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UVOD

Prestoze je zrak snad nejvyznamnéjSim lidskym smyslem, tvorba zrakového
vjemu ani fyziologie zrakového organu, kterd s kvalitou zraku tzce souvisi, nejsou
dodnes ve vSech aspektech zcela vysvétleny a jsou neustdle predmétem vyzkumu. Tento
text shrnuje st€Zejni vysledky mé dosavadni védecké prace, kterd se dlouhodobé
zaméfuje na ob¢ zminované oblasti, a to konkrétn€ na psychofyzikdlni tématiku
crowdingu a konturovd interakce, v oblasti fyziologie oka pak na studium kratkodobych
zmén nitroo¢niho tlaku. Prace se opird o celkem devét publikaci v zahrani¢nich
impaktovanych casopisech, na kterych jsem se podilel. VSechny tyto publikace obsahuji
puvodni védecké vysledky a jsou uvedeny v ptiloze. Piislusné provedené studie spadaji
do doby mého plisobeni na katedie optiky Pfirodovédecké fakulty Univerzity Palackého
v Olomouci a zaméfeni vyzkumu je tzce propojeno s oblasti mého pedagogického
pusobeni na katedfe. Vzhledem k multidisciplinarité¢ témat jsou vSechny popisované
studie vysledkem kolektivni prace vyzkumniki z nékolika rtiznych pracovist’, pficemz
prislusnd pracovni skupina na katedfe optiky vznikla a pracuje pod mym vedenim.
Experimenty v oblasti psychofyzikdlnich méfeni byly pfipraveny a probihaly v tzké
spolupréci s pracovisti na Anglia Ruskin University (Cambridge, UK) a University of
Houston (Houston, USA). VétSina studii zaméfenych na nitroo¢ni tlak probihala ve
spolupraci s Katedrou piirodnich véd v kinantropologii Fakulty télesné kultury
Univerzity Palackého v Olomouci, kterd poskytla zdzemi pro nékteré ¢asti experimentt.
Do experimentil byly téz aktivné€ zapojeny Mgr. Lenka Musilov4, Ph.D. a Mgr. Eliska
Najmanovd, Ph.D. v ramci doktorského studia na katedfe optiky PfF UP v Olomouci
zamcfeného do oblasti fyziologické optiky a optometrie, pfi¢emz Mgr. Lenku
Musilovou, Ph.D. jsem vedl jako Skolitel a u Mgr. Elisky Najmanové, Ph.D. jsem
pusobil v roli odborného konzultanta. Ddle byly do sbéru a zpracovéani dat zapojeni
studenti navazujiciho magisterského studia optometrie na UP v Olomouci. Vzhledem
k zaméteni vyzkumnych aktivit do dvou odliSnych oblasti je i1 text této prace rozdélen
do dvou c¢asti, které jsou na sob¢ prakticky nezdvislé. Kazda ¢ast je uvedena kratkym
predstavenim studované problematiky, které objasnuje zdkladni pouZivané pojmy a
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publikovanych studii ve formé komentovanych vysledkd, pficemZ jsou nejprve stru¢né



uvedeny motivace a cile a kratce zminény hlavni aspekty metodiky. Konkrétni detaily,

zejména v oblasti metodiky, je mozné dohledat v pfiloZenych publikacich.

Prvni Cast prace se vénuje tzv. crowdingu a konturové interakci, které spadaji do
oblasti psychofyzikalnich méfeni zraku. Lidsky zrakovy systém byva ¢asto hodnocen na
zdkladé rozliSovaci schopnosti, ze které vyplyvd velikost nejmensiho mozného
rozeznatelného detailu pozorovaného objektu ¢i znaku (pismene, obrazku atp.). Bézné
vSak nenfi sledovany objekt pozorovan izolovang, ale je soucdsti komplexni scény (napf.
sledovana osoba v davu, pismeno ve slové €i slovo v textovém bloku atd.). Ukazuje se,
Ze rozliSovaci schopnost oka v tomto redlném piipadé muize byt jind, nez kdyZ bude
objekt sledovan samostatn¢. Tento jev je Casto jednotné oznacovan jako crowding,

Vv,
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neboli ,,nahusténi*,
pozorovanym objektem a konturami, je tzv. konturova interakce. Popis a objasnéni
obou jevll ma jednak prakticky dopad (napf. na konstrukci testli pro vySetieni zraku),
jednak miiZze pomoci pii pochopeni vzniku zrakového vjemu. Cilem publikaci A1 — AS
(Bedell et al., 2013; Musilova et al., 2018; Pluhacek & Siderov, 2018; Bedell, Siderov
& Pluhécek, 2019; Siderov, Pluhacek & Bedell, 2020), které jsou prezentovany v této
Casti prace, bylo prispét k objasnéni mechanismu téchto jevl na zdklad¢€ sledovani jejich
chovani za specifickych podminek, ptfi¢emz jsme predpokladali, Ze jejich pficina tkvi v
interakcich neuront zrakové drahy v ramci tzv. receptivnich poli. Prace Al — A3
(Bedell et al., 2013; Musilova et al., 2018; Pluhacek & Siderov, 2018) se konkrétn¢
zabyvaly chovdanim konturové interakce a crowdingu za riznych drovni jasu. Motivaci
experimentll byly jiz diive prokdzané zmény neurdlnich interakci ve zrakové draze
provazejici pokles jasu, které by se m¢ly dle naseho ptredpokladu odrazit téZ v chovéani
konturové interakce ¢i crowdingu. Jednotlivé publikace na sebe navazuji a postupné
dotvaii predstavu o studovanych fenoménech. Clanek Al (Bedell et al., 2013)
demonstruje vliv jasu na konturovou interakci pfi centrdlnim vidéni, price A2
(Musilova et al., 2018) ovéiuje predchozi data a dopliluje experimenty v periferii. Ve
studii A3 (Pluhdcek & Siderov, 2018) byl navic hodnocen mozny dopad crowdingu na
klinické méfeni centralni zrakové ostrosti za nizkych jast. Clanky A4 (Bedell, Siderov
& Pluhacek, 2019) a AS (Siderov, Pluhacek & Bedell, 2020) se zaméfily predevsim na
objasnéni pfi¢in chovani konturové interakce s ohledem na soucasny vliv Sitky a

kontrastu kontur a pii malych vzdédlenostech kontur od pozorovaného znaku.



Druhd ¢ast prace se zabyva kriatkodobymi vlivy raznych typa zitéZe organismu
na nitroocni tlak. Nitroocni tlak (tlak tekutiny uvniti oka) je klinicky vyznamny
parametr, jehoZ vysoké hodnoty nebo vyrazné fluktuace mohou mit negativni dopad na
vrstvu nervovych vldken sitnice a muze tak dojit k ohrozeni zraku ve formé rozvoje tzv.
glaukomu. Vice jsou tyto souvislosti pfiblizeny v dvodu pfislusné kapitoly. Zatéz
organismu (napf. beh, jizda na kole, ale 1 zména pozice téla atp.) je soucasti béZného
Zivota. Dosavadni studie poukazuji na to, Ze tyto aktivity mohou vést k vykyvim
nitroo¢niho tlaku, ktery mize byt u nékterych osob rizikovy vzhledem ke zdravotnimu
stavu oka a zraku. Pokud navic dojde k zatiZeni bezprostiedn¢ pfed méfenim, mohou
indukované zmény tlaku neZddoucné ovlivnit vysledek. Sledovani dopadu téchto aktivit
na nitroo¢ni tlak ma tedy znacny klinicky dopad. Druh4 ¢ast prace se opird o publikace
B1 — B4 (Najmanova, Pluhacek & Botek, 2016, 2018; Najmanovd, Pluhicek &
Haklov4, 2019; Najmanova et al., 2019), jejichz cilem je ptfedevSim popis chovéni
nitroo¢niho tlaku pfi vybrané formé& zat€Ze a vyhodnoceni mozné klinické relevance
piipadnych zmén. Studie se snazi téZz nalézt souvislosti s dalSimi podstatnymi
parametry, jako je zejména tepovd frekvence, kterd miiZe byt ukazatelem fyzické
zdatnosti jedince. Nejvice pozornosti je vénovano pohybové aktivité, na kterou se
zaméfily Clanky B1 a B2 (Najmanova, Pluhacek & Botek, 2016, 2018). Nasledné byl
studovan vliv zmény pozice téla, resp. hlavy na nitroo¢ni tlak v praci B3 (Najmanova,
Pluhdcek & Haklovd, 2019) a vliv kratkodobé extrémni hypoxie v publikaci B4
(Najmanov4 et al., 2019).



1 KONTUROVA INTERAKCE A CROWDING

Vniméani pozorovaného objektu ¢i znaku (napf. pismena, Cisla) miZe byt
negativn¢ ovlivnéno piitomnosti dalSich zrakovych stimulti, které se nachézeji v jeho
blizkosti (Flom, 1991; Levi, 2008; Pelli & Tillman, 2008). Bylo prokdzano, ze
pfitomnost jednoduchych kontur v okoli pozorovaného znaku zhorSuje schopnost jeho
spravné identifikace (Flom, 1991; Flom, Weymouth & Kahneman, 1963; Takahashi,
1968). Tento jev je oznacovan jako konturova interakce (CI). Jsou-li okolni stimuly
podobné pozorovanému znaku, jednd se o tzv. crowding (CW), viz napf. (Flom, 1991;
Flom, Weymouth & Kahneman, 1963). Oba jevy jsou pozoroviny jak pii pfimém
(centrdlnim, fovedlnim), tak pfi nepfimém (perifernim) vidéni. V anglojazycné literatute
byvéa stimul obklopujici pozorovany znak a vyvoldvajici CI nebo CW oznacovan
souhrnné jako ,,flanker”. Vzhledem ke komplikovanému ¢eskému piekladu bude tento
pojem pouZit i v ndsledujicim textu. Zmény ve zrakovém vnimdni zpiisobené obéma
jevy se projevuji jak v klinické oblasti pii testovani zraku, pficemz jejich vliv zavisi na
konstrukci testu, tak v bézném zivoté, napt. pfi Cteni textu, sledovani informacnich
tabuli podél silnic atd. Soucasné se jednd o jevy, které uzce souvisi se vznikem
zrakového vjemu, jejichZ pochopeni mize pomoci objasnit nékteré aspekty zrakového
vniméni. Znalost a pochopeni CI a CW mda tedy zna¢ny vyznam jak z hlediska

praktického ¢i klinického, tak v oblasti teorie vzniku zrakového vjemu.

Mezi zdkladni sledované charakteristiky obou jevil patii jejich prostorovy rozsah
a magnituda. Rozsahem se rozumi vzdalenost flankerti od pozorovaného znaku, ve které
stanovenym zptisobem ovliviiuji jeho vnimani. Magnituda je obvykle definovand jako
zmeéna v uspesnosti pii plnéni daného zrakového tkolu zptisobend piitomnosti flankera,

napft. pokles pravdépodobnosti spravné identifikace sledovaného znaku.

Prestoze jsou oba typy interakce zndmé pomérné dlouho, neni tfada jejich
aspektl uspokojiveé vysvétlena. VétSina publikaci, na kterych je tato prace zalozZena, se
proto snazi na zdklad€é analyzy dil¢ich charakteristik CI a CW objasnit jejich mozné
pfiCiny, pficemZz vychdzi ze stdvajicich teorii jejich pivodu. U obou jevl se v
soucasnosti piedpokladd neurdlni ptvod, tj. pivod zaloZeny na interakcich neuront
zrakové drahy. Nékterd predchozi vysvétleni vSak uvazovala fyzikdlni podstatu CI a
CW. Konkrétn¢ se vychdzelo ztoho, Ze s pfibliZovanim flankert k pozorovanému

znaku dochdzi k ndrtistu prostorovych frekvenci obrazu stimulu aZ mimo oblast
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rozliSeni oka (Hess, Dakin & Kapoor, 2000; Levi, Klein & Hariharan, 2002).
Dusledkem mély byt jevy, které ale nebyly pozorovanim potvrzeny, jako napf.
specificky prubeh zdvislosti CI na separaci kontur nebo zdvislost rozsahu interakce na
velikosti znaku, viz napt. (Danilova & Bondarko, 2007; Liu, 2001b). Naopak se
ukazuje, Ze rozsah CI je pro dané misto zorného pole, resp. odpovidajici oblast sitnice,
konstantni a pii vhodné volbé metody méteni vzdalenosti flankerti od pozorovaného
znaku (tzv. metriky, viz podkapitola 1.1) nezavisly na velikosti znaki, a to jak pii
centrdlnim (fovedlnim) vidéni (Danilova & Bondarko, 2007; Siderov, Waugh & Bedell,
2013), tak v periferii (Simunovic & Calver, 2004). Nezavislost rozsahu na velikosti
znaku byla potvrzena i pro periferni CW (Chung, Levi & Legge, 2001; Hariharah, Levi
& Kilein, 2005; Pelli, Palomares & Majaj, 2004; Tripahty & Cavanagh, 2002). Rozsah
obou jevu tedy zfejm¢ predstavuje charakteristiku dané oblasti sitnice. Soucasné se
zvétSuje s rostouci vzdalenosti stimulu od stfedu zorného pole (tj. sjeho rostouci
excentricitou) (Bouma, 1970; Wolford & Chambers, 1984; Levi, Hariharan & Klein,
2002), coz odpovida povaze interakci mezi neurony piislusnych ¢asti zrakové dréhy.
Neurdlni teorie CI a CW vychdzi ze stavby a struktury zrakové drahy (nervové
drdhy vedouci zrakovy signdl z o¢i do mozku) (Tunnacliffe, 1993; Remington, 2012),
pfedev§im pak =z vlastnosti tzv. receptivnich poli jejich bunék. Receptivni pole
predstavuje oblast sitnice (vnitini vrstvy oka, kterd detekuje svétlo), ze které konkrétni
buiika zrakové drahy pfijimé informace (Tunnacliffe, 1993; Remington, 2012). Zrakova
drdha zacind sitnicovymi fotoreceptory (Cipky a tyCinkami), ze kterych se dopadem
svétla vytvoreny nervovy vzruch §ifi v rdmci sitnice pres bipolarni buniky na gangliové
buniky, odkud je veden prostfednictvim jejich axoni ve form¢ zrakového nervu ven
zoka do tzv. chiasmatu. Zde dochdzi k ptekiizeni nazdlnich vldken (tj. vldken od
neurontl umisténych v té poloving sitnice, kterd je bliZze nosu; jedna se asi o 60 % vSech
vldken). Nové seskupend vldkna dale pokracuji ve formé levého a pravého optického
traktu do tzv. zevniho kolinkového télesa, kde je signdl preveden na dal$i bunky, jejichz
axony, oznacované jako zrakova radiace, vedou az do korového zrakového centra
tylniho laloku mozku. Nejmens$i receptivni pole maji fotoreceptory, builky uloZené
hloubéji ve zrakové draze maji receptivni pole vétsi, coZ je zpisobeno jeji konvergentni
strukturou bliZe popsanou napt. v (Tunnacliffe, 1993). Jedna bipoldrni buiika totiZ mtze
byt napojena bud’ na jeden (obvykle v centru sitnice — ve fovee), nebo nékolik (v
periferii) ¢ipkt, pfipadné aZ na nékolik desitek tyCinek. Obdobné gangliové buiika muze

byt propojena na jednu nebo vice bipoldrnich bunék. Jednotlivé bipolarni, popf.
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gangliové bunky jsou mezi sebou navic propojeny horizontdlnimi a amakrinnimi
bunikami. Podobnou konvergentni strukturu Ize pozorovat v celé zrakové draze, pficemz
dochdzi k tvorbé slozenych receptivnich poli s riiznou vnitini strukturou umoziujici
detekci hran, pohybu, prostorovych frekvenci atd. Pridvé kombinace signdli (tzv.
pooling) od obrazl flankerti a pozorovaného znaku v rdmci receptivnich poli je zejména
pfi perifernim vidéni povazovéna za prfi¢inu CI a CW (Dakin et al., 2010; Freeman,
Chakravarthi & Pelli, 2012; Greenwood, Bex & Dakin, 2009, 2010; Hanus & Vul,
zahrnuje CI a dal$i faktory, jako jsou fixacni pohyby o¢i a pozornost (Flom, 1991;
Freeman, Chakravarthi & Pelli, 2012; Hanus & Vul, 2013), diky kterym muize byt
centrdlni znak dokonce piimo zaménén za flanker. Ve fovedlni oblasti byva fadou
autorti za moZnou piicinu interakce flankert s pozorovanym znakem povazovéna tzv.
antagonistickd struktura receptivnich poli, viz napf. (Flom, Weymouth & Kahneman,
1963; Latham & Whitaker, 1996; Wolford & Chamber, 1984), patrnd napt. u
bipolarnich ¢i gangliovych bunék. Jejich receptivni pole jsou koncentrickd, pfi¢emz
stimulace jejich okrajové ¢asti ma na danou builku opacny (antagonisticky) vliv nez
stimulace stfedu. Typicky napft. pti podrdzdéni stfedu receptivniho pole ptislusné burka
zvySuje svoji aktivitu oproti stavu bez stimulu, zatimco pfi podraZdéni okraje svoji
aktivitu tlumi. Potom flanker zobrazeny v okrajové (inhibi¢ni) ¢asti receptivniho pole
muze pusobit dtlum bunky a tim negativné ovliviluje vjem signdlu ze stfedové Casti

receptivniho pole a dochazi k CI nebo CW.

Nésledujici text poskytuje vysledky provedenych experimentii, na kterych jsem
se podilel, zaméfenych na studium a objasnéni mechanismi pisobeni flankerd.
Vzhledem k tomu, Ze CI je povazovdna za jednodussi jev nez CW, byla pozornost
zamcfena predevSim na CI. Konkrétn€ se jednalo o sledovdni zmén navozenych
poklesem jasu s cilem potvrdit zapojeni antagonistického chovani receptivnich poli do
mechanismu CI. Zavislost na jasu byla téZ analyzovdna v piipadé fovedlntho CW
zejména s ohledem na jeho mozné klinické dopady. Déle byly experimenty cileny na
hodnoceni vlivu kontrastu a velikosti flankeri na CI a na objasnéni specifického
chovani CI pii velmi malych separacich flankerti. Vysledky provedeného vyzkumu jsou

shrnuty v publikacich A1 — A5 (Bedell et al., 2013; Musilova et al., 2018; Pluhacek &
Siderov, 2018; Bedell, Siderov & Pluhacek, 2019; Siderov, Pluhacek & Bedell, 2020).
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Vsechny tyto clanky vznikly jako vysledek mezindrodni spoluprice pracovist
Univerzity Palackého v Olomouci (Olomouc, Ceska republika; UP), Anglia Ruskin
University (Cambridge, UK; ARU) a University of Houston (Houston, USA; UH).

1.1 Pouzité metody studia konturové interakce a crowdingu

V experimentech provedenych vrdmci ptiloZzenych publikaci byly pro
hodnoceni zrakového vykonu a jeho zmén vyvolanych flankery vyuZzity dva obvyklé
parametry, a to uspéSnost identifikace pozorovaného znaku a rozliSovaci zrakova
ostrost. Dal$im moZnym dopliikovym ndstrojem miZe byt napf. zdznam a vyhodnoceni
tzv. zaménnych matic poskytujici informace o konkrétnich zdménach pozorovanych

znaku.

V piipad¢ publikaci Al (Bedell et al., 2013), A2 (Musilova et al., 2018), A4
(Bedell, Siderov & Pluhacek, 2019) a A5 (Siderov, Pluhidcek & Bedell, 2020)
zaméfenych na CI byl jeji efekt hodnocen na zdklad€ dspéSnosti rozpoznani znaku
symetricky obklopeného konturami (obr. 1 vlevo). Usp&$nost byla sledovédna
v zéavislosti na vzdalenosti (separaci) flankert od centrdlniho znaku, viz napt. (Danilova
& Bondarko, 2007; Siderov, Waugh & Bedell, 2013). Pfi tomto postupu je pozorovany
znak pro dil¢i prezentaci ndhodné vybréan z dané skupiny znakl (konkrétné se jednalo o
pismena podle Sloanové, viz niZe), pfiCemZ testovand osoba se jej snazi spravné
identifikovat. V pfipad¢, Ze testovand osoba neni schopna znak vibec rozpoznat, musi
hadat. Teoretickd dolni mez uspéSnosti se tak pohybuje na trovni pravdépodobnosti
uhodnuti jednoho znaku ze skupiny. Usp&snost identifikace (ve formé relativni Getnosti
spravnych odpovédi) je stanovena na zdkladé dostatecného mnozstvi (v priloZenych
studiich to bylo vZdy minimdlné 100) dil¢ich prezentaci stimulu. Mimo zmén separace
flanker miZe byt méteni CI nebo CW dle konkrétniho dcelu doplnéno sledovanim
vlivu dalSich podminek jako jas, kontrast, velikost flankerti atd., viz napt. (Siderov,
Waugh & Bedell, 2013; Kooi et al., 1994; Rashal & Yeshurun, 2014; Siderov, Waugh
& Bedell, 2014).
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Obr. 1 Priklad stimul pouZitych v pfiloZenych publikacich pro studium CI (vlevo) a CW (vpravo); u
kaZzdého stimulu je vyznacena separace s méfend ,,od hrany k hran&“. Velikost separace na obrdzku
odpovidd 100 % velikosti pismene. Zména velikosti mezi fddky u stimulu pro CW odpovidd 0,05
logMAR. Pouzita pismena jsou ze sady podle Sloanové.

