was
presented for 4 psewdorandom duration.

(1} Simple prosaceades were horzontal and vertical; the fix-
atioa point wies (urmed off, and 2000 mes (millisecond ) later (gapl o
green peripheral target (13 = 15 pisels. luminance 120 edim®)
appeared dunng 100 ms at 11867, n a mndom order right o
lefl, up or down, Twenty-eight saccades were recorded. Latency
i time berween the target onset and the bepinning of eve move-
ment; [ms]), sverage velocity (Vave. degree per second [*/s]),
maximal velocity (Vimax, [%/s]), amd gain {rtio of subject’s sue-
cadie amplitude @ desmed saccadic amplitude) were analyeed.
Lower gain (< 1 hreflects saceadic hypometria and higher gain (>
1y hypermeiric swccades. Mean valises werne obtained for cach
subyject for cach sule and direction.

(2) Simple antisaccades were horizontal and vertical: in this
tusk, the color of the central fixation point was red (15 = 15
pixels, luminance 120 ed/nr’), Target lncations werd presented
in o random crder at [1.86% in the horizontal and verical
direction. Subjects were instructed fo look as quickly as pos-
stble in the direction opposite 10 the penpheral taroet. Thirtye-
two saccades were recorded, Latency and emmor rate were ex-
tracted first for each direction and then for each subject.

Succades with @ lafency below B0 ms or above HO0 ms and’
or an amplitude below 17 were excluded from analysis, but these
represented < 1% of all rials. Mean latency was determined only
fior comect antssceades, Directional emors were defined s soc-
cades initially directed toward the hemifiekd away from the target
firllowing a pmsaceade instruction o toward the trget following
an antisaccads mstruction,

MRI acquisition and analysis

MRI was performed using 1.5 T whole body Philips
Achicva system, T--weighted images (axial slices cover-
ing entire broin area. resolution 0.5 = 0.5 = | mm’, TE=
233 ms, TR =2230 ms) were used for the measurement
of midbrain and pomtine arca. MR images were first
resliced to the sagittal plaone, and areas of midbmain and
pons were defined on mid-sagittal images according o
the method deseribed by Oba et al, [15]. In shon, the
condal edge of midbrain was defined as line passing
through the superior pontine notch and the inferior edge
of the guadrigeminal plate: caudal edge of pons was
defined as o hine parallel w the first hine passing through
the infenor ponting notch, The area of the midbram was
traced mamually above the first line (excluding the tec-
tum), The area of the pons was outlined manuvally be-
tween the first and second line (Fig. L
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Staﬂstkdamlysis controls) were ealeulated wsing independent t1-test,

Pearson correfations were then apphied to fest for signifi-

The average eye movement meine was calculated across  cant relationships between EM and clinical and MRI
all saccades for each subject. As the one sample sgores, Due to the exploratory character of the siudy, cor
Kolmogoroy-Smarnoy did not indicate non-normally dis- rections for multple comparisons were not applied, and
tribuied EM features, differences between groups (WD vs.  the level of signilicance was set al p <005

Fig. 1 Sczmentation of midbmin
ame pons atrophy Magnified mid
sagittal images of smmpbe heality
subject tupper row ) and W pa-
nent thaotin fow .
Seymentntions usad for ihbe cal
culatien of mdbrum 41 b and pons
(2 area are shown on the reghi
Pletse note the bramsiem atrophy
in W paticnt

Healthy subject
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