Dale je mozné vliv CI nebo CW sledovat pomoci zmén tzv. rozliSovaci zrakové
ostrosti. Tato metoda byla vyuZita v publikaci A3 (Pluhdcek a Siderov, 2018) hodnotici
klinicky dopad CW. RozliSovaci zrakova ostrost (dédle jen zrakova ostrost) je Ciselné
charakterizovand miniméalnim dhlovym rozliSenim oka (angl. minimal angle resolution,
MAR), které predstavuje nejmensi thlovou vzdalenost dvou bodd, pii které jsou od sebe
jeste jako dva body zrakovym systémem rozliSeny (Norton, Corliss & Bailey, 2002).
Vzhledem k nelinearité lidského zrakového vnimani, popsané tzv. Weber-Fechnerovym
psychofyzikdlnim zdkonem (Tunnacliffe, 1993), je vhodnéj$im parametrem logaritmus
minimdlniho dhlového rozliSeni logMAR. Klinické méfeni zrakové ostrosti je z diivodu
zjednoduSeni komunikace s testovanou osobou obvykle zalozeno na identifikaci
znadmych znakidl (pismen, Cisel, obrdzkd atp.). Piikladem jsou napf. niZe popsand
pismena podle Sloanové nebo Landoltovy prstence. Vychazi se z piredpokladu, Ze pro
spravné rozpoznani znaku je nutné rozliSit jeho detail. Pfitom znaky dané velikosti jsou
povazovany za rozpoznané, jsou-li sprdvné identifikovany s dohodnutou
pravdépodobnosti (typicky 60 %). Pti klinickém méfeni centrdlni zrakové ostrosti jsou
obvykle uspotddany do fadkl umisténych pod sebou. Mezi jednotlivymi znaky na fadku
i mezi fadky tak mize dochazet k CW, ktery zkresluje vysledek testu. Velikost znakli na
fadku je stejnd, ale méni se mezi fadky. Konstrukci modernich testli navrhli Bailey &
Lovie (1976). Ta predpoklddd stejny pocet znakll na kazdém tadku. Rozestup mezi
znaky na faddku odpovida konkrétnimu ndsobku S$itky znaku, rozestup mezi dvéma
radky stejnému ndsobku vySky mensiho z fadka. Typicky je tento ndsobek roven jedné,
coz by mélo byt pfi normdlnim centrdlnim vidéni za béZnych dennich podminek
dostate¢né pro eliminaci CW (Tunnacliffe, 1993). Z velikosti detailu znakt posledniho
precteného fadku je pak stanoveno MAR, resp. logMAR. Piitom fadek je povazovan za

precteny, je-li na ném spravné rozliSeno 60 % znakl. Rozdil ve velikosti znakii mezi
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kazdymi dvéma po sobé jdoucimi fddky odpovidd konstantni zméné¢ A logMAR. Pfi
obvyklém poctu péti znakid na fadku 1ze kazdému z nich ptifadit zménu zrakové ostrosti
A/S logMAR. Pii vySetfeni zrakové ostrosti je tedy mozné vychdzet nejen z velikosti
posledniho precteného tadku, ale ptislusSnou celofrddkovou hodnotu logMAR lze upiesnit
s ohledem na konkrétni pocet znaki ptectenych na tomto tadku, popi. na tadku
nasledujicim ¢i pfedchozim (jednd se o tzv. interpolacni metodu). Piikladem takového
testu je v klinické i vyzkumné oblasti pouzivany ETDRS test (z angl. early treatment
diabetic retinopathy study) (Ferris et al., 1982), ktery pracuje se sadou pismen podle
Sloanové. Na kazdém tadku testu je pét navzdjem rtiznych znakii a velikost fadki se
meéni s krokem 0,1 logMAR. Ve studii A3 (Pluhdcek & Siderov, 2018) byl pouzit
podobny test, ale s menSim krokem (A logMAR = 0,05) ve velikosti fadka a s

meénitelnym koeficientem separace znakl a fadkd, viz obr. 1 vpravo.

Ridéeji vyuZivanym néstrojem, ktery miZe doplnit vy$e uvedené moZnosti
sledovani CI a CW, je zdznam a analyza zdménnych matic. Do téchto matic se
zaznamenava absolutni nebo relativni Cetnost vzdjemnych zdmén jednotlivych znaka.
Radky odpovidaji prezentovanym znakiim, sloupce oznaduji odpovédi testované osoby.
Bunka matice lezici na pruseciku daného tadku a sloupce uvadi Cetnost, se kterou je
prezentovany znak piislusného fadku identifikovan jako znak odpovidajici danému
sloupci. Zaménné matice jsou pro podporu zjiSténych tvrzeni pouzity ve studii Al

(Bedell et al., 2013).

Mezi znaky obvykle vyuZzivané pii studiu CI a CW patii riizné typy pismen nebo
tzv. Landoltovy prstence (pismeno C vepsané do rastru 5x5 a prezentované ve Ctyfech
riznych pozicich). Ddle se muZe jednat o specidlni znaky v podobé miiZky s rizné
modulovanou amplitudou (Levi, Hariharan & Klein, 2002; Levi, Klein & Hariharan,
2002) atd. Ve vSech piiloZenych studiich A1 — A5 (Bedell et al., 2013; Musilov4 et al.,
2018; Pluhacek & Siderov, 2018; Bedell, Siderov & Pluhacek, 2019; Siderov, Pluhacek
& Bedell, 2020) jsou jako pozorované znaky pouZita tzv. pismena podle Sloanové
(Sloan, 1959). Jednd se o sadu deseti pismen (C D H K N O R SV Z) vepsanych do
rastru 5x5, pfiCemz Sitka Cary pismene (detail) odpovida 1/5 vySky znaku. Dulezitym
parametrem znaktl a pfipadn¢ kontur je téZ kontrast. Obvykle se pouZziva tzv. Webertv
kontrast, definovany jako podil rozdilu jasu znaku Lznak a pozadi Lpozadr ku jasu pozadi,
Cw = (Lznak - Lpozadi)/Lpozadi. Zaporné znaménko tohoto parametru udava, ze jas pozadi je

oproti jasu znaktl vyssi.
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Podstatnou roli pfi sledovani vlivu flankerii hraje metrika pouZitd pro vyjadreni
jejich vzdalenosti od pozorovaného znaku. BéZné je tato vzdédlenost métena bud’to od
navzdjem piilehlych okrajii znakt ¢i kontur (napt. Siderov, Waugh & Bedell, 2013;
Siderov, Waugh & Bedell, 2014; Flom, Weymouth & Kahneman, 1963; Danilova &
Bondarko, 2007), zkracené ,,0d hrany k hran¢* (angl. edge-to-edge, viz obr. 1), nebo od
sttedu znaku ke stfedu flankeru (napf. Bouma, 1970; Toet & Levi, 1992; Tripathy &
Cavanagh, 2002), zkracen¢ ,,od stiredu ke stfedu* (angl. center-to-center). V obou
piipadech muze byt separace uvazovana jako relativni, uvedend v procentech velikosti
znaku, nebo absolutni, tj. urend v thlové mife (obvykle v thlovych minutich).
Z vysledki studif (Tripahty & Cavanagh, 2002; Simunovic & Calver, 2004) vyplyva, Ze
rozsah vlivu flankerti je pii vhodné zvolené metrice nezavisly na velikosti znaku, coz
muze poukazovat na souvislost metriky s mechanismem daného jevu. Zatimco u
periferntho CW se rozsah prakticky neméni pfi separaci ,,od sttedu ke stfedu®, u
periferni CI zastdva konstantni pfi separaci ,,0d hrany k hrané¢““. Mechanismy obou jevl
v periferii se tak pravdépodobné¢ 1isi, na coz poukazuji napft. i data studie (Marten-Ellis
& Bedell, 2015). Naopak ve fovee jsou si oba jevy z tohoto hlediska velmi podobné
(Norgett & Siderov, 2014; Danilova & Bondarko, 2007; Marten-Ellis & Bedell, 2015).
V ptipadé fovedlni (Siderov, Waugh & Bedell, 2013; Siderov, Waugh & Bedell, 2014;
Flom, Weymouth & Kahneman, 1963; Danilova & Bondarko, 2007) i periferni
(Simunovic & Calver, 2004) CI a fovedlniho CW (Norgett & Siderov, 2014; Danilova
& Bondarko, 2007; Marten-Ellis & Bedell, 2015) se tedy obvykle uvazuje vzdalenost
flankerti méfend ,,od hrany k hrané®, naopak u periferntho CW se nej¢asté&ji urcuje ,,od
sttedu ke stfedu* (Bouma, 1970; Toet & Levi, 1992; Tripathy & Cavanagh, 2002).
Protoze vSechny studie zatfazené do této prace sleduji CI nebo fovedlni CW, je ve vSech
piipadech pouzito méfeni vzdalenosti flankerti od pozorovaného znaku metodou ,,0d

hrany k hrané*.

Zrakové stimuly ve vSech popisovanych studiich byly promitdny na LCD
monitoru. Pro tento ucel jsem vytvoril specidlni programy, které byly vyuzity
v experimentech publikovanych v pracech A2 — A5 (Musilova et al., 2018; Pluhdcek &
Siderov, 2018; Bedell, Siderov & Pluhacek, 2019; Siderov, Pluhacek & Bedell, 2020).
V praci Al (Bedel et al., 2013) byl pouzit komer¢n¢ dostupny program pro projekci
optotypu.
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1.2 Vliv jasu na konturovou interakci a crowding

Zména jasovych podminek ma vyrazny vliv na zrak. Zatimco pii vysokych
(dennich, fotopickych) jasech nad 10° cd/m? funguji pouze &ipky, pfi nizkych (no¢nich,
skotopickych) hodnotich pod 102 cd/m? jsou funkéni prakticky jen tycinky
(Tunnacliffe, 1993). V oblasti jasti od 10° cd/m? do 10 cd/m? (za tzv. mezopického
vidéni) jsou Caste¢né funkCni oba typy fotoreceptori — jedny se postupné utlumuji,
druhé aktivuji. Po vhodné adaptaci je oko schopno vnimat jasy jiz od 10° cd/m2.
Zatimco adaptace na svétlo probihd rychle, fddové v sekunddch ¢i desitkach sekund,
k maximélni adaptaci na tmu dojde aZz za asi 50 min. Vzhledem k rozlozeni
fotoreceptorti (Cipky se vyskytuji predevSim v centrdlni oblasti sitnice a smérem
k periferii jejich hustota rychle klesd, naopak tyCinky jsou pouze v periferii) a jejich
propojeni na dal$i neurony zrakové drdhy centrdlni zrakovd ostrost za mezopickych
podminek s jasem postupné¢ klesd (Johnson & Casson, 1995; Lin, Ng & Nguyen, 2015;
Bedell, 1987; Simpson, Barbeito & Bedell, 1986). Pii skotopickych jasech, kdy jsou
Cipky neaktivni, je funkCni pouze periferni vidéni, ovSem s nizkou rozliSovaci

schopnosti, a v centralni ¢asti zorného pole vznika slepa oblast (Tunnacliffe, 1993).

Vétsina stavajicich studii se zabyvala CI nebo CW za vysokého (fotopického)
jasu, ale jen minimum praci se zamé&filo na jejich sledovéani za mezopickych (Matteucci,
Maraini & Peralta, 1963; Takahashi, 1968) nebo skotopickych (Simunovic & Calver,
2004) podminek. Takahashi (1968) pozorovala v ptipadé¢ normadlnich jedinci, Ze pii
piechodu z fotopického jasu k mezopickému se snizi magnituda u fovedlni CI, avSak
rozsah ziistdvd zachovan. Podobné chovani magnitudy uddvad i studie (Matteucci,
Maraini & Peralta, 1963) v ptipadé CW u amblyopickych o¢i. Simunovic & Calver
(2004) se zaméfili na periferni CI (pii excentricité 10°) za skotopického vidéni, pri¢emz
pozorovanym centralnim znakem byl Landoltiiv prstenec. Zjistili, Ze rozsah CI ma za

téchto podminek konstantni velikost (v priméru asi 12") nezdvislou na velikosti znaku.

Naznacené, jasem navozené, oslabeni interakce flankerti s pozorovanym znakem
vykazuje analogii s chovanim antagonistickych interakci v rdmci receptivnich poli
bunék zrakové drahy (Danilova & Bondarko, 2007; Flom, Weymouth, & Kahneman,
1963; Latham & Whitaker, 1996; Wolford & Chambers, 1984). Bylo prokdzano, Ze
s klesajicim jasem se antagonismus v receptivnich polich vytraci (Kaplan, Marcus &

So, 1979; Ramoa, Freeman & Macy, 1985; Virsu, Lee & Creutzfeldt, 1977; Wrdébel,
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1981). Tato souvislost podporuje vySe zminéné objasnéni CI a CW na zdkladé
inhibi¢niho charakteru okrajové casti receptivniho pole. Vzhledem k velmi malému
poctu studii provedenych za nizkych jasi, pficemz pouze jedna znich zahrnovala
skotopicky jas, je studium chovani CI a CW za nizkych jast stdle aktudlni. Navic
predeslé clanky neposkytuji pfimé srovndni CI nebo CW za fotopickych, mezopickych
a skotopickych podminek. Napt. Simunovic & Calver (2004) srovndvaji vlastni
skotopicka data CI s fotopickymi daty jinych studii, které jsou ale zaméfeny na CW.
Z ptedchoziho také vyplyva, Ze podrobny popis chovani CI a CW pii zménach jasu
hodnoceny s ohledem na zndmé vlastnosti receptivnich poli miZe pfispét k objasnéni

jejich mechanismi.

1.2.1 Fovealni konturova interakce za riaznych jasu [A1]

V ndvaznosti na vySe uvedené znalosti chovani CI za rGznych jasi byla
provedena studie Al (Bedell et al., 2013), jejimZ cilem bylo srovnani CI za fotopického
jasu a pii raznych drovnich jasu mezopického. Cely experiment byl proveden v ramci

mezindrodni spoluprace soucasné na dvou pracovistich, a to na ARU a UP.

Do studie bylo zahrnuto 5 osob na ARU a 5 osob na UP s normdlni naturdlni
(popt. korigovanou) zrakovou ostrosti bez o¢nich patologii. Méteni prob&hlo vZdy na
jednom oku, a to s pfirozenou zornici (ARU) nebo pies kruhovou clonu o velikosti 2,5
mm (UP). Zikladnim sledovanym parametrem byla dspéSnost identifikace fovedlné
pozorovaného pismene, ndhodné vybraného ze sady podle Sloanové, v zdvislosti na
separaci Ctyf kolem néj symetricky rozmisténych kontur. Separace byla méfena ,,0od
hrany k hrané¢* v dhlovych minutich. Velikost pismene byla u kazdého jedince a pro
dany jas volena tak, aby bez kontur bylo spridvné urceno s pfiblizné¢ 80%
pravdépodobnosti. Délka kontur byla rovna velikosti pismene a Sitka jeji 1/5. Webertv
kontrast pismene i kontur byl stejny, a to -89 %. Experiment probihal na kazdém
pracovisti pro Ctyfi rizné jasy stimulu. Jas byl ménén pomoci neutrdlnich optickych
filtr predrazenych pied oko ve specidlnich odstinénych brylich. Méfeni pii nejnizSim
jasu piedchézela alesponi 10minutovd adaptace. U daného subjektu byly pii vSech
jasovych podminkdch voleny stejné separace kontur a pismene. Pouzité jasy a primérné

hodnoty vSech podstatnych parametrii uvadi tab. 1. Ke statistickému vyhodnoceni dat
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byla pouzita analyza rozptylu pro opakovand meéfeni na hladiné¢ vyznamnosti 0,05.
Vzhledem k odliSnym podminkdm byly vysledky z obou laboratofi vyhodnocovany

samostatné¢. Podrobnd metodika je uvedena v pfilozené publikaci Al (Bedell et al.,

2013).

Tab. 1 Primérnd velikost pismen a maximdlni a minimdlni separace (uvazované jako primeér pies
hodnoty vSech testovanych osob na daném pracovisti) pro jednotlivé jasy a excentricity. Vytvoieno
podle Al (Bedell et al., 2013).

ARU Up

Fotopické jasy  Mezopické jasy  Fotopické jasy = Mezopické jasy
Jas (cd/m?) 108 12,1 0,82 0,09 195 19,7 1,46 0,21
Primérnd velikost 45 | 54 | 91 | 145 | 32 | 32 | 46 | 110
pismen (')
Minimadln{ separace
(% velikosti pismene)
Maximaln{ separace
(% velikosti pismene)

10 8 5 3 10 10 7 3

100 83 50 31 100 100 69 29
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Obr. 2 Primérné hodnoty relativni Cetnosti tspéSné identifikace pismen stanovené na ARU (vlevo) a
UP (vpravo) v zavislosti na separaci kontur pro Ctyfi testované jasy. Chybové tuseCky predstavuji
dvojnésobek stfedni chyby priméru. Vytvoreno podle Al (Bedell et al., 2013).

Stézejnim vysledkem naseho experimentu bylo zjisténi, Ze rozsah fovedlni CI je
za raznych drovnich jasu pii separaci ,,0d hrany k hrané*, méfené v tihlovych minutach,
pfiblizné konstantni, a to asi 3’ az 4,5', zatimco jeji magnituda postupné klesa
s klesajicim jasem. Ziskand vyslednd data tspéSnosti identifikace centralniho znaku jsou
ve form¢ prumérnych hodnot a jejich stfednich chyb prezentovana na obr. 2.

OdlisSnym udrovnim jasu odpovidaly rizné velikosti pozorovaného pismene.
Z nezdavislosti rozsahu na jasu tedy vyplyvd i jeho nezdvislost na velikosti pouZitych
pismen. Toto zjisténi je v souladu se zavéry piedeslych fovedlnich studii (Danilova &

Bondarko, 2007; Siderov, Waugh & Bedell, 2013). Napt. Siderov, Waugh, & Bedell
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(2013) uvadi stabilni rozsah (pfiblizné 3’ az 5') pfi zméné velikosti centrdlniho znaku
vlivem poklesu kontrastu. CI se tedy projevuje v pevné dané oblasti kolem
pozorovaného znaku bez ohledu na jeho velikost.

Oproti rozsahu se magnituda foveédlni CI s jasem vyrazné¢ méni, jak bylo téz
pozorovano ve studiich (Matteucci, Maraini & Peralta, 1963; Takahashi, 1968).
MozZnym vysvétlenim by mohla byt souvislost se zménou zrakové ostrosti, ktera s jasem
klesa. Tuto variantu ale vyvraci Siderov, Waugh & Bedell (2013), ktefi pozorovali
neménnou magnitudu CI pfi poklesu zrakové ostrosti (navozené poklesem kontrastu).
Vysvétleni pozorovanych zmén magnitudy je tedy piimo dané zménou jasu a jeho
pfiCinu je nutné hledat v mechanismu CI. Jak jiZ bylo uvedeno, existuje n€kolik teorii
Cl. Tzv. fyzikdlni teorie CI, zaloZend na zméné prostorovych frekvenci v obrazu
stimulu zptsobené piitomnosti flankeri (Hess, Dakin & Kapoor, 2000; Hess et al.,
2000; Levi, Klein & Hariharan, 2002) a predikujici zdvislost rozsahu CI na velikosti
znaku, se nepotvrdila ani fovedln¢ (Danilova & Bondarko, 2007; Siderov, Waugh &
Bedell, 2013), ani periferné¢ (Pelli, Palomares & Majaj, 2004; Simunovic & Calver,
2004; Tripathy & Cavanagh, 2002). Dalsi mozné vysvétleni (uvaZzované primarné pro
necentralni zrakové stimuly) vychdzejici z pfifazeni kontur k pozorovanému znaku
(Dakin et al., 2010; Freeman, Chakravarthi & Pelli, 2012; Greenwood, Bex & Dakin,
2009, 2010) nebo obriacené (Zhang et al., 2012) neposkytuje logicky ditvod poklesu
magnitudy s jasem. Jiné objasnéni nabizi teorie uvazujici vliv antagonistické struktury
receptivnich poli. Na zdklad¢ prokdzané ptitomnosti CI u dichoptického zobrazeni
stimulu, kdy jsou kontury zobrazeny jednomu oku a pozorovany znak soucasné
druhému oku (Flom, Heath & Takashi, 1963; Kooi et al., 1994), se predpokladd, Ze
pricina CI lezi v mistech zrakové drahy, kde se misi signdl z obou oci, tj. v zevnim
kolinkovém télese nebo v korovych cCastech zrakové drahy. Jak u receptivnich poli
zevniho kolinkového télesa (Kaplan, Marcus & So, 1979; Virsu, Lee & Creutzfeldt,
1977), tak v piipad¢ kortikalnich receptivnich poli (Ramoa, Freeman & Macy, 1985)
bylo pozorovano vymizeni zminéného antagonismus pii poklesu jasu. Pokud je tedy
tento antagonismus stézejni pfi¢inou fovedlni CI, jeho redukce mulZe souviset
s markantnim oslabenim CI za nizkych jast. Ostatni vlastnosti receptivnich poli se v§ak
s jasem vyrazn¢ neméni (Bisti et al., 1977; Duffy & Hubel, 2007; Wiesel & Hubel,
1966), coz koresponduje s pfiblizné konstantnim rozsahem CI. Pro podporu uvedenych
tvrzeni byly v piipad¢ izolovaného znaku a pro druhou nejmensi testovanou separaci (v

priméru 0,8"), kdy byla CI vpriméru nejsilnéjsi, vyhotoveny u maximdalniho
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fotopického a minimalniho mezopického jasu zaménné matice, viz obr. 3. Je patrné, ze
matice ziskané pro izolovany znak pii obou jasovych podminkich jsou si podobné.
Oproti tomu u matice pro stimul s konturami pii maximalnim jasu jsou piitomny
zameény, které se bez kontur nevyskytuji a mohou byt dasledkem interakce kontur a
centrdlniho pismene (napft. odpoveéd’ ,,O* pii prezentaci pismene R, ,,Z* pfi prezentaci O
a ,,V“ pfi prezentaci D). Matice pro stimul s konturami pfi minimélnim jasu se zda byt

pfechodem mezi matici s konturami pii maximdlnim jasu a maticemi pro izolovany

znak.
Odpoved Odpoved
Maximalni jas, bez flanert Maximalni jas, separace 0,8 thlovych minut
C D H K N [¢] R S \ Z C D H K N [¢] R S \Y Z
C 10,92 0,01 0,04 0,03 C1041]0,19 003 006 002 009 005 006 0,02 0,09
D | 0,02 | 0,81 0,01 0,12 0,02 0,02 D | 0,30 | 0,06 ] 0,04 0,07 0,04 034 005 002 002 0,05
fg H 0,87 1 0,01 0,09 0,02 H | 0,03 0,04]0,52 0,12 0,12 0,06 0,02 0,03 0,05
o K 0,01 1 0,89]0,01 0,01 0,01 0,01 0,05 K 0,07 0,10 0,05]045]004 002 0,13 0,08 0,01 0,05
5 N 0,11 1 0,03 | 0,85 0,01 N 002 0,09 029 0,04]0,19]0,12 008 0,10 0,06 0,02
.g 010,08 0,08 0,01 | 0,80 | 0,01 0,02 0016 0,12 0,05 0,08 0,03]0,15]0,14 008 006 0,12
E R 0,02 0,02 0,15 0,76 | 0,05 R]0,05 003 022 007 0,13 0,05]021]0,17 0,05 0,01
& S 1002 010 0,05 0,04 | 0,69 0,09 S 1005 0,08 0,11 0,05 002 0,08 0,16]0,29]0,09 0,05
v 1,00 V1002 0,10 003 0,09 0,08 0,08 0,01 | 0,51 | 0,07
4 0,01 0,01 0,01 0,01 0,01 | 0,95 721001 006 004 003 004 003 002 0,09 0,03]0,63
Minimalni jas, bez flankeri Minimdlni jas, separace 0,8 ihlovych minut
C D H K N (6] R S \ Z C D H K N [¢] R S \Y Z
C 0,82 0,04 0,07 0,02 0,03 0,02 Cc|051]0,10 001 004 005 0,19 001 005 0,01 0,03
D | 0,04 | 0,73 | 0,01 0,02 0,17 0,03 D | 0,17 | 0,40 ] 0,01 0,02 0,28 0,04 0,02 0,05
*g‘ H 0,83 10,03 0,13 H 0,76 | 0,04 0,11 0,03 0,03 0,01 0,03
o K001 0,88 | 0,04 0,02 0,01 0,02 0,02 K] 0,08 0,01 0,71 1 0,08 0,01 0,06 0,02 0,03
§ N 0,01 0,02 ] 0,92 0,02 0,01 0,02 N 0,07 0,05]0,74]0,01 0,05 0,03 0,02 0,03
% 00,12 0,15 0,69 0,03 0022 0,16 0,02 0,02 0,03]0,38 0,03 0,05 0,08
E R 0,06 0,04 0,12 0,71 10,05 0,01 0,02 R 0,02 0,14 0,11 0,17 0,01 0,36]0,13 0,04 0,02
A& S 1001 0,03 0,01 0,07 0,02 0,05]0,79 0,01 0,01 S 1011 009 003 004 006 0,08 0,07]046]0,02 0,04
\ 0,01 0,99 \Y 0,02 0,06 0,06 0,03 0,06 0,71 | 0,04
4 0,01 0,03 0,01 | 0,95 71001 001 001 001 001 0,02 0,02 0,01 0,9
Barevnad stupnice
Zadna zdména
(0,00; 0,05)
(0,05;0,10)
(0,10;0,20)
(0,20;0,30)
(0,30; 0,40)

Obr.3 Zaménné matice reprezentujici pravdépodobnost zdmén jednotlivych znakll bez piitomnosti
kontur (vlevo) a pfi jejich primérné separaci 0,8’ (vpravo) za fotopickych (nahofe) a mezopickych (dole)
podminek. Matice vznikly zprimérovanim dat vSech testovanych osob na obou pracovistich. Diagonalni
buiiky obsahuji sprdvné odpovédi, ostatni buiiky reprezentuji chybné zdmény a jsou barevné skdlovany
podle jejich Cetnosti. Prdzdné buniky odpovidaji nerealizovanym zdmé&ndm. Vytvofeno podle Al (Bedell
et al., 2013).
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1.2.2 Konturova interakce za fotopickych a skotopickych podminek [A2]

Zatimco predchozi prace Al (Bedell et al., 2013) podpofila teorii, podle které u
fovedlniho vidéni kontury stimuluji inhibi¢ni okrajové Casti receptivnich poli a tlumi tak
vjem pozorovaného znaku, periferni CI se obvykle vysvétluje misenim ¢i kombinaci
obrazu kontur a sledovaného znaku (Dakin et al., 2010; Freeman, Chakravarthi & Pelli,
2012; Greenwood, Bex & Dakin, 2009, 2010; Zhang et al., 2012) uvniti receptivnich
poli. Ani v tomto piipad¢ vSak nelze vyloucit vliv neurdlnich antagonistickych struktur,
ktery by se ovSem 1 v tomto pfipadé m¢l, obdobné jako ve fovee, projevit poklesem
magnitudy. Zadn4 ze stavajicich studif viak neposkytuje piimé srovnani CI za odlignych
jasovych podminek. Dosud jedind prace zabyvajici se CI za skotopickych podminek
(Simunovic & Calver, 2004) uvadi, zZe rozsah skotopické CI je vyrazné nizsi neZ jeji
fotopicky rozsah, pfi¢emZz tuto zménu autoii pfisoudili adaptacnim mechanismim.
Pokles rozsahu CI s jasem se ale vzhledem k vlastnostem receptivnich poli jevi jako
nelogicky. Cilem experimentu opublikovaného v piiloZzené praci A2 (Musilova et al.,
2018) bylo systematické sledovani periferni konturové interakce za vyrazné odliSnych
jasovych trovni v riznych mistech zorného pole. Experiment probihal soucasn¢ na

dvou pracovistich, a to na UP a UH.

Tab.2 Pramérna velikost pismen a maximdlni a minimalni separace (uvaZované jako prameér
z maximdlnich a minimdlnich separaci vSech testovanych osob na daném pracovisti) pro jednotlivé
testované jasy a excentricity na UP (nahote) a UH (dole). Na UP byl periferni stimul prezentovdn nazalné
ana UH dole od stfedu zorného pole. Vytvofeno podle A2 (Musilova et al., 2018).

UP Fotopicky jas Mezopicky jas Skotopické jasy

Jas (cd/m?) 208 0,150 0,0014 0,00026
Excentricita (°) 0 6 12 0 6 12 6 12 6 12
Primémd velikost 38 | 128 | 240 | 162 | 183 | 284 | 67.6 | 67.6 | — |122.1
pismen (')

Minim4ln{ separace

(% velikosti pismene) 10 10 10 3 7 ? 10 10 T 6
Maximdlni separace 100 | 200 | 200 | 24 | 146 | 172 | 200 | 200 | — | 112
(% velikosti pismene)

UH Fotopicky jas Mezopicky jas Skotopické jasy

Jas (cd/m?) 200 0,5 0,008 0,00036
Excentricita (°) 0 5 10 0 5 10 5 10 5 10

Priimérna velikost
pismen (')

Minimadln{ separace
(% velikosti pismene)
Maximalni{ separace
(% velikosti pismene)

36 | 21,2 30,1 | 81 | 250 | 30,1 | 42,2 | 44,0 | 80,1 | 87,0

10 10 10 5 9 10 10 10 5 5

100 | 200 | 200 | 45 169 | 200 | 200 | 200 88 101
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V ramci studie bylo testovdno 5 osob na UP a 4 na UH s normdlni naturdlni
(popt. korigovanou) zrakovou ostrosti bez o¢nich patologii. Méteni prob&hlo vZdy na
jednom oku, a to pfes horizontdlné umisténou clonu tvaru kapky (18 mm x 12 mm;
stimul byl pozorovan pres $irsi Cast clony) s ¢asovym omezenim prezentace stimulu na
2 s (UP), nebo ptes kruhovou clonu o priméru 3 mm a bez ¢asového omezeni (UH).
Zékladnim sledovanym parametrem byla tspéSnost identifikace pozorovaného pismene,
ndhodné vybraného ze sady podle Sloanové, v zavislosti na separaci Ctyi kolem n¢j
symetricky rozmisténych kontur. Separace byla métena ,,0d hrany k hran¢* v thlovych
minutdch. Velikost pismene byla u kazdého jedince a pro dany jas a excentricitu volena
tak, aby bez kontur bylo sprdvné urceno s pfiblizn¢ 80% pravdépodobnosti. Délka
kontur byla rovna velikosti pismene a $itka jeji 1/5. Webertv kontrast pismene i kontur
byl -97 % (UP) a -98 % (UH). Stimul byl pozorovén fovedln¢ a periferné pti riznych
excentricitich za fotopickych, mezopickych a skotopickych podminek, detaily
zachycuje tab. 2. Jas byl ménén pomoci neutrdlnich optickych filtrii pfedfazenych pted
oko ve specidlnich odstinénych brylich. Méfeni pfi skotopickych jasech predchazela
alespon 45minutova adaptace. Pro fotopicky a mezopicky jas byly u daného subjektu
pro danou excentricitu stimulu nastaveny piibliZzné stejné hodnoty separace; stejné tak
pro skotopické jasy. Zavislost pravdépodobnosti p identifikace znaku na separaci s byla
uvazovéna ve tvaru distribucni funkce normdalniho rozdéleni o modifikovaném rozsahu

od y(dolni asymptota) do 1 — A (horni asymptota) (Tripathy & Cavanah, 2002),

—(t=s0)?

p(s) =y+(1—/1—y)m/1ﬁffooe 202 dt,

kde e je Eulerovo ¢islo (e = 2,718), so a O jsou primérnd hodnota a smérodatna
odchylka normdlniho rozdéleni. Pro periferni data bylo ) pevné stanoveno na 0,1.
Rozsah CI byl definovdn jako separace, pifi které p klesne oproti horni mezi
o (1 —A—0,1)M/e*, kde M je magnituda dana relativnim poklesem p od horni meze
kp0), tj. M =[1 - A-pO0)]/(1 —A-0,1). Pro kazdé pracovisté byly vSechny zdkladni
parametry so, 0, A, popf. ), magnituda, rozsah a jejich 95% konfidenéni intervaly pro
kazdou testovanou podminku odhadnuty ze sloucenych dat vSech ptislusnych subjektii
numericky metodou nejmensSich ¢tvercii a bootstrap-analyzou (Davison & Hinkley,
2003). Statistickd analyza magnitudy a rozsahu vychdzela z porovnani 95%

konfiden¢nich intervalti jejich odhadii. Podrobnd metodika je uvedena v pfiloZzené

publikaci A2 (Musilové et al., 2018).
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UP, UH, fovealni data
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Obr. 4 Primérné hodnoty relativni Cetnosti tspésné identifikace pismen stanovené na UP a UH ve fovee
v zdvislosti na separaci kontur méfené ,,od hrany k hran&* pro fotopicky a mezopicky jas. Data jsou
proloZena hladkou kfivkou, chybové tsecky ptedstavuji dvojndsobek stiedni chyby pruméru. Vytvofeno

podle A2 (Musilova et al., 2018).
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Obr.5 Prumérné hodnoty (symboly a plné cary) a 95% konfidencni intervaly (pferuSované Cary)
rozsahu (vlevo) a magnitudy (vpravo) fovealni CI testovanych osob z UP a UH zakreslené jako funkce
jasu. Vytvoteno podle A2 (Musilova et al., 2018).

Vysledky studie potvrdily pokles magnitudy fovedlni CI pti poklesu jasu
z fotopické na mezopickou drovenl uvedeny v Al (Bedell et al., 2013) a (Takahashi,
1968), rozsah CI se s jasem neménil. Odpovidajici data zachycuji obr. 4 a obr. 5. Ani
v periferii nedochdzelo k vyznamnym zméndm rozsahu CI s jasem. Oproti fovee ale
zustavala magnituda i pfes velké zmény jasu (aZ o 6 tadi) prakticky konstantni.
Uvedené skutecnosti jsou patrné jak z primérnych hodnot udspésnosti identifikace
pismen v periferii vynesenych v zavislosti na separaci (obr. 6 pro data z UP a obr. 7 pro
data z UH), tak pfedevSim z porovnani primérnych hodnot magnitudy, rozsahu a jejich
95% konfidencnich intervall zobrazenych pro jednotlivé excentricity jako funkce jasu

na obr. 8 (UP) a obr. 9 (UH). Vliv excentricity na magnitudu ¢i rozsah nebyl potvrzen.
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|UP, 6° nazalni zorné pole | UP, 12° nazalni zorné pole|
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Obr. 6 Primérné hodnoty relativni Cetnosti uspé$né identifikace pismen stanovené na UP pro
excentricitu 6° (vlevo) a 12° (vpravo) v nazdlnim zorném poli za fotopického, mezopického,
skotopického a hlubokého skotopického jasu. Data jsou prolozena hladkou kiivkou, chybové tusecky
predstavuji dvojndsobek stfedni chyby praméru. Vytvoreno podle A2 (Musilova et al., 2018).
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Obr. 7 Primérné hodnoty relativni Cetnosti uspé$né identifikace pismen stanovené na UH pro
excentricitu 5° (vlevo) a 10° (vpravo) v dolnim zorném poli za fotopického, mezopického, skotopického a
hlubokého skotopického jasu. Data jsou proloZena hladkou kfivkou, chybové usecky pfedstavuji
dvojndsobek stiedni chyby priméru. Vytvofeno podle A2 (Musilova et al., 2018).

V souladu s predchozi praci Al (Bedel et al.,, 2013) a dal$imi publikacemi
(Danilova & Bondarko, 2007; Siderov, Waugh & Bedell, 2013) se potvrdila nezavislost
rozsahu fovedlni CI na velikosti pouZzitych pismen (jejichZ velikost byla funkci jasu).
Navic bylo toto chovani prokdzano i v periferii. Shodné zavéry pro periferni CI uvadi
(Simunovic & Calver, 2004), popt. (Chung, Levi & Legge, 2001; Hariharah, Levi &
Klein, 2005; Pelli, Palomares & Majaj, 2004; Tripahty & Cavanagh, 2002) pro periferni
CW. Rozsah CI je tedy s velkou pravdépodobnosti pevné danou charakteristikou

konkrétni oblasti sitnice, resp. na ni navazujicich ¢asti zrakové dréhy.
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UP, nazalni zorné pole —e— 6°, prumér
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Obr. 8 Primérné hodnoty (symboly a plné Cary) a 95% konfidencni intervaly (pferuSované cary)
rozsahu (vlevo) a magnitudy (vpravo) fovedlni CI testovanych osob z UP pro excentricitu 6° a 12°
v nazdlnim zorném poli zakreslené jako funkce jasu. Vytvofeno podle A2 (Musilova et al., 2018).
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Obr. 9 Primérné hodnoty (symboly a plné cary) a 95% konfidencni intervaly (pferuSované Cary)
rozsahu (vlevo) a magnitudy (vpravo) fovedlni CI testovanych osob z UH pro excentricitu 5° a 10°
v dolnim zorném poli zakreslené jako funkce jasu. Vytvoteno podle A2 (Musilové et al., 2018).

Pozorovany pokles magnitudy u fovedlni CI byl vysvétlen jiz v pfedchozi studii
Al (Bedell et al., 2013) jako dusledek vymizeni antagonistické struktury receptivnich
poli zevniho kolinkového télesa nebo zrakového kortexu s poklesem jasu (Kaplan,
Marcus & So, 1979; Ramoa, Freeman & Macy, 1985; Virsu, Lee & Creutzfeld, 1977;
Wrébel, 1981). Oproti tomu ale nékteré priace pozorovaly, Ze tento mechanismus
pretrvava i pii nizkych jasech (Bisti et al., 1977; Maffei & Fiorentini, 1972; Wiesel &
Hubel, 1966). Uvedeny nesoulad vysvétluji studie (Duffy & Hubel, 2007; Wiesel &
Hubel, 1966) tim, Ze inhibi¢ni vlastnosti okrajové Casti receptivnich poli vymizi az pii
jasech blizkych absolutnimu prahu fotoreceptort tvoficich receptivni pole. Zatimco pfi
malych excentricitich (do asi 2°) zahrnuji receptivni pole bun€k v zevnim kolinkovém

télese a ve zrakovém kortexu vétSinou pouze ¢ipky, periferni receptivni pole piijimaji
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signdl jak zcipkid, tak ztyCinek, pficemz piispévek od tycinek prudce roste
s excentricitou (Duffy & Hubel, 2007; Wikler, Williams & Rakic, 1990). JelikoZ prah
citlivosti ¢ipkli odpovidd mezopickému jasu, antagonisticky mechanismus fovedlnich
receptivnich poli by mél pti nizkych mezopickych jasech vymizet a magnituda CI by se
tedy méla snizZit, jak bylo skutené pozorovéno v této i jinych studiich. Naopak u
perifernich experimentd se studované jasy pohybovaly vice jak 2 fddy nad absolutnim
prahem ty¢inek (asi 10 cd/m?) a lze tedy piedpoklddat, e antagonistickd struktura
receptivnich poli mohla byt stidle funk¢ni. Tato skutecnost mizZe byt pfi¢inou toho, Ze
v periferii na rozdil od fovey nedoslo ke sniZzeni magnitudy CI. Alternativné lze rozdil
mezi fovedlni a periferni CI vysvétlit tak, Ze mechanismus CI je ve fovee a v periferii
odliSny. Pro jednozna¢né vysvétleni rozdili tedy bude nutné provést dalsi, dopliujici
experimenty.

Ackoliv s jasem miZe dochdzet ke zméndm antagonistické struktury
receptivnich poli, ostatni jejich zdkladni vlastnosti véetné priiméru se témet neméni, viz
napt. (Bisti et al., 1977; Duffy & Hubel, 2007; Wiesel & Hubel, 1966). Toto zjisténi je
v soulady s na jasu nezavislym rozsahem CI pozorovanym jak ve fovee, tak v periferii.
Zjistény tadovy rozdil v rozsahu CI mezi periferii a foveou velmi dobie odpovida
rozdilim v charakteristikdch receptivnich poli bunék primarnich zrakovych center
kortexu ptislusnych fovee a periferii, jak uvadi napt. (Duffy & Hubel, 2007).

V porovndni s nékterymi starSimi studiemi jsou hodnoty ndmi zjiSténého
periferniho rozsahu pomérné malé (maximalné asi do 1,3° pifi excentricité¢ do 12°).
Napf. Bouma (1970) udavd rozsah periferntho CW pfiblizn€¢ jako 0,5nasobek
excentricity, tj. 6° pii excentricit¢ 12°. Oproti tomu Wolford & Chambers (1984)
pozorovali rozsah 0,8° pfi excentricité¢ 5°. Pfi¢inou rozdili miiZe byt odliSny charakter
studovanych jevu, tj. CI a CW. Studie periferniho CW (Chung, Levi & Legge, 2001;
Pelli, Palomares & Majaj, 2004; Tripathy & Cavanagh, 2002) vykazuji daleko vétsi
rozsahy nez u CI. Napt. Tripathy & Cavanagh (2002) popisuji rozsah CW asi 3° pii
excentricit¢ 9,2°. Tito autofi vSak pouzili jinou definici rozsahu a odliSnou metriku (,,od
sttedu ke stfedu*). Nicméné i pii prepoctu naSich dat podle metodiky ¢lanku (Tripathy
& Cavanagh, 2002) rozsah neptesahuje 80’ pfi méfeni ,,0od stiedu ke stiedu®, popft. 24’
,od hrany k hrané“. Pfimé srovndni CI a CW v periferii poskytuje novéjsi studie
(Marten-Ellis & Bedell, 2015), kterd udava asi Ctytikrat vétsi rozsah u CW nez u CIL

Vlastnosti interakce se tedy v periferii zna¢né meéni v zdvislosti na typu flankerd.
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Dokonce 1 v piipadé CI, avSak s konturami bez pfesné definovanych hran (Levi,
Hariharan & Klein, 2002), je vysledny rozsah odliSny.

Jak jiz bylo zminéno, priace (Simunovic & Calver, 2004) dospéla v rozporu
snaSimi vysledky k zavéru, Ze rozsah CI je za skotopickych podminek oproti
fotopickym vyrazné€ nizsi. Pfitom hodnoty rozsahu zjiSt€né za skotopickych podminek
se (po prepoctu na stejnou metriku) dobte shoduji s nasimi vysledky (12’ pti excentricité
10° a 16’ pfi excentricité 12°). Simunovic & Calver (2004) vSak srovnavali skotopickou
CI s fotopickym CW (Tripathy & Cavanagh, 2002). Jak ale bylo vySe rozebrano, rozsah
CI a CW se v periferii vyrazné 1i$i. Zaveér vyvozeny ve studii (Simunovic & Calver,
2004), Ze se rozsah CI méni v zavislosti s adaptaci na jas, je tedy zaloZeny na porovnani

neadekvatnich dat a je mylny.

1.2.3 Vliv crowdingu na mezopickou zrakovou ostrost [A3]

Crowding miZe pii nevhodné konstrukci testu zrakové ostrosti nezadoucné
ovliviiovat vysledek vySetfeni, jak jiZ bylo zminéno v podkapitole 1.1. Méfeni zrakové
ostrosti obvykle probihd za vysokych (dennich) jast a vysokého kontrastu znakl. Za
téchto podminek se jednd o pomérné dobie prostudovanou problematiku s existujicimi
standardy (Bailey & Lovie, 1976). Ackoliv méteni zrakové ostrosti za sniZenych jast
ma téZ znacny klinicky vyznam napf. pfi sledovani fady ocnich chorob (Balcer et al.,
2017; Fujita et al., 2013; Petzold & Plant, 2006; Puell et al., 2012) nebo pii hodnoceni
schopnosti potiebnych k fizeni motorovych vozidel (Kimlin, Black & Wood, 2017,
Wood & Owens, 2005), zadné vSeobecné uzndvané standardy v této oblasti dosud
nebyly akceptovany. Je zndmo, Ze za mezopickych podminek pfi uziti klasickych
klinickych testd typu ETDRS (Barrio, Antona & Puell, 2015; Lin, Ng & Nguyen, 2015)
dochazi k poklesu zrakové ostrosti o asi 0,24 logMAR pfi jasu 0,75 cd/m? oproti
vysokym fotopickym jasim (Lin, Ng & Nguyen, 2015). Tento jev byl téZ pozorovéan
laboratorné (Johnson & Casson, 1995; Bedell, 1987; Simpson, Barbeito & Bedell,
1986). Opakovatelnost mezopického méfeni byla stanovena v rozmezi +0,1 logMAR
(Kimlin, Black & Wood, 2017) a je srovnatelnd s opakovatelnosti fotopického ETDRS
testu (Siderov & Tiu, 1999). Otdzkou vSak zastava vliv CW na mezopickd méteni
zrakové ostrosti. NaSe predchozi studie A1 (Bedell et al., 2013) a A2 (Musilova et al.,

2018) zjistily, Ze pfi centrdlnim vidéni vliv CI s jasem slabne. Jedina piedchozi studie
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zabyvajici se CW za sniZeného jasu (Matteucci, Maraini & Peralta, 1963) naznacuje, Ze
k podobnému efektu dochdzi i u CW, nicméné tyto vysledky byly zjisStény u
amblyopickych (tupozrakych) oci a neni mozné je automaticky aplikovat i na oci
normdlni. Vzhledem k potencidlnimu vyznamu méfeni mezopické zrakové ostrosti bylo
cilem studie A3 (Pluhdcek & Siderov, 2018) zjistit vliv CW na klinické méteni zrakové
ostrosti za ruznych jasovych podminek vcetné opakovatelnosti méfeni. Dal$im
vyznamnym cilem této prace bylo ovéfit, zda i v piipadé CW dochézi k jeho oslabeni
s poklesem jasu. Vysledky by mohly téZ objasnit jiz diive zjiSténé rozdily v pribéhu
zavislosti zrakové ostrosti na optickém rozmazéni obrazu a na jasu (Johnson & Casson,

1995; Bedell, 1987; Simpson, Barbeito & Bedell, 1986).

Do studie bylo zahrnuto celkem 20 osob snormdlni naturdlni (popf.
korigovanou) zrakovou ostrosti bez o¢nich patologii. Mé&feno bylo vZzdy vedouci oko, a
to s predfazenou kruhovou clonou o priméru 2,5 mm. Zikladnim sledovanym
parametrem byla zrakova ostrost méfend pomoci optotypu s konstrukci podle Bailyho &
Lovieho (1976), viz podkapitola 1.1, a to pro separace pismen a fadkt rovné 100 %, 50
%, 20 % a 10 % velikosti pismene (méfeno ,,0d hrany k hran€*). VZdy byly zobrazeny
ti1 fadky po péti pismenech ze sady podle Sloanové a s Weberovym kontrastem -98 %.
Pro urceni zrakové ostrosti byl vyuzit prostiedni fddek. Zména velikosti znaki mezi
fadky odpovidala 0,05 logMAR. Piiklad stimulu je na obr. 1 vpravo. Experiment
probihal za fotopického a mezopického jasu (228 cd/m? a 0,164 cd/m?). Jas byl ménén
pomoci neutrdlnich optickych filtrii predfazenych pred oko ve specidlnich odstinénych
brylich. Pro stanoveni opakovatelnosti bylo kazdé meéteni provedeno dvakrat, pficemz
prvni méfeni (test) probéhlo vjiném dni neZ druhé méieni (retest). Ke
statistickému vyhodnoceni dat v zdvislosti na jasu a separaci znakl byla pouZzita analyza
rozptylu, test a retest byly porovndny parovym t-testem, vSe na hladiné¢ vyznamnosti
0,05. Opakovatelnost charakterizoval koeficient opakovatelnosti CoR (angl. coefficient
of repeatability), CoR = 1,96 x SDava, kde SDava je smérodatna odchylka rozdili ve
zrakové ostrosti AVA mezi testem a retestem (Lin, Ng & Nguyen, 2015). Déle byl
stanoven interval LoA (angl. limits of agreement) zahrnujici 95 % rozdilovych hodnot,
pficem? jeho horni a dolni mez byly odhadnuty jako AVA + 1,96 x SDava, kde AVA je
pramérnd hodnota AVA (Bland & Altman, 1986; Zadnik, Mutti & Adams, 1992).
Nejistotu urceni téchto mezi udaval piisluSny 95% konfidencni interval (Carkeet, 2015).

Podrobnd metodika je uvedena v ptilozené publikaci A3 (Pluhdcek & Siderov, 2018).
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Obr. 10 Primérné hodnoty zrakové ostrosti (v logMAR) pfi testu (koleCka) a retestu (trojihelniky)
vynesené pro oba pouZité jasy v zavislosti na vzajemné separaci pismen udané v % Sitky pismene (vlevo)
a v uhlovych minutich (vpravo). Chybové usecky piedstavuji dvojndsobek stiedni chyby praméru.
Vytvoteno podle A3 (Pluhiacek & Siderov, 2018).

Vysledky provedené studie vykazuji pfedpoklddané zhorSeni zrakové ostrosti za
mezopickych podminek ve srovnani s podminkami fotopickymi, a to s primérnou
zménou o 0,48 logMAR pfi zméné adaptaéniho jasu z 228 cd/m? na 0,164 cd/m>. Tento
rozdil se pfiblizn€ shoduje se starSimi vysledky (Johnson & Casson, 1995; Rabin, 1994;
Lin, Ng & Nguyen, 2015), ptipadné nesrovnalosti 1ze pfi¢ist riznym testovanym jastum.
Diéle byl prokdzan vyznamny negativni vliv CW na zrakovou ostrost (tj. pokles zrakové
ostrosti s poklesem separace), ktery je navic modulovdn hodnotou jasu — pii malych
separacich lze za fotopickych podminek pozorovat vyrazngjs$i zhorSeni zrakové ostrosti
(nartist logMAR) oproti maximdlni separaci neZ za mezopickych podminek. Pfislusné
zavislosti zachycuji grafy na obr. 10, a to pro separaci znaki meéfenou ,,od hrany

(X3

k hran¢* a udanou jak v % S§itky znaku (levy graf), tak v thlovych minutich (pravy
graf). VIiv jasu na CW mize byt piimym ndasledkem poklesu jasu obdobné jako u
fovedlni CI v publikacich Al (Bedell et al., 2013) a A2 (Musilov4 et al., 2018), ale také
disledkem zmény velikosti znaku s poklesem jasu. Protoze vzhledem ke klinické
relevanci metodiky byla separace primarné¢ uvaZovéana v relativnich jednotkdch (%
velikosti znaku), bylo za obou testovanych jasii sice pouzito stejnych relativnich
separaci, ale v absolutni uhlové mife bylo dosazeno menSich separaci za fotopickych
podminek, jak je patrno z obr. 10. Vzhledem k tomu, Ze fovedlni CI i CW se projevuji

pouze v ur¢itém fixnim dhlovém rozsahu separaci (tj. nezavislém na velikosti znaku),

viz Al (Bedell et al., 2013), A2 (Musilové et al., 2018) a (Siderov, Waugh & Bedell,
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2013; Siderov, Waugh & Bedell, 2014; Formankiewicz & Waugh, 2013), miiZe
uvedeny rozdil v thlovych separacich ¢astecné vysvétlit pozorovany vySsi efekt CW za
fotopického jasu. Z grafii na obr. 10 je ddle patrné, ze fotopickd data vynesend
v zavislosti na separaci v thlovych minutdch vykazuji strmé&jsi pribeh (tj. silnéjsi vliv
CW) nez obdobné¢ vynesend mezopicka data. Lze tedy tvrdit, Ze fovedlni CW skute¢né
sldbne s klesajicim jasem, jak bylo jiz diive prokazano pro fovedlni CIL.

Predchozi studie (Johnson & Casson, 1995; Bedell, 1987; Simpson, Barbeito &
Bedell, 1986) zabyvajici se vlivem rozostieni obrazu (napt. z diitvodu dioptrické vady)
zjistily, Ze dopad rozostfeni na zrakovou ostrost je odliSny za riznych jasti. Pozorovany
jev byl vysvétlovan na zdklad€ predpokladanych zmén CW s jasem. Vzdélenost znaki v
téchto experimentech vSak ¢inila 100 % Sitky znaku. Podle naSich vysledka je ale

pusobeni jasu na CW patrno pouze pfi vyrazné¢ mensich separacich a nemuze tedy

popsany jev vysvétlit.

Néami zjisténd opakovatelnost méfeni za fotopickych podminek (pfiblizné +0,1
logMAR) je srovnatelnd s pfedchozimi vysledky (Siderov & Tiu, 1999). Prestoze
hodnoty koeficientii opakovatelnosti (viz tab. 3) naznacuji mirné zhorSeni pfi nizkych
separacich u nizkého jasu, podrobna statistickd analyza zmény opakovatelnosti
nepotvrdila. Naméiend data ve formé Bland-Altmanovych grafi (Bland & Altman,
1986) poskytuje obr. 11, ze kterych je patrny piekryv 95% konfidenc¢nich intervalll pro
meze LoA. Podobnou opakovatelnost vykazala téZ studie (Barrio, Antona & Puell,
2015) pro ETDRS test, avSak pouze pro separaci 100 %. Je zndmo, Ze silnéjsi CW
vykazuje vétsi sklon psychometrické funkce méfeni zrakové ostrosti (Lalor,
Formankiewicz & Waugh, 2016), ktery mtZze vést k lepsi opakovatelnost (Reich &
Hoyt, 2002). V tom piipad¢ by, vzhledem ke slabSimu CW pii mezopickém jasu, méla
byt pro malé separace opakovatelnost méfeni zrakové ostrosti lep$i za dennich
podminek. Je tedy mozné, Ze malé rozdily skutecn¢ existuji, nicmén¢ na daném vzorku

se neprojevily nad hranici statistické vyznamnosti.

Tab. 3 Primérné rozdily AVA v logMAR mezi testem a retestem, piislusné smérodatné odchylky SDaya
a koeficienty CoR za vSech testovanych podminek. Vytvofeno podle A3 (Pluhdcek & Siderov, 2018).

Fotopicky jas Mezopicky jas
Jas (cd/m?) 228 0,164
Separace pismen 10 20 50 100 10 20 50 100
(% sitky pismene)
AVA (logMAR) 0,031 0,013 0,041 0,018 0,008 0,011 | -0,025 | -0,010
SDava (logMAR) 0,057 0,056 0,062 | 0,065 0,106 0,104 | 0,077 0,101
CoR (logMAR) 0,112 | 0,111 0,122 0,126 0,209 0,203 0,152 0,198
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Obr. 11 Bland-Altmanovy grafy zobrazujici zavislost rozdild AVA zrakové ostrosti mezi testem (VA) a
retestem (VA2) na jejich pruméru. Grafy zobrazuji vysledky za fotopického (vlevo) a mezopického
(vpravo) jasu, a to vZdy pro vSechny testované hodnoty vzdjemné separace pismen optotypu. Kolecka
reprezentuji data pro jednotlivé subjekty, teCkovand ¢ara predstavuje jejich primér. Meze intervalu LoA
jsou vyznaceny ¢arkovang, svislé tusecky reprezentuji 95% konfidenc¢ni intervaly téchto mezi. Vytvofeno

podle A3 (Pluhdcek & Siderov, 2018).
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1.3 Kontrastni energie a konturova interakce [A4]

NaSe prechozi studie A1 — A3 (Bedell et al.,, 2013; Musilova et al., 2018;
Pluhdcek & Siderov, 2018) se zabyvaly predevSim vlivem jasu na CI a CW s cilem
objasnit jejich mechanismus. Pro rozpozndvani objekti vSak maji vyznamny vliv
predevsim relativni rozdily v jasech pozorované scény, tedy kontrast jasu. S ohledem na
schopnost receptivnich poli sc¢itat signdl z dané oblasti sitnice mtize mensi, ale
kontrastnéjsi stimul vyvolat stejnou odezvu piislusné bunky jako vétsi, ale méné
kontrastni stimul. Proto lze vliv stimulu dobie popsat soucinem jeho kontrastu a
velikosti, oznaCovanym jako tzv. kontrastni energie. Ma-li CI piivod v receptivnich
polich, mély by se tedy v jejim chovani odrazet jak zmény v kontrastu, tak ve velikosti
kontur. Takahashi (1968) nicméné uvadi, Ze zména Sitky kontur v rozsahu 1,4" az 4,3’
md jen minimdlni vliv na rozsah a magnitudu fovedlni CI. K podobnym vysledkiim
dospéla téz studie fovedlni CI (Siderov, Waugh & Bedell, 2013) pii zméné¢ Sitky kontur
od 0,9 do 10,7'. Podle Takahashi (1968) je tedy CI primdrné urena pouze kontrastem
kontur. V periferii nebyla CI z tohoto pohledu dosud sledovédna, nicméné vliv kontrastu
byl potvrzen u periferntho CW (Chung, Levi & Legge, 2001; Pelli, Palomares & Majaj,
2004; Kooi et al., 1994; Rashal & Yeshurun, 2014). Vysledky uvedenych experimenti
ale nutné nevylucuji spolecny vliv Sifky kontur a kontrastu, tj. kontrastni energie.
JelikoZ receptivni pole, kterd se na vzniku CI podle neurdlni teorie podileji, maji
omezeny prostorovy rozsah, s¢itd zrakovy systém vnimany jas pouze v rdmci omezené
prostorové oblasti oznacované jako Riccova oblast. Jeji odhadovany thlovy pramér ve
fovee je asi 2’ az 7' a roste smérem do periferie (Baumgardt, 1972; Chung, Levi &
Bedell, 1996; Davila & Geisler, 1991; Khuu & Kalloniatis, 2015; Levi & Klein, 1990;
Tuten et al., 2018; Volbrecht et al., 2000). Velikost SirSich kontur v obou zminénych
studiich (Takahashi, 1968; Siderov, Whaugh & Bedell, 2013) mohla tento rozmér
prekrocit, takze dalsi rozsiteni kontur jiz nemélo na CI Zadny vliv. Také je mozné, Ze CI
zavisi na kontrastni energii pouze pro relativné malé (izké) kontury, ale saturuje se pfi
dosazeni jejich urcité velikosti. V ndvaznosti na tuto hypotézu bylo cilem studie A4
(Bedell, Siderov & Pluhéacek, 2019) vyhodnotit vliv kontrastni energie ve fovee a
v periferii pii vysoce kontrastnim pozorovaném znaku a konturach s riznou kombinaci

Sitky a kontrastu tak, aby pokud mozno nebyl piekrocen rozsah Riccovy oblasti.
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Do vyzkumu bylo zatazeno celkem 5 jedincli s normdlni naturdlni (popf.
korigovanou) zrakovou ostrosti bez o¢nich patologii. Méteni probéhlo vZdy na jednom
oku. Zikladnim sledovanym parametrem byla uspéSnost identifikace pozorovaného
pismene, ndhodné vybraného ze sady podle Sloanové, v zdvislosti na separaci Ctyft
kolem n&j symetricky rozmisténych kontur. Separace byla métfena ,,od hrany k hrang*
v thlovych minutdch. Stimul byl pozorovéan jednak fovealné, jednak periferné, a to 5°
dole od stiedu zorného pole pfi fotopickém jasu pozadi 182 cd/m?. Velikost pismene
byla u kazdého jedince a pro dany jas volena tak, aby bez kontur bylo spravné urceno
s ptiblizné 80% pravdépodobnosti. Odpovidajici priméernd velikost ve fovee byla 4,0" se
sttedni chybou 0,36’, v periferii 17,6’ se stitedni chybou 1,5". Weberliv kontrast pismene
byl vzdy -90 %. VSechna méfeni prob¢hla pro pét kombinaci Sitky (v % velikosti
pismene) a kontrastu kontur: (1) Sitka 10 %, kontrast -90 %; (2) sSitka 20 %, kontrast -45
%; (3) sitka 30 %, kontrast -30 %; (4) sitka 20 %, kontrast -90 %; (5) Sitka 40 %,
kontrast -45 %. Délka kontur byla vZzdy rovna velikosti pismene. Vzhledem k pevné
délce kontur byla kontrastni energie charakterizovdna soucinem absolutni hodnoty
jejtho Weberova kontrastu (v %) a Sitky (v ). Prvni tfi kombinace tedy odpovidaji
kontrastni energii 36 %-' fovedln€ a 158 %-' periferné, posledni dvé pak 72 %-' fovedlné
a 317 %-' periferné. Nasledné byla fovedlné 1 perifern€ provedena dopliujici méfeni pfi
konstantnim kontrastu -90% a Siice kontur 20 %, 30 % a fovedln¢ jesté pro 40 % Sitky
pismene. Ke statistickému vyhodnoceni dat byla pouzita analyza rozptylu pro
opakovand méfeni na hladin€ vyznamnosti 0,05. Podrobnd metodika je uvedena

v priloZené publikaci A4 (Bedell, Siderov & Pluhécek, 2019).

Vysledky stavajicich studii poukazuji na to, Ze CI, popi. CW nezdvisi na
velikosti flankert (Takahashi, 1968; Siderov, Whaugh & Bedell, 2013; Pelli, Palomares
& Majaj, 2004), ale pfedev§Sim na jejich kontrastu (Takahashi, 1968; Chung, Levi &
Legge, 2001; Pelli, Palomares & Majaj, 2004; Kooi et al., 1994; Rashal & Yeshurun,
2014). Nase vysledky ziskané v dané lokaci pro vyssi hodnoty kontrastni energie (72
%-' ve fovee a 317 %-' periferné, viz obr. 12 a 13 vlevo) ve shod¢ s témito poznatky
vykazuji pokles magnitudy CI s klesajicim kontrastem kontur, pfi¢emZ kontrastni
energie byla zachovana, tj. imérn¢ rostla Sifka kontur. Oproti tomu v pfipad¢ nizSich
hodnot kontrastni energie (36 %-' ve fovee a 158 %-' perifern¢) nase data vykazuji

s kontrastem jen minimdlni zmény magnitudy (obr. 12 a 13 vpravo), a to opét pfi

konstantni hodnoté kontrastni energie, tj. pfi umérn¢ rostouci Sifce kontur. Pokud se
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soustfedime na fovedlni data, jednim ze zdsadnich rozdilli na$i studie a napt. prace
(Takahashi, 1968) je odliSny rozsah Sitky kontur (od 0,4" do 1,6’ a od 1,4’ do 4,3"),
pficemz nase kontury byly zfeteln¢ mensi neZz uddvany pramér Riccovy oblasti
(Baumgardt, 1972; Chung, Levi & Bedell, 1996; Davila & Geisler, 1991; Khuu &
Kalloniatis, 2015; Levi & Klein, 1990; Tuten et al., 2018; Volbrecht et al., 2000).
V periferii jsme pouZzili kontury o Sifce od 1,76" do 7,04". Udavana velikost Riccovy
oblasti v odpovidajici sitnicové lokaci je od 5,2" (Levi & Klein, 1990) po 20" (Khuu &
Kalloniatis, 2015; Volbrecht et al., 2001) s medidnem 14’. Nizka hodnota z ¢lanku (Levi
& Klein, 1990) je pravdépodobné dana specifickymi experimentdlnimi podminkami,
které nekoresponduji s naSim nastavenim, a je tak pro srovndni s naSimi vysledky
nerelevantni. Nami pouzité kontury tedy byly opét uzsi, nez odpovidd rozméru Riccovy

oblasti. Proto nemohlo ani fovedlné, ani periferné¢ dojit ke sniZeni vysledného efektu

Sitky kontur tim, Ze by pfesahly Riccovu oblast a nepfispély tak celou svou plochou.

Z divodl autorskych prav neni obrazek k dispozici v on-line verzi prace.

Kompletni verze prace je k nahlédnuti na oddéleni VaV PfF UP.

Obr. 12 Primérné hodnoty relativni cetnosti uspéSné identifikace pismen stanovené ve fovee pro
vysokou (72 %-', vlevo) a nizkou (36 %-', vpravo) hodnotu kontrastni energie. Chybové usecky
predstavuji stftedni chybu primeéru. Vytvoteno podle A4 (Bedell, Siderov & Pluhacek, 2019).

Z dlivodll autorskych prav neni obrazek k dispozici v on-line verzi prace.

Kompletni verze prace je k nahlédnuti na oddéleni VaV PrF UP.

Obr. 13 Primérné hodnoty relativni Cetnosti uspéSné identifikace pismen stanovené ve fovee pro
vysokou (317 %-', vlevo) a nizkou (158 %-', vpravo) hodnotu kontrastni energie. Chybové usecky
predstavuji stfedni chybu primeéru. Vytvoteno podle A4 (Bedell, Siderov & Pluhacek, 2019).
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Z divodl autorskych prav neni obrazek k dispozici v on-line verzi prace.

Kompletni verze prace je k nahlédnuti na oddéleni VaV PfF UP.

Obr. 14 Prumérné hodnoty relativni Cetnosti uspésné identifikace pismen stanovené ve fovee (vlevo) a

o

v periferii pro excentricitu 5° v dolnim zorném poli pfi rznych $itkdch kontur a konstantnim kontrastu
-90 %. Chybové tusecky predstavuji stiedni chybu priméru. Vytvofeno podle A4 (Bedell, Siderov &
Pluhécek, 2019).

Dopliujici experiment, jehoZ vysledky jsou zachyceny na obr. 14, jednoznacné
vykazuje vliv §itky znaku pfi konstantnim vysokém kontrastu, kdy pro nejuzsi kontury
(10 % sitky pismene) ma CI nejmensi magnitudu. Naopak pro kontury o Siice rovné
nebo veétsi nez 20 % Siiky centrdlniho pismene se magnituda prakticky neméni.
Konstantni magnitudu pro $ir$i kontury uddavéd napt. téZ (Siderov, Waugh & Bedell,
2014).

Nase vysledky tedy podporuji vySe stanovenou hypotézu, ze v piipadé
dostate¢n¢ tuzkych kontur, resp. pii dostatené nizké kontrastni energii, zavisi
magnituda CI na kontrastni energii. Pokud ale kontrastni energie pifekro¢i urcitou
hranici (tj. kontury pfi daném kontrastu piekro¢i urCitou S$itku), magnituda CI se
saturuje, pri¢emz jeji maximum je dédno kontrastem kontur. Graficky je tato hypotéza
zachycena na obr. 4 v pfiloZené publikaci A4 (Bedell, Siderov & Pluhédcek, 2019).

Alternativné lze vysledky experimentu vysvétlit tak, Ze magnituda CI zavisi
pouze na kontrastu kontur bez ohledu na kontrastni energii, ovSem kontrast sitnicového
obrazu uzkych kontur je vyznamné redukovan optickou bodovou rozptylovou funkci
(point spread function, PSF). Pro tento ucel byl sledovan maximdlni kontrast kontur
oproti pozadi po aplikaci gaussovské aproximace PSF na stimul (pii smérodatné
odchylce 0,75" a 1,00 pouzité Gaussovy funkce). V ptipadé¢ fovedlnich dat
odpovidajicich nizké kontrastni energii (obr. 12 vpravo) v hlavni ¢asti experimentu byl
ve shodé€ s témét konstantni magnitudou CI zjistén pro vSechny Sitky kontur pfiblizné

shodny maximdlni kontrast. U fovedlniho stimulu s vysokou kontrastni energii kontur

(obr. 12 vlevo), kdy byla pozorovana odli$nd magnituda CI pro rtizné Siiky kontur, byly
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nalezeny drobné rozdily v maximdlnim kontrastu, které by snad mohly rozdily
v magnitud€ vysvétlit. Nicméné v periferii se maximalni kontrast kontur po aplikaci
aproximace PSF liSil o desitky procent jak v piipadé, kdy dochizelo ke zméndm
magnitudy se Sitkou kontur (obr. 13 vlevo), tak v situaci, kdy se magnituda se Sitkou
vyrazné neménila (obr. 13 vpravo), i kdyZ v druhém piipadé€ byl rozdil ponékud vyssi.
Bud'to tedy nenfi toto alternativni vysvétleni zaloZené na kontrastu spravné, anebo (mén¢
pravdépodobné) jsou rozdily v kontrastu potiebné pro zménu magnitudy CI vyrazné
odli$né pfi centrdlnim a perifernim vidéni. Tyto rozdily mohou vychdzet ze zavislosti

zpracovani kontrastu na excentricité, které udava napt. (Georgeson, 1991).

1.4 Konturova interakce pri malych separacich kontur [A5]

V piipadé CW dochézi k monoténnimu zhorSovani zrakového vykonu s klesajici
vzdalenosti flanker od pozorovaného znaku (Coates, Chin & Chung, 2013; Danilova &
Bondarko, 2007; Formankiewicz & Waugh, 2013; Marten-Ellis & Bedell, 2015). Oproti
tomu u CI nemusi byt tato zavislost vZdy monoténni, ale pti malych separacich a uzsich
konturdch dochézi ke zlepseni vykonu, tj. k oslabeni CI. Naptiklad z fovedlni studie
(Flom, Weymouth & Kahneman, 1963) vyplyva, ze k oslabeni CI dochdzi u normélnich
oCi pro separace menS$i neZz 1', zatimco u amblyopickych oc¢i se tato separace pohybuje
od 1'—4,5". JelikoZ normdlni 1 amblyopické o€i byly méteny s optimélni korekci a 1ze u
nich tedy piedpokladat v priméru podobné optické vlastnosti dané podobnou bodovou
rozptylovou funkci (PSF), poukazuje uvedeny rozdil v souladu s naSimi predchozimi
vysledky na neurdlni ptivod CI. ZlepSeni zrakového vykonu pii malych separacich
kontur bylo pozorovédno i vfad¢ dalSich fovedlnich studii (Chung & Bedell, 1995;
Danilova & Bondarko, 2007; Hess et al., 2000; Jacobs, 1979; Siderov, Waugh & Bedell,
2013; Siderov, Waugh & Bedell, 2014; Simmers et al., 1999) a také v periferii (Hess et
al., 2000; Jacobs, 1979; Wolford & Chambers, 1984). Z jinych experimentii dile
vyplyva, Ze ke zlepSeni zrakového vykonu u fovealni CI dochdzi pouze pfi pouziti
kontur, jejichz §itka je na hranici rozliSeni oka (Siderov, Waugh & Bedell, 2014).

Takahashi (1968) pii srovnani fovedlni a periferni CI (pii malych excentricitich
0,54° a 1,05°) zjistila, Ze k oslabeni CI dochazi v obou pfipadech u pfiblizné stejnych

separaci. S pfihlédnutim k tomu, Ze PSF oka je v rozsahu 0° az 10° od fovey témér
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konstantni (Navarro, Artal & Williams, 1993; Navarro, Moreno & Dorronsoro, 1998),
pfisoudila tomuto jevu opticky ptivod. Oproti tomu Coates et al. (2018) pfi studiu
fovedlni CW s a bez vyuziti korekce aberaci vysSich fadii pomoci adaptivni optiky
nenalezli mezi obéma situacemi zZadny podstatny rozdil v separacich, pifi kterych
dochdzi koslabeni vlivu flankert, a vyloudili tak vyznamny vliv optickych
mechanismu.

Jak je patrné, vysledky stdvajicich studii neddvaji stran ptivodu oslabeni CI (tj.
zlepSeni zrakového vykonu) pfi malych separacich jednozna¢nou odpovéd’. Hlavnim
cilem studie A5 (Siderov, Pluhdcek & Bedell, 2020) bylo vyhodnotit chovani CI pfi
velmi malych separaci kontur od pozorovaného pismene ve fovee a v periferii pfi
excentricit¢ 5°, pri¢emzZ byl sledovan vliv $itky kontur. Dale bylo provedeno nékolik
dopliujicich méfeni pti excentricitdch 2,5° a 10°. Piedpokladem bylo, Ze oslabeni CI pfti
malych separacich ma pficinu v kombinaci pfedevSim neurdlniho (daného prostorovou

sumaci signdlu) a v mensi mife optického rozostfeni stimulu.

Do studie bylo zahrnuto 5 osob UP s normalni naturdlni (popt. korigovanou)
zrakovou ostrosti bez ocnich patologii. Mé&feni probéhlo vzdy na jednom oku.
Zékladnim sledovanym parametrem byla uspéSnost identifikace pozorovaného pismene,
ndhodné¢ vybraného ze sady podle Sloanové, v zavislosti na separaci Ctyi kolem n¢j
symetricky rozmisténych kontur. Separace byla métena ,,0d hrany k hran¢* v thlovych
minutdch. Webertiv kontrast pismene i kontur byl vZdy -90 %. Stimul byl pozorovin
jednak fovedlné, jednak periferng, a to 5° dole od stfedu zorného pole pfi jasu pozadi
182 cd/m?. Velikost pismene byla u kazdého jedince a pro dany jas volena tak, aby bez
kontur bylo spradvné urceno s piiblizné¢ 80% pravdépodobnosti. Odpovidajici primérna
velikost ve fovee byla 4,0' se smcrodatnou odchylkou 0,36, v periferii 17,6" se
smérodatnou odchylkou 1,5’. Sitka kontur se ménila od 10 % do 40 % iiky pismene pfi
testovani ve fovee a od 10 % do 30 % Sitky pismene pii méfeni v periferii. Pri
excentricit¢ 5° bylo pro tfi z péti subjektli provedeno jesté dalsi métfeni pro kontury o
Sitce 50 % Sitky pismene. U dvou subjekti dédle probéhlo dodatecné méfeni pfi
excentricitach 2,5° a 10° v dolnim zorném poli pfi pevné Sifce kontur rovné 10 % Sitky
pismene, kterd v priméru dosahovala 9,0" se stfedni chybou 1,0’ pro 2,5° a 25,7" se
sttedni chybou 5,8" pro 10°. Ke statistickému vyhodnoceni dat byla pouzita analyza
rozptylu pro opakovand méfeni hladin€é vyznamnosti 0,05. Podrobnd metodika je

uvedena v pfiloZené publikaci AS (Siderov, Pluhdcek & Bedell, 2020).
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Pro zhodnoceni vlivu neurdlniho i optického rozmazani obrazu byla provedena
jeho simulace pomoci Gaussova rozostieni. Smérodatnd odchylka ptislusného filtru
byla uréena jako medidn ze smérodatnych odchylek piedpoklddaného gaussovského
profilu Riccovy oblasti (viz podkapitola 1.3) uddvané literaturou nebo odvozené
z téchto udajt, a to 1,18’ ve fovee a 3,57’ v periferii pfi excentricit¢ 5°. Podrobné tdaje
o velikosti Riccovy oblasti a vypoctu piisluSné smérodatné odchylky jsou v pfilozené
publikaci A5 (Siderov, Pluhdcek & Bedell, 2020). Vysledky simulace pro fovedlni i
periferni velikost znaku (4' a 17,6') a vzdy dv¢ Sitky kontur 10 % a 40 % Sitky znaku
ukazuje obr. 17. Separace byla 0,4" a 0,8" pro fovedlni a 1,6’ a 3,5" pro 17,6’ periferni

velikost znaku.

Experiment potvrdil oslabeni CI pfi tésnych separacich kontur a pismene. Tento
jev byl ve fovee patrny pouze pro uzké kontury (10 % a 20 % S$itky znaku pfi separacich
pod 0,4"), v periferii pii excentricit¢ 5° se projevil pfi vSech Sitkdch Kkontur,
nejmarkantnéjsi byl ale opét pro 10% konturu (pro separace < 1,7"). Primérnd data
prezentuje obr. 15. Rozsah CI (v thlovych minutich) se pfi dané excentricité¢ jevi
nezavisly na Sifce kontur jak fovedlné (3’ - 4'), tak periferné (40’ pro excentricitu 5°),
naopak magnituda je pro uzké kontury zfetelné¢ mensi. Podobné chovani pti zméné Sitky
kontur udéava téz (Siderov, Waugh & Bedell, 2014), naopak v piipad¢ (Siderov et al.,
2015) u periferni CI dspéSnost identifikace monoténné klesd. Pfi¢inou mohou byt pfilis
velké separace (od asi 2'), pticemz zvrat v prib¢hu kiivky CI byl v nasi studii pro

stejnou Sitku kontury (20 % velikosti pismene) patrny pro separace pod 1,7'.

100 — 100 —

fovealni data 5° dolni zorné pole

4

parametry kontur

parametry kontur
—a— $itka 10 % pismene
20 -+~ sitka 20 % pismene
++ sitka 30 % pismene

—=— $itka 10 % pismene
-~ sitka 20 % pismene
-+ sitka 30 % pismene

&etnost spravnych odpovédi (%)
Cetnost spravnych odpovédi (%)

20 {5

-E- Sitka 40 % pismene 0 -E- $itka 50 % pismene
0 - -
T T T T T T T T T T T T
0 2 4 6 bez kontur 0 10 20 30 40 50  bez kontur
separace kontur (Uhlové minuty) separace kontur (Uhlové minuty)

Obr. 15 Primérné hodnoty relativni Cetnosti dspéSné identifikace pismen stanovené fovedlné (vlevo) a
periferné¢ v dolnim zorném poli pifi excentricit¢ 5° (vpravo) pfi ruznych Sitkdch kontur. Vertikalni
chybové tseCky ptedstavuji stfedni chybu primeéru cCetnosti, horizontdlni dsecky dvojndsobek stfedni
chyby prumérné hodnoty separace (jsou zobrazeny pouze pro $itku kontury rovnou 10 % S$itky pismene,

pro ostatni kontury maji tutéZ velikost). Vytvofeno podle A5 (Siderov, Pluhdcek & Bedell, 2020).
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Obr. 16 Primérné hodnoty relativni Cetnosti uspé$né identifikace pismen stanovené fovedlné a periferné
pro tfi rizné excentricity v dolnim zorném poli. Vertikdlni chybové tsecky piedstavuji stfedni chybu
priméru Cetnosti, horizontdlni dsecky dvojndsobek stfedni chyby primérné hodnoty separace. Pravé
krajni hodnoty v grafech pfedstavuji uspéSnost identifikace osamoceného znaku bez kontur. Vytvoieno
podle AS (Siderov, Pluhdcek & Bedell, 2020).

Dodatecnym meéfenim bylo ddle zjiSténo, Ze srostouci excentricitou roste
velikost mezni separace, pii které jiz dochéazi k oslabeni CI (obr. 16). To v ndvaznosti
na minimalni zmény PSF v rozsahu 0° az 10° od fovey (Navarro, Artal & Williams,
1993; Navarro, Moreno & Dorronsoro, 1998) popird ryze nebo prevazné optickou
pii¢inu tohoto jevu, kterou jako vysvétleni navrhla Takahashi (1968). Takahashi (1968)
totiz zavislost mezni separace na excentricité nezaznamenala. Jeji méfeni vSak probihala
pouze pti velmi malych excentricitach (do 1,05°), kde se nartist mezni separace nemusel
zfeteln€ projevit.

V souladu s jinymi pracemi (Liu, 2001a; Danilova & Bondarko, 2007; Flom,
Heath & Takahashi, 1963; Takahashi, 1968) ptfedpokladame, Ze CI jako takova je
zpusobena vzdjemnym inhibi¢nim ptisobenim neurdlnich reprezentaci (obrazt) flankera
a pozorovaného pismene. Pfi zmenSeni separace bychom tedy ocekdvali posileni CI.
Nicméné pii velmi malych separacich by mély byt kontury a pozorovany znak natolik
blizko, Ze se jejich neurdlni obrazy mohou vlivem jak optického rozostfeni primérnich
optickych obrazii, tak piedev§im vlivem ndsledné sumace signdli v rdmci Riccovy
oblasti prekryt a smichat do jediného neclenéného celku. Tim se oslabi jejich vzdjemné
pusobeni vedouci ke vzniku CI a rozliSeni pozorovaného pismene bude ddno predevSim
jeho kontrastem oproti podkladu, ktery nyni bude tvofen rozmazanym obrazem kontur.

Tato situace je simulovana na obr. 17 a, b, e, f. V piipadé uzkych kontur jsou jejich
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obrazy neznatelné a centrdlni znak je relativné dobie rozliSitelny (obr. 17 a, e) — na
kiivce CI bude pozorovano zlepSeni. Naopak Siroké kontury vytvaieji pii malych
separacich pfili§ vyrazny podklad, se kterym centrdlni znak splyva (obr. 17 b, f) a
ispesSnost jeho identifikace je i nadale nizka. Pii vétSich separacich jsou neurdlni obrazy
jednotlivych komponent stimulu oddélené a mohou aktivovat mechanismy vedouci k CI
(obr. 17 ¢, d, g, h).

VysSe uvedené vysvétleni tedy uvazuje, Ze vzdjemny inhibic¢ni vliv neurdlnich
obrazl kontur a pismene ve fovee plisobi pouze u separaci vétsi nez asi 1'. Pii menSich
separacich je identifikace pismene ddna pouze prostou detekci kontrastu a pti daném
kontrastu zavisi jen na Sitce kontur. Nicméné (Takahashi, 1968) Zaddnou zdvislost na
Sitce kontur neuvadi. Pfi¢inou muaze byt ve srovnadni s nasi i dalSimi studiemi (Bedell et
al.,, 2013; Chung & Bedell, 1995; Danilova & Bondarko, 2007; Hess et al., 2000;
Jacobs, 1979; Musilova et al., 2018; Siderov, Waugh & Bedell, 2013; Siderov, Waugh
& Bedell, 2014; Simmers et al., 1999) pfiili§ velkd separace (1,4"), pii které doslo
k oslabeni CI. Ta miiZe souviset se specifickym stimulem — pozorovanym znakem

nebylo pismeno, ale nonius.

fovealni stimuly

a b c d

periferni stimuly

€ f 9 h

.

Obr. 17 Simulace rozmazéani obrazu stimulti Gaussovym filtrem se smérodatnou odchylkou 1,18" pro
fovedlni a 3,57’ pro periferni stimuly. Stimulem bylo pismeno C o velikosti 4’ (fovedlné, obrazky a — d)
nebo 17,6 (periferné, obrazky e — h) obklopené ctyfmi uzkymi (10 % Sitky pismene, obrazky a, c, e, g)
nebo Sirokymi (40 % S$itky pismene, obrazky b, d, f, h) konturami. U fovedlniho stimulu byly uvaZovany
separace kontru a pismene 0,4’ (a, b) a 0,8’ (¢, d), u periferniho 1,6’ (e, f) a 3,5’ (g, h). Vytvoteno podle
A5 (Siderov, Pluhdcéek & Bedell, 2020).
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Na zédklad€ uvedenych skuteCnosti predpoklddame, Ze pficinou zlepSeni CI pii
tésnych separacich kontur a pismene je jejich vzdjemné prolnuti zpiisobené jednak
optickym rozmazanim obrazu, které je konstantni, nezavislé na pozici, jednak neurdlnim
rozmazdnim vjemu, které roste s excentricitou a pravdépodobné souvisi s integraci
signdlu uvnitf receptivnich poli. V souladu s touto interpretaci je pozice zvratu na kiivce
CI pii excentricitach 2,5°, 5° a 10° konzistentni s nékterymi (Khuu & Kalloniatis, 2015;
Smith & Cass, 1989; Volbrecht et al., 2001), avSak ne se vSemi (Inui, Mimura & Kani
al.,, 1981; Kwon & Liu, 2019; Levi & Klein, 1990; Wilson, 1970), publikovanymi

odhady perifernitho priméru Riccovy oblasti.

1.5 Shrnuti hlavnich vysledki

Vyse uvedené vysledky podporuji teorie vysvétlujici vznik CI a CW na zakladé
neurdlnich interakci. Konkrétné publikace Al (Bedell et al., 2013) a A2 (Musilova et
al., 2018) potvrdily, ze velikost rozsahu CI ve fovee i v periferii nezdvisi na jasu a
velikosti pozorovaného znaku a je pravdépodobné jednozna¢né dana konkrétnim
mistem zorného pole, ve kterém je stimul zobrazen, resp. oblasti sitnice, kam dopada
jeho obraz, a na ni napojenych nervovych struktur. Oproti tomu u magnitudy bylo
pozorovdno v centru a periferii odliSné chovdani. Zatimco fovedlné¢ magnituda vyrazné
klesa s jasem, v periferii se prakticky neméni. Obdobné chovani jako u fovedlni CI
potvrdil ¢lanek A3 (Pluhicek & Siderov, 2018) také v piipad¢ fovedlniho CW.
Srovnanim se zndmym chovéni receptivnich poli vyplyva, Ze jednou z hlavnich pficin
CI i CW ve fovee je s velkou pravdépodobnosti antagonistickd struktura receptivnich
poli bunc¢k zrakové drahy. V periferii nebyl tento konkrétni neurdlni mechanismus
potvrzen, ovSem na zdklad¢ ziskanych vysledki jej nelze ani vyvrétit. V ndvaznosti na
tyto vysledky byla pozdéji provedena dal$i méfeni, kterd jej vSak vylucuji. Uvedena
méieni nebyla v dobé piipravy tohoto textu publikovana. Srovnéni s jinymi studiemi téz
potvrdilo, Ze rozsah vlivu flankert v periferii je vyrazné ovlivnén jejich typem, pfiemz
u CI je mens$i neZ u CW. Priace A3 (Pluhdcek & Siderov, 2018) se ddle zaméfila na
klinicky dopad CW pii méfeni zrakové ostrosti, které je vyznamnou zdkladni soucésti

vySetfeni zraku. Za béZnych fotopickych podminek je neZzadouci pusobeni CW
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eliminovdno vhodnou konstrukci testu (napt. ETDRS test). NaS experiment prokazal, Ze
ani pfi méfeni mezopické zrakové ostrosti nema CW pfi pouZziti obvyklych klinickych

testll na vysledky vyznamny vliv.

Dalsi studie se ndsledné zamé&fily na dopliiujici experimenty, objasiujici néktera
pozorovana specifika CI. Dosavadni publikace uvadéji, ze CI je zavisla na kontrastu
kontur bez ohledu na jejich Sitku. NaSe vysledky publikované v ¢lanku A4 (Bedell,
Siderov & Pluhécek, 2019) poukazuji na spolecny vliv obou parametrli reprezentovany
jejich soucinem (kontrastni energii). Tento spolecny efekt se ale projevuje pouze pfi
dostate¢né uzkych konturdch odpovidajicich nizkym trovnim kontrastni energie. S
naristem kontrastni energie (napf. s rostouci Sitkou kontur pfi daném kontrastu) nad
urcitou mez dojde k saturaci magnitudy CI. Konkrétni mezni hodnota se vSak méni
v z4vislosti na kontrastu. Tyto zavEry byly ovéteny jak ve fovee, tak v periferii. DalSim
charakteristickym rysem CI je mirné zlepSeni zrakového vykonu pii malych separacich
a dostatecné¢ uzkych konturdch. Tento jev byl analyzovdn v ¢lanku A5 (Siderov,
Pluhiacek & Bedell, 2019). Bylo zjisténo, Ze se vyskytuje jak ve fovee, tak v periferii a
jeho intenzita zdvisi na Sifce kontur. Z vysledkd vyplyvd, Ze CI vede k redukci
zrakového vykonu, pokud kontury a sledovany znak vytvaii oddélené neurélni obrazy.
Ty vSak pfi velmi malych separacich splyvaji a rozpoznani znaku je fizeno pouze jeho

kontrastem ve vzniklém neurdlnim obrazu.
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2 VLIV VYBRANYCH ZATEZOVYCH PARAMETRU
NA NITROOCNI TLAK

Nitroo¢ni tlak (angl. intraocular pressure, IOP) pfedstavuje relativni tlak tekutiny
uvnitt o¢niho bulbu. Udédva se vétSinou v milimetrech rtutového sloupce (mmHg;
1 mmHg = 133,322 Pa). Jedna se o klinicky vyznamny parametr sledovany predevSim
v souvislosti s diagnostikou a 1é¢bou glaukomu (Rosenthal & Werner, 1969; Flammer,
2003; Salmon, 2007). Pii tomto zdvazném oc¢nim onemocnéni dochazi k nevratnému
poskozeni nervovych vldken na sitnici, kterd vedou zrakovy signdl didle do mozku
(Flammer, 2003; Salmon, 2007). Za normdlni jsou povaZzovany takové hodnoty IOP, pii
kterych u daného jedince nedochazi k patologickym zméndm na sitnici. Jejich rozsah je
znacn€ individudlni, za hrani¢ni je obvykle povazovdna hodnota 21 mmHg. Primér IOP
v populaci je ptiblizné¢ 15 mmHg (Flammer, 2003). V prab¢hu dne se IOP mirné¢ méni
(Wilensky et al., 1993). U glaukomatikil jsou tyto zmény vyrazné veétsi (Srinivasan et
al., 2016) a mohou spolu s vysokym nitroo¢nim tlakem poukazovat na pfitomnost
tohoto onemocnéni. Naopak vysoky nitroo¢ni tlak nebo jeho rychlé zmény mohou
predstavovat rizikovy faktor pro rozvoj glaukomu (Salmon, 2007). Neni-li vysoky IOP
doprovazen patologickymi zménami, jednd se o tzv. ocni hypertenzi (Allingham, Damji
& Freedman, 2010). Sledovani IOP a jeho zmén je proto z klinického pohledu velmi
vyznamné. Za klinicky vyznamny lze povazovat rozdil IOP vétsi nez 2 mmHg (Qian et

al., 2012).

Velikost nitroo¢niho tlaku je dana rovnovdhou mezi tvorbou a odtokem
nitroo¢ni tekutiny. Nitroocni tekutina je vyluCovédna pres epitel fasnatého tclesa do
zadni komory oka (Levin, Nilsson & Ver Hoeve, 2011). Na jejim vzniku se podileji
procesy difuze, aktivni sekrece a ultrafiltrace z krevni plazmy. Nasledné protéka ze
zadni komory ptes zornici do pfedni komory oka, kde v tzv. duhovko-rohovkovém thlu
(. uhlu sevieném rohovkou a duhovkou) dochdzi k jejimu vstiebavani konvencni a
nekonvencni cestou (Levin, Nilsson & Ver Hoeve, 2011). Konvencni cesta predstavuje
odtok ptes struktury duhovko-rohovkového dhlu do tzv. Schlemmova kanélu a odtud do
intrasklerdlnich a episklerdlnich vén. Tento zplsob zdvisi na velikosti IOP.
Nekonvencni (uveosklerdlni) cestou odtékd jen malé mnoZstvi tekutiny, a to témct
nezdvisle na hodnoté¢ IOP. Jednad se o vstfebavani pies kofen duhovky, uveu, piedni

plochu fasnatého télesa a dalsi struktury a ve findle protéka ptes skléru.

42



Uvedené procesy vzniku C¢i vstiebdvani nitrooc¢ni tekutiny mohou byt
v dlouhodobém i kritkodobém horizontu ovlivnény fadou faktorti. Faktory
s dlouhodobymi tcinky, které mohou souviset napt. s celkovym Zivotnim stylem, maji
vyznam z hlediska cileného dlouhodobého ovliviiovani vySe nitroo¢niho tlaku napf.
v souvislosti s 1écbou glaukomu. Faktory s kratkodobymi dcinky ptsobi docasné zmény
nitroo¢niho tlaku, které mohou jednak pfedstavovat riziko pro osoby s glaukomem nebo
podezienim na glaukom (Goldberg, 2003; Hasegawa et al., 2006; Krist, Curciefen &
Jenemann, 2001), jednak mohou ztizit nebo zkreslit interpretaci vysledkti méteni IOP.
Sledovani vlivu téchto faktorti tedy ma velky klinicky vyznam. Patii sem pohybova
aktivita (Vera et al., 2018; Krejci et al., 1981; Rowe et al., 1976; Marcus et al., 1970;
Price et al., 2003; Shapiro, Shoenfeld & Shapiro, 1978; Passo et al., 1987; Dickerman et
al., 1999; Movaffaghy et al., 1998; Bakke, Hisdal & Semb, 2009; Lanigan, Clark &
Hill, 1989; Era et al., 1993; Moura et al., 2002; Vera et al., 2019), hypoxie (Bosh et al.,
2010; Karadaq et al., 2008; Somner et al., 2007; Ersanli et al., 2006; Nebbioso et al.,
2014; Pavlidis et al., 2006; Cymerman et al., 2000; Bayer et al., 2004), zména pozice
téla nebo hlavy (Jorge et al., 2010; Fang et al., 2018; Kiuchi, Motoyama & Oshika,
2010; Lam et al., 2013; Lee et al., 2012; Lindén et al., 2018; Malihi & Sit, 2012; Meurs
et al., 2018; Prata et al., 2010), piti vody (Read & Collins, 2010; Salcedo et al., 2018;
Susanna et al., 2018), konzumace kavy nebo energetickych ndpoji (Avisar, Avisar &
Weinberg, 2002; Chandrasekaran, Rochtchina & Mitchell, 2005; Ilechie & Tetteh,
2011), zména velikosti zornice (Rutkowski & Thompson, 1972), akomodace (Armaly &
Rubin, 1961) a dalsi. Rada z nich je souéasti b&Zného Zivota, jsou zahrnuty do zdravého
zivotnitho stylu ¢i jsou piimo doporucovany jako podpora zdravotniho stavu
v souvislosti s prevenci nékterych chorob. Piipadné navozené zmény IOP vSak mohou
pro nékteré skupiny osob se zvySenou citlivosti na zatéz predstavovat rizikovy faktor.

Jejich podrobné zmapovani je tedy z klinického hlediska velmi dileZité.

Dalsim faktorem, ktery muze ovlivnit piimo vlastni méteni IOP, je interakce oka
(predevsim rohovky) a méficiho zafizeni (ocniho tonometru). Mé&fici metoda obvykle
pfedpoklada néjaké idedlni podminky (napf. suchou rohovku, kterd je modelovana jako
¢ast idedln¢ pruzné koule s nekone¢né tenkymi sténami). Jejich nesplnéni pak vice ¢i
mén¢ ovliviiuje hodnotu vykdzanou pfistrojem. Vyznamnou roli zde hraji pfedevSim
metrické a materidlové vlastnosti rohovky, jako je jeji tlouStka, polomér zakiivent,

astigmatismus, tuhost, hystereze atd. Stru¢né shrnuti této problematiky prezentuje napf.
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publikace (Kirstein, Elsheikh & Gunvant, 2011). V experimentech zafazenych do této
prace bylo vyuZito bezkontaktntho tonometru a tzv. rebound tonometru. BliZsi
informace o vlivu zminénych parametri na méfeni odpovidajicimi metodami se
zabyvaji napt. publikace (Matsumoto et al., 2000; Eysteinsson et al., 2002; Tonnu et al.,
2005; Harada et al., 2008; Firat et al., 2013; Hladikova, Pluhacek & MareSova, 2014;
Pluhécek et al., 2019) v piipad¢ bezkontaktnich tonometri nebo (Brusini et al., 2006;
Iliev et al., 2006; Martinez-de-la-Casa et al., 2005; Nakamura et al., 2006;
Krzyzanowska-Berkowska & Asejczyk-Widlicka, 2010; Malini et al., 2014; Jorge et al.,
2008; Chui et al., 2008; Shin et al., 2015; Hladikova, Pluhiacek & MaresSova, 2014;
Pluhécek et al., 2019) u rebound tonometrti. JelikoZ niZe prezentované studie sleduji

predevsim zmény IOP, nepfedstavuji pro né tyto zdvislosti vyrazné limity.

Nasledujici text se zaméfuje predevsSim na studium kratkodobych vlivii na
hodnotu IOP. Konkrétné se jednd o studie plsobeni pohybové jednordzové stfedni a
maximalni zatéze, vliv zmény pozice téla, resp. hlavy a efekt kratkodobé vysoké
normobarické hypoxické hypoxie na IOP. Pavodni publikace B1 — B4 (Najmanova,
Pluhacek & Botek, 2016, 2018; Najmanova, Pluhdcek & Haklova, 2019; Najmanova et
al., 2019) obsahujici prezentované vysledky jsou ptilohou této price. Jejich cilem bylo
predevsim popsat chovani IOP indukované sledovanymi faktory a zjistit jejich ptipadné
dalsi zavislosti na jinych veli¢inach. Vysledky jsou interpretovany s ohledem na mozné
klinické vyuZiti. Znacna Cast experimentil byla provedena v tizké spolupraci s Fakultou
télesné kultury (FTK) Univerzity Palackého v Olomouci, kterd disponuje potiebnym
vybavenim pro realizaci aktivit a detailni monitoring souvisejicich parametr.
Vyznamnym rozdilem oproti vétSin¢ dosavadnich publikaci je realizace métfeni za dobie

definovanych a kontrolovanych podminek.

2.1 Vliv aerobni pohybové aktivity na nitroo¢ni tlak

Pohyb je kazdodenni soucdsti béZného Zivota, stejn¢ jako je neodmyslitelnou
soucdsti zdravého Zivotniho stylu. Pohybovou aktivitu lze rozdélit na aerobni a
anaerobni (Brooks, Fahey & White, 2000). Aerobni cviceni vyZaduje zvySeny piisun
kysliku ke svalim a ma vytrvalostni charakter, napf. jizda na kole, b¢h ¢i rychla chiize.

Anaerobni cvieni ma kratkodoby, silovy charakter, svaly pracuji s nedostateCnym
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piisunem kysliku. Pfitom oba typy aktivity indukuji zmény nitroo¢niho tlaku. Silové,
anaerobni cviceni vykazuje vétSinou nartst (Dickerman et al., 1999; Movaffaghy et al.,
1998; Bakke, Hisdal & Semb, 2009) nebo jen minimélni zmény IOP (Marcus et al.,
1974; Wimpissinger et al., 2003); oproti tomu Lanigan, Clark & Hill (1989) udavaji
mirny pokles IOP. Aerobni stfedné zatéZzova aktivita je vZdy spojena s poklesem
nitroo¢niho tlaku, viz napt. (Krejci et al., 1981; Rowe et al., 1976; Marcus et al., 1970;
Price et al., 2003; Shapiro, Shoenfeld & Shapiro, 1978; Passo et al., 1987). Specidlnim
piipadem aerobni aktivity (resp. aktivity s pfevazujici aerobni ¢4sti) je tzv. maximalni
pohybova aktivita, tj. aktivita vedouci k hranici tplného vycerpdni jedince. Jejim
vlivem na IOP se dosud zabyvalo jen minimum praci (Era et al., 1993; Moura et al.,

2002; Vera et al., 2019) v¢etné nasi studie B2 (Najmanova, Pluhacek & Botek, 2018).

Aerobni aktivita je Casto doporucovdna pacientim se srdeCnimi chorobami,
osteopordzou, metabolickymi chorobami jako je diabetes mellitus, vysoky krevni tlak a
fada dalSich zdravotnich problému. Nékteré z téchto chorob jsou spojeny s vyskytem
glaukomu, pficemz, jak jiz bylo uvedeno, jsou glaukomatici citlivéjSi na zmeény
nitroo¢niho tlaku (Salmon, 2007). Sledovani vlivu krdtkodobého cvi€eni na vysi IOP,
popft. na jeho fluktuace, ma proto pro tuto skupinu zna¢ny klinicky vyznam. Hodnoceni
vlivu cviceni na IOP v souvislosti s dal§imi parametry mtiZze ddle pomoci vyclenit dalsi
skupiny, pro které mohou byt tyto aktivity rizikové, popf. zjistit, zda zména nekterych

parametrt (napf. fyzické kondice) nemlze pfipadné negativni vlivy na IOP eliminovat.

Predchozi studie zjistily sniZzenou hodnotu IOP oproti vychozimu (klidovému)
stavu jak v prubéhu (Krejci et al., 1981; Rowe et al., 1976), tak bezprostfedné po
(Marcus et al., 1970; Price et al., 2003; Shapiro, Shoenfeld & Shapiro, 1978; Passo et
al., 1987) kratkodobém cviceni na Urovni stiedni z4téZe. Také byla prokdzéana souvislost
fady faktori se zménou IOP u daného jedince, jako jsou napf. intenzita cviceni
(Qureshi, 1995; Krejci et al., 1981; Qureshi et al., 1996), droven fyzické kondice (Kielar
et al., 1975; Leighton & Philips, 1970; Passo et al., 1987), denni doba (Wilensky et al.,
1993), acidobazickd rovnovaha (Marcus et al., 1970), psychologicky stres (Brody et al.,
1999) a osmolarita krevni plazmy (Martin et al., 1999). V ndvaznosti na tyto vysledky
1ze ptedpokladat, Ze za poklesem IOP miiZe stat pokles krevniho pH, nartist osmolarity
krevni plazmy nebo laktiatu (McMonnies, 2016). Béhem pohybové aktivity vyrazné
nartistd tepova frekvence (angl. heart rate, HR) (Kiss et al., 2001), systolicky objem a

srdecni vydej, které vedou ke zvySeni systémové odezvy, zahrnujici nartist pratoku krve
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do svall a sniZeni prutoku do dalSich organti, nartst koncentrace krevnich bunck a
vymény krev-kyslik a dale pokles objemu krevni plazmy (Astrand et al., 2003). Nérdst
HR spolu s ostatnimi efekty, zejména se zménou arteridlniho tlaku, miiZe zptisobit
zménu produkce komorové vody a tim ovlivnit IOP. Klidovd HR je navic pfibliZnym
ukazatelem fyzické zdatnosti jedince (Astrand et al., 2003), pficemz nizsi klidovd HR
odpovida vyssi aerobni kondici. Zavislost zmén IOP na HR tedy mtiiZe poukazovat na
jejich zavislost na fyzické zdatnosti. Jinym ukazatelem fyzické zdatnosti miiZze byt
maximalni mozny piijem kysliku danym jedincem (VO2max). Dominantnim regulatorem
HR je autonomni nervovy systém (ANS) (Aubert, Seps & Beckers, 2003). Na zacatku
pohybové aktivity je zvySeni HR navozeno sniZenim aktivity parasympatického
systému, dominantni navySeni HR pak ptisobi sympaticky nervovy systém spole¢né
s katecholaminy (epinefriny a norepinefriny). Po ukonceni aktivity probihaji v ANS
reverzni zmény a HR se postupné vraci k ptivodni hodnoté (Arai et al., 1989). Zmény
v tomto systému tedy mohou byt dalSim moZnym mechanismem odezvy 10OP (Passo et
al., 1991). Navic ANS ovldd4 zornicové reakce a akomodaci, pfiCemZz tyto zmény opét
mohou ovlivnit IOP (Kardon, 2011). S konecnou platnosti vSak pfiiny pohybem

indukovanych zmén dosud nebyly jednozna¢né objasnény.

Pozorované zmény IOP byly vZdy docasného charakteru. Price et al. (2003)
uvadi vyznamny pokles jesté 5 min po cviceni, po dalSich 5 min jiZ ale nebyl nalezen
vyznamny rozdil oproti pivodnimu tlaku. Naopak Myers (1974) uvadi pokles IOP o
1,54 mmHg jest¢ 20 min po jizd€é na rotopedu. Déle byl zjistén pozitivni vztah mezi
poklesem IOP a jeho vstupni hodnotou (Ashkenazi, Melamed & Blumenthal, 1992;
Leighton & Philips, 1970; Becker, 1955; Stewart, LeBlanc & Becker, 1970), kdy vyssi
pocatecni IOP vedl k vétSimu poklesu. Oproti tomu Price et al. (2003) uddva sice
pokles, nicmén¢ bez korelace s pociateCnimi hodnotami IOP. Problémem tady
predeslych studii je vSak pomérné nepiesné uddni intenzity provadénych cviceni.
Vzhledem k prokdzané souvislosti s intenzitou cviceni a velikosti zmény IOP (Qureshi,

1995; Krejci et al., 1981; Qureshi et al., 1996) toto pfedstavuje vyznamny limit.
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2.1.1 Odezva nitroo¢niho tlaku na kratkodobou stiedni zatéz [B1]

V ndvaznosti na stdvajici znalosti chovani nitroo¢niho tlaku pfi a po anaerobni
aktivité byla provedena studie B1 (Najmanova, Pluhacek & Botek, 2016). Cilem této
studie bylo vyhodnotit chovdni IOP béhem 30minutové zotavovaci faze po
kratkodobém (Sminutovém) stfedné obtiZném aerobnim cviceni v piipad€ zdravych
netrénovanych jedincli za dobfe definovanych podminek. Dal$im cilem bylo ovéteni
vlivu pocatecni hodnoty IOP (IOP;) a klidové srde¢ni frekvence (HR;) jako ukazatele

trovné fyzické zdatnosti jedince (Astrand et al., 2003).

Studie zahrnovala 41 normdlnich zdravych netrénovanych jedincti (8 muza a 33
zen) ve véku od 19 do 25 let. Pfed méfenim nesméli konzumovat kdvu nebo jiné latky
ovliviiujici IOP nebo HR. Klidové hodnoty IOP;: a HR; byly zmé&teny po 30 minutich
uvodniho odpocinku. Déale prob&hlo pétiminutové cviceni na ergometru s presné¢ danou
zatézi 80 W. Nitrooc¢ni tlak byl sledovan ihned po cviceni a v nasledujici klidové fazi
v ¢ase 5, 10, 20 a 30 min po ukonceni cviceni. Méfeni tlaku probehlo pouze na pravém
oku pomoci bezkontaktnitho tonometru Nidek RKT 7700. Data byla statisticky
vyhodnocena metodou analyzy rozptylu a pomoci Pearsonova korela¢niho koeficientu r
na hladin€¢ vyznamnosti 0,05. Podrobna metodika je uvedena v pfiloZené publikaci B1

(Najmanova, Pluhacek & Botek, 2016).

Tab. 4 Primérné hodnoty IOP a smérodatné odchylky SDjop nitroo¢niho tlaku pfed pohybovou
aktivitou a v jednotlivych ¢asech po aktivité.

pred ¢as po aktivité (min)
aktivitou 0 5 10 20 30
TI0P (mmHg) 14,0 12,3 12,7 13,7 14,8 15,2
SDjop (mmHg) 3,1 2,7 2,9 3,1 3,0 3,1

Stézejnim vysledkem experimentu bylo potvrzeni signifikantniho poklesu IOP
ihned po aktivité, a to v pruméru o 2,7 mmHg se smérodatnou odchylkou 2,0 mmHg.
Pokles byl signifikantni jest¢ v 5. a 10. minuté relaxacni faze. Prib¢h hodnot IOP
béhem experimentu uddva tab. 4. DalSim vyznamnym zjiSténim byla signifikantni
zavislost bezprosttedni zmény IOP na IOP:. — osoby s vySSim pocateCnim tlakem
vykazovaly jeho vétsi pokles (r = -0,53). Podobnd zdvislost byla zjisténa i ve studiich
(Ashkenazi, Melamed & Blumenthal, 1992; Leighton & Phillips, 1970), naopak Price et

al. (2003) tento jev nepozoroval. Pokles IOP byl pozorovin téZ v dalSich studiich
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zamcfenych na kratkodobou aerobni aktivitu bez ohledu na jeji typ a intenzitu
(Ashkenazi, Melamed & Blumenthal, 1992; Bakke, Hisdal & Semb, 2009; Kielar et al.,
1975; Kypke, Hollge & Scriba, 1973; Leighton & Phillips, 1970; Marcus et al., 1970;
Price et al., 2003; Qureshi, 1995; Shapiro, Shoenfeld & Shapiro, 1978; Krejci et al.,
1981; Rowe et al., 1976; Passo et al., 1987; Becker, 1955; Qureshi, 1996; Qureshi,
1997; Wilensky et al., 1993; Brody et al., 1999; Martin et al., 1999; Myers, 1974;
Stewart, LeBlanc & Becker, 1970; Harris, Malinovsky & Martin, 1994). BohuZzel v fad¢
z nich nebyla pfesné¢ specifikovdna pouzitd zatéZ, coz vzhledem k piredpokladu
zdvislosti zmén IOP na intenzit¢ cviceni komplikuje srovnani vysledkd. Odlisné
hodnoty poklesu IOP v riznych studiich mohou byt také ddny ndmi potvrzenou
zavislosti zmény IOP na pocatecni hodnoté. Napi. Price et al. (2003) uvadi primérny
pokles az 5,5 mmHg v 5. minuté po cviceni, ale pfi vyrazn¢ vyssi klidové hodnoté 19,8
mmHg + 5,4 mmHg, nez byla v naSi studii.

Srovnéani vysledkd se studiemi s prokazatelné vyssi zatéZzi potvrzuje jiz diive
zaznamenanou zavislost odezvy IOP na intenzité cviceni (Kielar et al., 1975; Kypke,
Hollge & Scriba, 1973; Leighton & Phillips, 1970). Napft. prace (Marcus et al., 1970)
uvadi vyraznou redukci IOP (5,9 mmHg) ihned po velmi intenzivnim 4minutovém b&hu
na pase, a to pfi podobném pocate¢nim tlaku jako v nasi studii. Vys$i intenzita cviceni
tedy vede k vétsSimu poklesu IOP.

Zajimavym zjiSténim byla signifikantni zdvislost bezprostfedni zmény IOP na
HR; (vy$$i HR; vedla k vétsimu poklesu, r = -0,34). Jak bylo uvedeno vyse, HR; je
ovlivnéna fyzickou kondici jednotlivce (Astrand et al., 2003). Odtud Ize usuzovat, 7e pii
stejné zat¢zi bude pozorovan vetsi pokles IOP u osob se slabsi kondici (tj. s vyssi HR,),
coz odpovida vysledkiim studie (Harris, Malinovsky & Martin, 1994), ktera srovndvala

trénované a netrénované jedince.

2.1.2 Odezva nitroo¢niho tlaku na maximalni pohybovou aktivitu [B2]

Ptredchozi studie B1 (Najmanova, Pluhacek & Botek, 2016) spolu s dalSimi
publikacemi (Kielar et al., 1975; Kypke, Hollge & Scriba, 1973; Leighton & Phillips,
1970) naznacuje zavislost zmén IOP vyvolanych aerobni aktivitou na jeji intenzité¢ —
s intenzitou roste velikost zmény IOP. Logickym pokracovanim piedchoziho stfedné

zat¢zového experimentu tedy bylo provedeni testu s maximdlni moZnou pohybovou
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zatezi vedouci az k hranici vycerpdni. Vysledky jsou prezentovany v praci B2
(Najmanova, Pluhacek & Botek, 2018). Cilem bylo zjistit okamZitou odezvu 1OP na
kratkodoby maximalni test a jeho chovani béhem nasledujici 30minutové relaxacni faze.
Dosavadni studie (Era et al., 1993; Moura et al., 2002) vykazuji rozdilné vysledky.
Zatimco Moura et al. (2002) uvadi nartst IOP, Era et al. (1993) nenalezli zadnou
zménu. U téchto experimentli vSak neni zfejmy piesny monitoring aktivity, ktery je
nutny pro co nejpiesn€jsi stanoveni okamziku vycCerpani. V nasi studii B2 (Najmanova,
Pluhacek & Botek, 2018) je tento okamzik pomérné dobfe definovan pomoci méteni
objektivnich parametri. Ddle je sledovan vliv pocdte¢niho (klidového) tlaku IOP:;,

klidové tepové frekvence HR;, maximalni hodnoty pifjmu kysliku (VO2max) a regulace

autonomniho nervového systému (ANS).

Do studie bylo zahrnuto 24 normélnich zdravych netrénovanych Zen ve véku od
19 do 30 let. Klidové hodnoty IOP:, HR; a aktivity ANS byly zméfeny po 30 minutiach
uvodniho odpocinku. Nésledovala zatéZova faze ve form¢ béhu na bézeckém pdasu
(Lode Valiant, Groningen, Nizozemi) s postupnym navySovanim vykonu az do stavu
vyCerpani. Pribézné byl monitorovan pifjem kysliku pomoci obli¢ejové masky
(Ergostik, Geratherm Respiratory, Bad Kissingen, Némecko). Dosazeni maximalni
aktivity bylo stanoveno jednak na zdkladé zastaveni nartstu piijmu kysliku a jednak
respiracnim pomérem (pomérem vydechnutého CO> a vdechnutého O>) vétSim nez
1,10. Z téchto ddajua byla téZ stanovena hodnota VOomax (ml Oz na kg véhy za min,
ml-kg!-min™!). IOP a aktivita ANS byly monitorovany t&sn& po maximdlni aktivité a
béhem ndsledujici 30minutové zotavovaci faze. IOP byl vZidy meéfen vleze pomoci
rebound tonometru Icare Pro (Vantaa, Finsko). Aktivita ANS byla hodnocena na
zakladé spektralni analyzy variability srde¢ni frekvence (HRV) pomoci ptistroje DiANS
PF8 (DIMEA group, Olomouc, Ceska republika). Timto zafizenim byla téZ stanovena
HR.. Data byla statisticky vyhodnocena metodou analyzy rozptylu a pomoci Pearsonova
korela¢niho koeficientu r na hladin¢ vyznamnosti 0,05. Podrobnd metodika je uvedena

v pfiloZené publikaci B2 (Najmanova, Pluhacek & Botek, 2018).

Vyznamnym zjiSténim byl ndrast variability IOP reprezentovany az
1,7ndsobnym zvySenim smérodatné odchylky po maximdlni zatéZi oproti klidové
hodnoté, viz tab. 5. Podobny ndrist variability nebyl v pfedchozich experimentech
zamétfenych na stfedné zatéZovou aktivitu pozorovan. Napi. ve studii B1 (Najmanova,

Pluhacek & Botek, 2016) byla smérodatnd odchylka pfed (o velikosti 3,1 mmHg)
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srovnatelnd s hodnotou po aktivit¢ (v rozsahu od 2,7 do 3,1 mmHg). Nas vysledek
poukazuje na velmi individudlni odezvu v chovani IOP kazdého jedince po maximalni
zatézi. V prubéhu testu muze v posledni fazi dojit k mirnému piekroceni anaerobniho
prahu. Béhem ndsledné anaerobni aktivity probihaji procesy (zvySend produkce
adenosintrifosfitu anaerobnim metabolismem, vznik kyseliny mlééné a vodikovych
iontl), které ptisobi vyznamny pokles pH a akutni svalovou tnavu (Brooks, Fahey &
White, 2000). Tyto zmény acidobazické rovnovéahy vyvoldvaji fadu homeostatickych
kompenzacnich procest typickych pro velmi intenzivni anaerobni cviceni (Brooks,
Fahey & White, 2000). Nizk4 a sttedni aerobni aktivita naopak ovliviiuje acidobazickou
rovnovihu minimdlné (Brooks, Fahey & White, 2000). Zejména anaerobni ¢ast aktivity
snejveétsi pravdépodobnosti indukuje vyrazné individudlni kompenzacni reakce
organismu pro udrZzeni homeostazy, které mohou vést k pozorované variabilit¢ odezvy
IOP napfi¢ subjekty. Z téchto diivodl také neni velmi intenzivni aZ maximadlni aktivita
doporucovdna jako preventivni cviceni u netrénovanych jedinc (Murphy, McNeilly &
Murtagh, 2010). Vzhledem k tomu, Ze u nékterych jedinci byly dosaZeny skutecné
vysoké hodnoty IOP (napi. u subjektu s klidovym IOP 18,9 mmHg byl pozorovan
ndriist aZz na 31,1 mmHg), by méla byt u rizikovych skupin (glaukomatici, osoby se

suspektnim glaukomem ¢i o¢ni hypertenzi) maximdlni aktivita kontraindikovéna.

Tab.5 Primémé hodnoty TOP a smérodatné odchylky SDjop nitrooéniho tlaku pied pohybovou
aktivitou a v jednotlivych €asech po aktivité.

pfed ¢as po aktivité (min)
aktivitou 0 5 10 15 20 25 30
I0P(mmHg) 17,7 18,7 19,3 19,7 19,8 19,4 19,9 18,2
SDjop (mmHg) 2,6 4,1 4,2 4,3 3,2 2,6 2,8 24

Ackoliv se hodnoty IOP v prib¢hu experimentu statisticky vyznamné neliSily,
z pramérnych dat v jednotlivych ¢asech méteni, uvedenych v tab. 5, l1ze vycist tendenci
k mirnému nérGstu a ndslednému poklesu. Tyto zmény mohou byt maskovany jiz
zminénou vysokou variabilitou. Nartist po maximalni aktivit¢ zaznamenal téZ Moura et
al. (2002), a to az do 15. minuty po aktivité, pficemz jejich data také vykazovala narast
smérodatné odchylky (1,6ndsobek) oproti klidovym hodnotdm. Jak bylo uvedeno,
zavéreCnad faze cviceni mohla zahrnovat (kriatkou) anaerobni ¢ast. Jelikoz predchozi
studie (Bakke, Hisdal & Semb, 2009) prokazaly nartst IOP v reakci na anaerobni

aktivitu, lze tyto zmény piisoudit pravé piitomnosti anaerobni ¢asti. Narast prokdzala
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téZ aktudlni studie (Vera et al., 2019), kterd byla vyddna aZ po publikaci vysledkti B2
(Najmanova, Pluhacek & Botek, 2018). Oproti tomu star$i studie (Era et al., 1993)
nevykdazala zadnou vyznamnou zménu. Rozdily mezi studiemi mohou byt zpiisobeny
rozdilnou metodikou, zejména tim, Ze ob¢ starsi studie (Era et al., 1993; Moura et al.,
2002) vyuzily k detekci maximdlni z4téZe jen subjektivni pocit testovanych osob oproti
pfesnému méteni VOamax v obou aktudlnich studiich, tj. B2 (Najmanova, Pluhacek &
Botek, 2018) a (Vera et al., 2019).

Zmény nitroo¢niho tlaku v pribéhu zotaveni byly zdvislé na klidové hodnoté¢
IOP,, pficemz se jednalo o klesajici zdvislost s korelaénim koeficientem r = -0,71.
Obdobnd zdvislost byla pozorovdna v ptipadé odezvy IOP po stiedni zéatéZi v nasi
predchozi studii B1 (Najmanova, Pluhacek & Botek, 2016) a téz v pracech (Ashkenazi,
Melamed & Blumenthal, 1992; Leighton & Philips, 1970; Era et al., 1993). Poc¢ate¢ni
IOP tedy ziejmé ovliviiuje zmény IOP indukované aktivitou stejnym zplisobem u
sttedni 1 maximdlni aktivity. Mezi zm¢énami IOP a parametry srdecni variability
reprezentujicimi aktivitu ANS nebyl nalezen zddny vyznamny vztah (r = 0,073).

Predchozi studie B1 (Najmanova, Pluhacek & Botek, 2016) spolu s dal$imi
(Qureshi, 1997; Passo et al., 1991) naznacuji, Ze zmény stiedné zatéZové aktivity na
IOP zavisi na individudlni fyzické kondici jedince. V této studii byla droven kondice
reprezentovana jednak klidovou tepovou frekvenci HR;, jednak hodnotou VOomax.
Zatimco VOomax nemél na pribéh IOP Zadny vliv, skupina s vyssi HR; (> 66 tepi/min;
vztazeno k medidnu) vykazovala signifikantn€é mensi zmény IOP po aktivité nez
skupina s niz§{ HR; (< 66 tept/min). Primérny nértGst IOP béhem celé zotavovaci faze
oproti klidové hodnoté byl u skupiny snizkou HR; 2,6 mmHg se smérodatnou
odchylkou 3,8 mmHg, zatimco u skupiny s vysokou HR; jen 0,4 mmHg se smérodatnou
odchylkou 3,4 mmHg. Vzhledem ke vztahu HR; a fyzické kondice z vysledkl vyplyva,
Ze osoby s vyssi kondici (niZ8$i HR;) vykazuji narast IOP, zatim co osoby s nizsi kondici
jen malé zmény. Diivodem odlisSného plisobeni VOrmax a HR: na IOP muze byt
skutecnost, Ze zatimco prvni uvadény parametr je dan spiSe dédicnosti, druhy vice
odrazi skutec¢nou aktudlni kondici (Bouchard et al., 1999). Diivodem navyseni IOP pii
lepsi kondici muze byt fakt, Ze vyS$i kondice vede k vétsi toleranci zmén pii anaerobni
aktivit¢ (Bouchard et al., 1999), coZ mohlo vést k prodlouzeni anaerobni €asti pred

uplnym vycerpanim.
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2.2  Odezva nitroo¢niho tlaku na zménu pozice téla [B3]

Zména pozice lidského téla predstavuje pro organismus urcitou z4téz, se kterou
se musi rychle vyrovnat. Procesy, které jsou t€émito zménami navozeny, se odrazi také
na hodnoté nitroo¢niho tlaku (Jorge et al., 2010; Fang et al., 2018; Kiuchi, Motoyama &
Oshika; Lam et al., 2013; Lee et al., 2012; Lindén et al., 2018; Malihi & Sit, 2012;
Meurs et al., 2018; pro pirehled starSich studii viz Prata et al., 2010). VétSina studii
uvadi vySS$i nitroocni tlak v lehu oproti sedu, napt. (Jorge et al., 2010; Fang et al., 2018;
Galin et al., 1963; Kiuchi et al., 2010; Lam et al., 2013; Lee et al., 2012; Lindén et al.,
2018; Linder et al., 1988; Meurs et al., 2018; Malihi & Sit, 2012). Pritom nartst IOP
nebo jeho rychlé zmény piedstavuji rizikovy faktor pro rozvoj glaukomu (Goldberg,
2003; Hasegawa et al., 2006; Krist, Curciefen & Jenemann, 2001). Navic méteni IOP
vétSinou probihd vsedé€, ale néktefi pacienti mohou byt prevdzZeni k vySetfeni vleze.
Pfipadnéd odezva IOP na zménu pozice téla pak muze mit neZddouci vliv na namétené
hodnoty a spravnou interpretaci vysledki méteni. Vzhledem ke zna¢nému klinickému
vyznamu méteni IOP se proto studie B3 (Najmanovd, Pluhdacek & Haklovd, 2019)
zamcfila na sledovani asové odezvy IOP pii zméné pozice ze sedu do lehu, z lehu do
sedu a pfi 30minutovém setrvani v kazdé z danych pozic. Na zdklad¢ poznatkl
z ptedchozich vyzkumt B1, B2 (Najmanova, Pluhacek & Botek, 2016, 2018) byl téz

sledovan vliv vychozi klidové hodnoty /OPg nitroo¢niho tlaku méfené v sedu.

24 -e- IOPg

22 _“ —— leh

IOP (mmHg)

0 10 20 30 40 50 60
¢as (min)

Obr. 18 Primérné hodnoty IOP v zdvislosti na Case v jednotlivych fazich experimentu: pfi Gvodnim
méteni v sedu (IOPg, plny krouzek a carkovand €ara, ¢as 0 min), béhem lehu (trojuhelniky, prvnich 30
min) a v ndsledném sedu (bilé krouzky, 30. aZ 60. minuta méfeni). Chybové tsecky reprezentuji
dvojndsobek smérodatné odchylky méfenych dat. Vytvofeno podle B3 (Najmanov4, Pluhd¢ek & Haklovai,
2019).
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Obr. 19 Prumérné odchylky IOP od vychozi hodnoty IOPg v zavislosti na case v jednotlivych fazich
experimentu pro subjekty s nizkym pocatecnim tlakem (bilé symboly) a s vysokym pocatecnim tlakem
(Cerné symboly): béhem lehu (trojihelniky, prvnich 30 min) a v ndsledném sedu (krouzky, 30. az 60.

minuta méfen{). Chybové tisecky reprezentuji smérodatnou odchylku méfenych dat. Vytvofeno podle B3
(Najmanova, Pluhdcek & Haklova, 2019).

Do studie bylo zahrnuto 44 normadlnich zdravych jedinct (11 muza, 33 Zen) ve
véku od 20 do 48 let. Pfed méfenim nesméli alesponi 12 h nosit kontaktni ¢ocky, dale
konzumovat kavu nebo jiné litky ovliviiujici IOP nebo HR a den pfedem provozovat
pohybovou aktivitu, kterd muze ovlivnit IOP. Experiment sestdval z ivodniho méteni
vychozi hodnoty IOP (/OPg) po 10 minutich sezeni, nasledné 30minutové faze vleze a
findlni 30minutové faze vsed¢. IOP byl méten té€sné pred a ihned po zméné pozice,
béhem lehu a v pribc¢hu findlni faze vsedé. Jednotlivé fize na sebe bezprostiedné
plynule navazovaly. Pribéh experimentu je patrny z obr. 18. Pozice vsed¢ i vleze byly
piesné definovany jednoznacnou polohou té€la, hlavy a koncetin. IOP byl méfen ocnim
tonometrem Icare Pro (Vantaa, Finsko). Data byla statisticky vyhodnocena metodou
analyzy rozptylu a pomoci Pearsonova korelaéniho koeficientu r na hlading
vyznamnosti 0,05. Podrobnd metodika je uvedena v pfiloZzené publikaci B3

(Najmanova, Pluhacek & Haklova, 2019).

Vysledky provedené studie potvrdily, Ze IOP je vyznamné ovlivnén zménou
pozice téla ze sedu do lehu a obracené. Byl pozorovan okamzity narist IOP jako reakce
na ob¢ uvazované zmény a jeho postupny pokles v ¢ase. Tyto vysledky souhrnné
prezentuje obr. 18. Priibéh IOP byl signifikantné ovlivnén hodnotou pocétecniho tlaku
1IOPg, naopak pohlavi jedince nemé&lo Zadny vliv.

Vstupni IOP méfeny v sedu byl vyznamné vyssi (v priméru o 2,5 mmHg se
smérodatnou odchylkou 1,9 mmHg) neZ hodnota na konci experimentu, méfend opét v

sedu. Podobny jev byl zaznamendn v publikaci (Anderson & Grant, 1973).
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Predpoklddame tedy, Ze na pozadi experimentu probihal postupny pokles IOP v case,
ktery byl nezdvisly na zmén¢ pozice. Vysledny IOP proto miiZze byt vysledkem sloZeni
tohoto poklesu se zménou IOP indukovanou zménou pozice. Zjisténé prumérné rozdily
IOP v jednotlivych pozicich tedy mohou byt zkresleny timto jevem. Okamzité zmény
ithned po usednuti ¢i ulehnuti by vSak nemély byt postupnym poklesem v Case
ovlivnény. Béhem experimentu byly vSichni jedinci v naprostém klidu, s otevienyma
oCima, bez cilené akomodace nebo rychlych pohybi o¢i. Jedinou aktivitou byla zména
pozice po 30 minutich lezeni. Tento celkovy klid mohl byt piic¢inou pozorovaného
postupného poklesu IOP. Ptitom vyssi /OPg vedl k vétSimu poklesu (viz obr. 19).

OkamZzity nartst IOP (v priméru o 2,6 mmHg se smérodatnou odchylkou 2.4
mmHg) po ulehnuti stejn¢ jako vyssi primérny IOP béhem celé faze vleze oproti fazi
vsed¢ (v pruméru o 1,41 mmHg se smérodatnou odchylkou 2,4 mmHg) je v souladu
s publikovanymi vysledky jak pro normélni zdravé jedince (Jorge et al., 2010; Fang et
al., 2018; Lam et al., 2013; Lee et al., 2012; Lindén et al., 2018; Malihi & Sit, 2012;
Parsley et al., 1987), tak pro jedince s glaukomem (Anderson & Grant, 1973; Kiuchi,
Motoyama & Oshika, 2010; Lindén et al., 2018; Parsley et al., 1987). Déle bylo
zjisSténo, Ze vyssi pocateni IOP vede k vyS$$im rozdiliim mezi hodnotami méfenymi
vleZze a vsedé. Piedchozi studie (Hirooka & Shiraga, 2003; Katsanos et al., 2017;
Parsley et al., 1987; Noél et al.,, 2001) zjistily, Ze glaukomatici nebo osoby s o¢ni
hypertenzi vykazuji vétsi narGst IOP v lehu oproti sedu. JelikoZ tyto subjekty trpi
vysokym IOP, jsou uvedené vysledky konzistentni s naSim nélezem.

Podle vysledka predchozich studii (Friberg, 1985; Friberg, Sanborn & Weinreb,
1987; Arora et al., 2017) miiZe byt pozorovany nartast IOP v lehu zpiisoben nértistem
episklerdlniho Zilniho tlaku (EVP). Zména EVP v Case je ale postupnd, coZ je v rozporu
s okamzitym nértstem IOP, jak upozornila jiZ studie (Anderson & Grant, 1973). Dal$im
moznym vysvétlenim je reflux nitroo¢ni tekutiny z episklerdlnich cév do Schlemmova
kandlu (Friberg, Sanborn & Weinreb, 1987) nebo pasivni odezva choroidélni cirkulace
na zménu pozice (Longo, Geiser & Riva, 2004).

Postupny pokles IOP v leze nebyl v pfedeSlych studiich sledujicich casové
zmény IOP popséan (Fang et al., 2018). Vlivem tohoto poklesu se IOP piiblizil po 15
min vychozi hodnoté, pficemz vyssi vychozi tlak vedl k vétsimu poklesu. Oproti tomu
Jorge et al. (2010), Lam et al. (2013) a Fang et al. (2018) zjistili u normélnich zdravych
jedinct signifikantni rozdil oproti /OPg jesté po 15 nebo 30 min od ulehnuti (Jorge et

al.,, 2010; Lam et al., 2013; Fang et al., 2018). Tento rozpor lze objasnit zdvislosti
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odezvy IOP na pocatecni hodnoté (viz obr. 19, osoby s niz§im /OPg maji tendenci
k pomalejSimu poklesu s ¢asem) spolu se skuteCnosti, Ze ve srovnavanych starSich
studiich byl pozorovan nizsi pocate¢ni IOP oproti naSim datiim. Pozorovany postupny
pokles muze byt CasteCné spojen se zménou zornice, ¢asteCné s vySe zminénym na
pozici nezavislym celkovym poklesem IOP v pribéhu experimentu. Velikost zornice je
totiZ vyznamné mensi v lehu oproti sedu nebo stoji (Lee, Kim & Park, 2007) z divodu
aktivace parasympatického nervového systému (Barrett et al., 2012), pfi¢emZ mensi
zornice vede k lepSimu pratoku komorové vody do duhovko-rohovkového thlu a tim k
redukci IOP.

Clanky (Lam et al., 2013; Fang et al., 2018) udévaji pokles IOP po opétovném
posazeni z predchoziho lehu, ale nezabyvaji se systematickym pozorovanim dynamiky
IOP v case. Nas experiment odhalil narast IOP té€sné po opétovném posazeni se, ktery
byl nésledovdn postupnym poklesem dokonce az pod predchozi koneCnou hodnotu
v lehu. Usednuti z pozice v lehu predstavuje opacnou situaci oproti ulehnuti. EVP by
m¢l proto postupné klesat az k dosazeni nové rovnovadhy, coz je v souladu
s pozorovanym postupnym poklesem IOP. AvSak okamzity nartst s timto vykladem
nekoresponduje. Musi zde tedy byt dalsi efekty, které velmi silné ovliviiuji IOP béhem
usednuti. MoZnou pfi¢inou miiZe byt aktivace sympatického nervového systému, jejimz
ukolem je pfedchazet tzv. ortostatickému kolapsu organismu. Tato aktivace pusobi
akutni narust krevniho tlaku a zvétSeni zornice (Barrett et al., 2012), které obecné
mohou nartst IOP zptisobit. Nasledujici pokles se pak mtiZze vztahovat k diskutovanému
poklesu IOP na pozadi experimentu, popf. k postupnym zméndm EVP.

Z vysledkl nasi studie vyplyva, Ze se IOP statisticky i klinicky vyznamné méni
zejména tésné¢ po zmeéné pozice. Tento jev by mél byt uvazovan vzdy, kdyz je IOP
méfen po zméné pozice a zohlednén ve formé vhodného Casového rozestupu mezi
zménou pozice a méfenim. Tento interval by mél byt delsi jak 5 min. Zména pozice
muze pusobit také jako ruSivy faktor pti 24hodinovém monitorovani IOP, viz napf.
(Itoop et al., 2016). Pokud je vySetfovany navic del$i dobu v celkovém klidu, miiZe byt
meéteni IOP ovlivnéno postupnym poklesem IOP v ¢ase a mohou byt naméfeny faleSné
nizké vysledky. Tento efekt se stupniuje srostoucim IOP, tedy napf. u osob
s glaukomem.

Okamzité zmény IOP navozené zménou pozice byly vyssi nez 2 mmHg a tedy
klinicky vyznamné (Qian et al., 2012). Tyto vysledky byly ziskdny na vzorku zdravych

mladych jedinct. Je zndmo, Ze pacienti s glaukomem jsou citlivéjsi na jakykoliv stress,
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napi. vykazuji vyS$i fluktuace IOP pii zvySeném piijmu tekutin (Salcedo et al., 2018;
Susanna et al., 2018) nebo vyssi rozdily IOP v riznych pozicich (Tarkkanen & Leikola,
1967; Weinreb, Cook & Friberg, 1984; Parsley et al., 1987; Noél et al., 2001; Hirooka
& Shiraga, 2003; Lee, Yoo & Kim, 2013; Katsanos et al., 2017). Lze tedy predpokléadat,
Ze u glaukomatikii budou i tyto bezprostiedni zmény vys$i a mohou predstavovat

zvySené potencidlni riziko pro tyto jedince nebo jedince se suspektnim glaukomem.

2.3 Odezva nitroo¢niho tlaku na kratkodobou normobarickou

hypoxii [B4]

Soucasti aktivniho zZivotniho stylu je pobyt na hordch, lyzovani, horolezectvi a
podobné aktivity, pfi kterych jsou rychle prekondvany i velké vyskové rozdily. Moderni
dopravni prostfedky (lanovky, automobily, vrtulniky, letadla) umoziiuji dosdhnout bez
namahy nadmotskych vySek nad 2500 m. S nadmotskou vySkou klesd atmosféricky tlak
a tim téz parcidlni tlak kysliku, ¢ehoz dusledkem je tzv. hypobarickd hypoxicka
hypoxie. Hypoxie piedstavuje nedostatek kysliku v organismu a jeho tkanich.
Konkrétné hypoxickd hypoxie spojend s vystupy do vysSich nadmoiskych vySek je
zpusobena nizkym parcidlnim tlakem kysliku v arteridlni krvi. Bez potiebné
aklimatizace se mohou projevit symptomy akutni horské nemoci, jako jsou bolesti
hlavy, inava, nevolnost, v t€Zkych fazich téz s plicnim edémem nebo edémem mozku
(Sutherland et al., 2017). Mimoto fada aktivit ve vysoké nadmoiské vySce nebo
hypoxickych aktivit je zafazena do tréninkovych strategii elitnich atlett (Wilber, 2011).
Uvedené aktivity mohou mit dopad na celkovy zdravotni stav vetné¢ zdravotniho stavu
oka. Vlivem nadmoiské vysky na IOP se zabyvala fada studii (Bosch et al., 2010;
Karadagq et al., 2008; Somner et al., 2007; Ersanli et al., 2006; Nebbioso et al., 2014;
Pavlidis et al., 2006; Cymerman et al., 2000), nicméné jejich vysledky jsou casto
protichtidné. Dlivodem miiZe byt spole¢né piisobeni velkého mnozstvi dalSich faktord,
jako jsou kratkodobd pohybovd aktivita sledovana napt. v nasi studii B1 (Najmanova,
Pluhacek & Botek, 2016), déle napt. zmény teploty (Fabiani et al., 2016; Shapiro et al.,
1981), odlisna troven fyzické kondice, viz B1 (Najmanova, Pluhacek & Botek, 2016)
nebo (Vera et al., 2018; Wylegala, 2016), nebo zmény IOP béhem dne (Wilensky et al.,
1993; Duke-Elder, 1952).
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Zmény IOP zptsobené nadmotskou vyskou mohou vyplyvat ze dvou dileZitych
jevi, a to ze zmény tlaku okolniho vzduchu a souvisejici zmény parcidlniho tlaku
kysliku. Stavajici studie vétSinou vyhodnocovaly oba faktory spolecné¢ ve formé
hypobarické hypoxie, tj. hypoxie indukované poklesem tlaku vdechovaného okolniho
vzduchu. Tyto podminky byly simulovédny v hypobarické komote (Karadaq et al., 2008;
Ersanli et al., 2006; Cymerman et al., 2000) nebo byly dosaZeny redlnym vystupem do
urcité nadmotské vysky (Bosh et al., 2010; Somner et al., 2007; Pavlidis et al., 2006;
Cymerman et al., 2000; Bayer et al., 2004). Studie dosp€ly k riznym vysledkiim — byl
zjistén ndrtist IOP (Bosh et al., 2010; Karadaq et al., 2008; Somner et al., 2007; Ersanli
et al., 2006) stejn¢ jako jeho pokles (Nebbioso et al., 2014; Pavlidis et al., 2006;
Cymerman et al., 2000). Pozorované zmény vSak byly vétSinou klinicky nevyznamné,
tj. mensi nez 2 mmHg (Qian et al., 2012). At uz IOP klesal nebo stoupal, dostatecné
dlouhy pobyt (v fadu dnit) ve vysoké nadmoiské vySce (Bosh et al., 2010; Somner et al.,
2007; Pavlidis et al., 2006; Cymerman et al., 2000) vedl k jeho stabilizaci a k navratu do
puvodnich hodnot v disledku aklimatizace, kterd obecné zdvisi na genetickych
dispozicich (Ward, Milledge & West, 1995).

Piisobeni hypoxie na IOP tedy dosud neni jednoznacné objasnéno a piislusny
mechanismus neni zndm. Pfedchozi vySe zminéné price vétSinou vyhodnocovaly
soucasn¢ pusobeni obou jevl spojenych se zménou nadmoiské vySky (zménu
atmosférického tlaku a pokles parcidlniho tlaku kysliku). Pro pochopeni vlivu hypoxie
je vsak nutné hodnotit jejich piispévek oddélené. Proto si studie B4 (Najmanova et al.,
2019) polozila za cil sledovat odezvu IOP na normobarickou hypoxii (tj. hypoxii
zpusobenou nizkym parcidlnim tlakem kysliku pfi normdlnim atmosférickém tlaku),
tedy bez fyzikdlniho efektu zmény atmosférického tlaku, a to za velmi dobfe
kontrolovanych okolnich podminek. Dale byla sledovana pfedpoklddana zavislost zmén
IOP na saturaci krve kyslikem (SpO.) a pohlavi. Vzhledem k tomu, Ze ptedeslé studie
B1-B3 (Najmanova, Pluhacek & Botek, 2016, 2018; Najmanova, Pluhacek & Haklov4,
2019) prokazaly korelaci IOP s jeho klidovou hodnotou /OP; a individudlni klidovou
tepovou frekvenci HR; jako ukazatelem fyzické kondice, byly i tyto parametry zahrnuty

do sledovani.

Z puvodnich 49 normadlnich zdravych dobrovolnikti bylo do studie zahrnuto 38
jedincti (23 Zen a 15 muzi) s primérnym veékem 25 let a smérodatnou odchylkou 4

roky. Ostatni byli vyfazeni z divodu nedokonceni experimentu. Mimo splnéni
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podminek obvyklych v ptedchozich studiich B1-B3 (Najmanova, Pluhacek & Botek,
2016, 2018; Najmanovd, Pluhdcek & Haklovda, 2019) nesméli byt tito jedinci
v predchozich dvou letech vystaveni hypoxii odpovidajici nadmotské vysce nad 1000
m. Vstupni hodnoty IOP;, HR; a saturace krve kyslikem byly zméfeny po 7 minutach
uvodniho odpocinku za normélnich podminek v nadmoiské vySce 250 m. Nésledné
podstoupili 10 min dlouhou normobarickou hypoxickou hypoxii a pak 7minutovou
zotavovaci fazi v normélnich podminkach. M¢étfeni nitroocniho tlaku a hodnot SpO»
prob¢hlo ve 4. a 10. minuté hypoxie a na konci zotavovaci faze. Hypoxie byla navozena
vdechovianim smési s9,6 % kysliku prostfednictvim oblicejové masky (MAG-10
systém; Higher Peak, Boston, MA, USA), coZ odpovidd nadmotské vysSce 6200 m. IOP
byl méfen pomoci tonometru Icare Pro (Vantaa, Finsko), saturace krve kyslikem
oximetrem Nonin Avant 2120 (Nonin Medical, Minneapolis, MN, USA), HR byla
stanovena z vystupdl piistroje DIANS PF8 (Dimea Group, Olomouc, Ceskd republika).
Data byla statisticky vyhodnocen metodou analyzy rozptylu a pomoci Pearsonova
korela¢niho koeficientu r na hladiné vyznamnosti 0,05. Podrobnd metodika je uvedena

v priloZené publikaci B4 (Najmanovi et al., 2019).

StéZejnim zjisténim byl statisticky vyznamny nartist IOP jako odezva na
navozenou hypoxii (viz obr. 20). Zjistény vysledek je v souladu s ptredeSlymi
experimenty, které jednak simulovaly hypoxii v hypobarické komote (Karadaq et al.,
2008; Ersanli et al., 2006; Nebbioso et al., 2014), jednak zahrnovaly redlny vystup
(Bosh et al., 2010; Somner et al., 2007). Primérné navyseni IOP bylo vZdy mensi nez 2
mmHg vyjma prace (Ersanli et al., 2006), kterd zjistila nartist mirn¢ ptesahujici 2
mmHg pfi hypoxii v komote. Dalsi priace vSak uvadi naopak pokles jak v redlném
prostiedi (Pavlidis et al., 2006; Cymerman et al., 2000), tak v hypobarické komote
(Cymerman et al., 2000). Metody dosazeni ¢i simulace nadmoiské vysky i1 metody
meétfeni IOP byly v jednotlivych piedchozich studiich odlisné. Navic byli pozorovani
jedinci vystaveni soucasné hypoxii a zméné atmosférického tlaku a v piipadé redlného
vystupu dokonce pohybové aktivité, kterd muze sniZovat IOP, viz B1 (Najmanova,
Pluhacek & Botek, 2016), piipadn¢ dalSim proménnym fyzikdlnim parametrim
okolniho prostiedi. Spole¢né piisobeni téchto faktori muze byt vysledkem odlisSné
odezvy IOP v rtiznych studiich. NaS experiment podrobil testované jedince nahlé zméné
piijmu kysliku bez moZnosti adaptace, pficemz nedoslo k vykonani pohybové aktivity a

ostatni parametry (tlak, teplota, vlhkost) zistaly neménné.

58



ukonceni

hypoxie
20 o _ _:_
=)
T
€
E
5 vychozi
= 154 4 hodnota
14 T -I-
18 f———— i |

0 5 10 15
Cas od zahajeni hypoxicke faze (min)

Obr. 20 Casovéd zdvislost IOP v priibéhu jednotlivych fazi experimentu (prvnich 10 min odpovidd
hypoxické fazi, 10. az 17. minuta zotavovaci fazi). Krouzky pfedstavuji primémé hodnoty IOP
v jednotlivych casech méfeni, ¢arkovand ¢dra oznacuje prumérnou vychozi hodnotu /OP;. Chybové
usecky reprezentuji dvojndsobek smérodatné odchylky métenych dat. Vytvofeno podle B3 (Najmanova et
al., 2019).

Je znamo, Ze tlustSi rohovka vede k faleSné vysokym hodnotdm IOP (Kirstein et
al., 2011). Rohovkova tloustka roste z diivodu edému s nadmotskou vyskou (Bosh et
al., 2010; Nebbioso et al., 2014; Morris et al., 2007). McNamara (1999) a Wang et al.
(2002) zjistili, ze hypoxie delsi nez 1 h také zvysuje rohovkovou tloustku. Nicméné
Karadagq et al. (2008) a Somner et al. (2007), ackoliv pouZili redukci vysledkd na zménu
rohovkové tloustky, stdle registrovali zvySené hodnoty IOP. Vzhledem ke kritké
expozici hypoxii v naSem experimentu lze piedpokladat, Ze zména tloustky rohovky
byla minimélni nebo Zddna a nértist IOP s ni tedy nijak vyrazn€ nesouvisel.

Z naméfenych dat dale vyplyva, Ze vétsi pokles saturace krve kyslikem vede
k vétSimu navySeni IOP (viz obr. 21). Ackoliv ale byla niZsi saturace dosaZena u Zen
(obr. 22), jakykoliv vliv pohlavi na zmény IOP se béhem experimentu neprokizal. Ani
pocatecni hodnoty IOP a HR nevykazaly na chovéani IOP zadny vliv. Vysledky vSak
mohou byt negativné ovlivnény variabilitou zvolené metody métreni IOP (Schweier et
al., 2013; Kim, Park & Jeoung, 2013; Ma et al., 2016), kterd se pro danou priimérnou
pocatecni hodnotu IOP bliZi pozorované zméné. Pro ovéieni vlivu pocatecniho IOP, HR
a pohlavi bude tfeba provést dalsi studii na rozsahlejSim vzorku.

Kritkodobd expozice normobarické hypoxii vyvoldvd malé primérné zmény
IOP, které se zdaji z klinického hlediska nevyznamné (< 2 mmHg) (Qian et al., 2012).
Nicméné ve vice jak 30 % piipada piesdhla zména IOP 2 mmHg, pfi¢emZ maximalni

odchylka byla dokonce 6 mmHg. Takovéto vykyvy uz mohou zejména u glaukomatik
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ptredstavovat riziko (Srinivasan et al., 2016). Navic je IOP u glaukomatikii obecné¢ vice
citlivy na zatéz, napf. ndhlé vypiti vétstho mnoZzstvi vody (Susanna et al., 2017).
V piipadé jedinct postiZzenych glaukomem proto Ize ocekdvat vEtSi nez pozorovany
narist tlaku. Na druhou stranu se jednd pouze o kriatkodobé vykyvy, jejichZ dopad
nemusi byt aZz tak vyrazny. Zaznamenané zmény IOP byly provdzdny s poklesem
saturace krve kyslikem. U glaukomatikii nebo osob se zvySenym rizikem glaukomu
proto 1ze doporucit monitorovani IOP béhem aktivit spojenych s kratkodobou hypoxif,

jako je napt. hypoxicky trénink (Duennwald et al., 2013) nebo rychlé zmény nadmoftské

vysky.

—o hypoxie, 4. minuta

o —e— hypoxie, 10. minuta

AIOP (mmHg)

35 -30 -25 -20 -15 -10 -5 0 5
ASPO, (%)

Obr. 21 Zavislost zmén IOP (AIOP) oproti vychozi hodnoté na saturaci krve kyslikem (SpO2) u
jednotlivych subjekti ve 4. (bilé krouzky) a 10. (Cerné krouzky) minuté hypoxické faze experimentu.
Kladna zména predstavuje nartist IOP. Data jsou proloZena regresnimi pifmkami (¢arkovana ¢ara pro data
ve 4. minuté a plnd ¢ara pro data v 10. minuté). Vytvofeno podle B3 (Najmanova et al., 2019).
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Obr. 22 Casova zavislost primérné saturace krve kyslikem (SpO») u Zen (bilé¢ krouzky) a muzi (Cerné
krouZzky) v jednotlivych fazich experimentu (hypoxickd faze prvnich 10 min, zotavovaci faze 10. aZ 17.
minuta). Céarkovand &dra oznaGuje primérnou vychozi hodnotu SpO,, chybové tdsedky reprezentuji
smérodatné odchylky naméfenych dat. Vytvoreno podle B3 (Najmanova et al., 2019).
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2.4  Shrnuti hlavnich vysledki

Spole¢nym rysem vSech studovanych zatéZovych testli je zfetelny vliv na IOP.
Ten se prezentuje v ndvaznosti na typ aktivity jako primérnd zména IOP nebo jako jeho
individudlni vykyvy. Oba jevy mohou u citlivych osob piedstavovat urcité zdravotni

riziko, popt. mohou nezadoucné ovlivnit vysledky méfeni IOP.

v o

U kritkodobé pohybové aktivity se stfedni zatéZi, na kterou se zaméfila prace B1
(Najmanova, Pluhacek & Botek, 2016), byl potvrzen vyrazny bezprostiedni pokles IOP
pretrvavajici jeSt¢ 10 min po ukonceném cviceni. Hodnota poklesu byla umérna
poc¢ateCnimu IOP a pravdépodobné zavisi na fyzické kondici, pficemz vysledky
naznacuji, Ze zvySeni kondice by mohlo pomoci uvedené zmény omezit. Na tyto zavery
navazala price B2 (Najmanova, Pluhacek & Botek, 2018) zaméfend na maximalni
pohybovou aktivitu. Hlavnim zjisténim byla pfedev§im velmi vysokd variabilita odezvy
IOP meszi jedinci pretrvavajici vice jak 10 min po cviceni. I zde byl patrny vliv fyzické
kondice. Pozorované zmény IOP byly sice nespecifické, ale u vétSiny jedincii
z klinického hlediska vyznamné, a proto by pro rizikové skupiny méla byt tato aktivita

kontraindikovana.

Nejen pohybova aktivita, ale jiZ pouhd zména pozice téla ¢i hlavy mize vést ke
zméndm IOP, jak bylo potvrzeno v praci B3 (Najmanovd, Pluhdcek & Haklova, 2019).
Bylo zjisténo, ze po kazdé sledované zméné pozice téla (sed-leh, leh-sed) dojde
kratkodobé k nartistu IOP. Tento jev by mél byt zohlednén vZzdy, kdyZ je IOP méten po
repozici vySettované osoby, a to vhodnym cCasovym rozestupem (vice jak 5 min) mezi
zménou pozice a méfenim. Typickym piipadem mulze byt napf. 24hodinové
monitorovani IOP, kde mliZze zména pozice piisobit jako vyrazny zkreslujici faktor.
Rychlé vykyvy IOP spojené s opakovanou zménou polohy téla nebo hlavy napt. pfi
nckterych typech cviceni mohou opét predstavovat urcité riziko pro citlivé jedince.
Vysledky dale naznacuji, Ze pokud je vySetiovand osoba delsi dobu v celkovém klidu,
dochdzi k postupnému poklesu IOP v Case. Tento efekt se stupnuje s rostoucim IOP a

muze tedy byt jesté vyrazné vétsi napt. u osob s glaukomem.

Posledni sledovanym typem zitéze byla kratkodobd extrémni (ndrazova)
hypoxie, které muze byt organismus vystaven z riiznych divodd, jako jsou napft. rychlad

zména nadmoiské vysky nebo specidlni forma tzv. hypoxického tréninku. Z vysledkt
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nasi studie B4 (Najmanov4 et al., 2019) vyplyva, ze IOP vlivem kratkodobé intenzivni
normobarické hypoxie mirné roste, a to v korelaci s poklesem stupné saturace krve
kyslikem. Do normdlu se vraci béhem né¢kolika minut po ukonceni hypoxie. Ackoliv
jsou vysledky ziskané na zdravych jedincich v priméru klinicky nevyznamné, u
nékterych osob byly pozorovany vyrazné vykyvy IOP. U citlivych jedincii (napf.
glaukomatikil) Ize predpoklddat vykyvy vyraznéjsi, které ve spojeni se sniZenou saturaci

krve kyslikem mohou opét predstavovat zdravotni riziko.
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ZAVER

PredloZzend price shrnula vybrané vysledky mé vyzkumné cinnosti v oblasti
zrakovych funkci a fyziologie zrakového aparétu, které predstavuji tézisté mé stavajici
védecké cCinnosti. Jednd se o dvé paralelni vyzkumné linie zaméfené jednak na
pochopeni vybranych zdkladnich aspektl zrakového vnimani a jejich ptivodu, jednak na
popis vlivu vybranych faktorii na fyziologii nitroo¢niho tlaku a zhodnoceni jejich

klinického dopadu.

Prvni ¢ast prace se zaméfila na vysledky ziskané v oblasti studia CI a CW.
Vétsina zuvedenych studii byla vedena snahou pochopit povahu téchto jevi.
Prostfedkem bylo sledovani jejich dil¢ich aspekttl, a to pfedevsim reakce na zménu jasu,
viz publikace A1-A3 (Bedell et al., 2013; Musilova et al., 2018; Pluhacek & Siderov,
2018). Ziskané vysledky potvrzuji jejich neurdlni plivod, a to jak pii centrdlnim, tak
perifernim zobrazeni stimulu. Data pro fovedlni CI a CW navic podporuji hypotézu
vysvétlujici oba jevy na zdklad¢ antagonistické struktury receptivnich poli. Déle byl
v praci A3 (Pluhacek & Siderov, 2018) sledovan mozny dopad CW na klinické
testovani mezopické zrakové ostrosti. Prokazalo se, ze CW pii obvyklé konstrukci testil
toto méfeni neovliviuje. Specifickému chovani CI v zdvislosti na kontrastni energii a
pii velmi malych separacich kontur se vénovaly clanky A4 (Bedell, Siderov &
Pluhédcek, 2019) a AS (Siderov, Pluhdcek & Bedell, 2019). Oproti jinym pracem bylo
zjiSténo, Ze CI za urcitych podminek zavisi jak na kontrastu, tak i na Sifce kontur.
Typické a dosud nejednoznacné vysvétlované chovani CI pfi velmi malych separacich
bylo objasnéno na zdklad¢ prolnuti neurdlnich obrazti kontur a centrdlniho
pozorovaného znaku.

Druhd cast prace prezentovala publikace, ve kterych se vyzkum zaméfil na
zmény IOP vyvolané kratkodobou fyziologickou zdtéZi organismu, a to pohybovou
aktivitou B1 (Najmanova, Pluhacek & Botek, 2016), B2 (Najmanova, Pluhacek &
Botek, 2018), zménou pozice téla B3 (Najmanova, Pluhdcek & Haklova, 2019) a
kratkodobou extrémni normobarickou hypoxii B4 (Najmanova et al., 2019), a na jejich
mozny klinicky dopad. Z vysledkii vyplyva, Ze kazda zat€Z mlze vyvolat nezddouci
vykyvy IOP, které mohou pfi bezprostfedni navaznosti na jeho méteni ovlivnit vysledek
a zkreslit interpretaci dat. Ddle mohou zejména u citlivych osob, jako jsou jedinci

s glaukomem ¢i suspektnim glaukomem, ptedstavovat zdravotni riziko. Pfitom
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studované aktivity jsou soucasti béZného Zivota nebo souvisi s fadou volnocasovych

¢innosti spojovanych se zdravym Zivotnim stylem.

Vsechny prezentované studie zapadaji do dlouhodobé koncepce vyzkumu
zrakovych funkci a fyziologie oka na katedfe optiky Piirodovédecké fakulty Univerzity
Palackého v Olomouci. VétSina z nich byla tésné spjata s vychovou novych odbornikil
predevSim v ramci doktorského, ale i magisterského studia, na které jsem se aktivné
podilel jako Skolitel, vedouci praci ¢i odborny konzultant. Uvedené vysledky
predstavuji vychodisko pro dal$i navazujici experimenty, z nichZz mnohé jiz jsou ve
spoluprdci s naSimi zahranicnimi partnery nebo sjinymi fakultami Univerzity
Palackého pfipraveny, piipadné probihaji. Jednd se napf. o podrobné srovnani
mechanismi CI a CW ve fovee pomoci analyzy zaménnych matic, studium jejich
chovani pfi dichoptickém zobrazeni stimulu, vliv konzumace tzv. hydrogenované vody

na velikost IOP nebo dopad stfednédobé hypoxie na tloustku rohovky a IOP.
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Single-letter visual acuity is impaired by nearby flanking stimuli, a phenomenon known as contour inter-
action. We showed previously that when foveal acuity is degraded by a reduction of letter contrast, both
the magnitude and angular spatial extent of foveal contour interaction remain unchanged. In this study,
we asked whether contour interaction also remains unchanged when foveal visual acuity is degraded by a
reduction of the target’s background luminance.

Percent correct letter identification was measured for isolated, near-threshold black Sloan letters and
for letters surrounded by 4 flanking bars in 10 normal observers, 5 at Anglia Ruskin University, UK (ARU)
and 5 at Palacky University, Czech Republic (PU). A stepwise reduction in the background luminance over
3 log units resulted in an approximately threefold increase in the near-threshold letter size. At each back-
ground luminance, black flanking bars with a width equal to 1 letter stroke were presented at separations
between approximately 0.45 and 4.5 min arc (ARU) or 0.32 and 3.2 min arc (PU).

The results indicate that the angular extent of contour interaction remains unchanged at approximately
4 min arc at all background luminances. On the other hand, the magnitude of contour interaction
decreases systematically as luminance is reduced, from approximately a 50% reduction to a 30% reduction
in percent correct. The constant angular extent and decreasing magnitude of contour interaction with a
reduction of background luminance suggest foveal contour interaction is mediated by luminance-
dependent lateral inhibition within a fixed angular region.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Contour interaction is the reduction of performance on visual
spatial tasks, such as letter acuity, that results from the presence
of nearby flanking contours. Across observers, the lateral extent
of contour interaction generally is scaled in proportion to the ob-
server’s visual acuity (Flom, Weymouth, & Kahneman, 1963; Hess
& Jacobs, 1979; Simmers et al., 1999; Stuart & Burian, 1962; for
exceptions see Hess et al., 2001). Within observers, the extent of
contour interaction increases from the fovea to the peripheral ret-
ina, more rapidly than the worsening of non-foveal visual acuity
(Bouma, 1970; Hess et al., 2000; Jacobs, 1979; Latham & Whitaker,
1996; Leat, Li, & Epp, 1999; Toet & Levi, 1992). However, recent
studies demonstrate that the extent of contour interaction mea-
sured at a specific retinal location does not scale with the size of
the target, but remains essentially fixed (Danilova & Bondarko,
2007; Pelli, Palomares, & Majaj, 2004; Siderov, Waugh, & Bedell,

* Corresponding author. Address: College of Optometry, 505 J. Davis Armistead
Building, University of Houston, Houston, TX 77204-2020, USA. Fax: +1 713 743
2053.

E-mail address: HBedell@Optometry.uh.edu (H.E. Bedell).

0042-6989/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.visres.2013.07.009

2013; Tripathy & Cavanagh, 2002). For example, Siderov et al. dem-
onstrated that the lateral extent of foveal contour interaction, ex-
pressed in units of min arc, remains the same for targets of high
and low contrast, for which foveal acuity differs by up to 2.5 times
(0.4 log units). This study showed also that the magnitude of foveal
contour interaction, i.e., the maximum reduction in percent correct
letter identification compared to the condition with no flanking
targets, remains the same for high- and low-contrast acuity
targets.

The purpose of the present study was to examine how the mag-
nitude and extent of contour interaction depend on the luminance
of a foveal acuity target. Although acuity is highly dependent on
target luminance (e.g., Mandelbaum & Sloan, 1947; Shlaer, 1937),
the influence of luminance on contour interaction has hardly been
addressed. Takahashi (1968) measured foveal contour interaction
using a two-line resolution task. Her results for one observer re-
vealed a decrease in the magnitude of contour interaction but no
change in its angular extent, as the luminance was reduced from
178 to 1.3 mL (567-4.1 cd/m?). Matteucci, Maraini, and Peralta
(1963) reported that the magnitude of ‘separation difficulty’ in
amblyopic eyes, measured as the difference in visual acuity for
lines of letters on a chart compared to isolated optotypes, is smal-
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ler for acuity charts presented at a mesopic (2 lux) compared to a
photopic (120 lux) level of illuminance. Simunovic and Calver
(2004) assessed contour interaction for scotopic Landolt C targets
that were presented at an eccentricity of 10 deg. They found that
contour interaction for different sized targets (range~ 1.2—
1.9 deg) occurs within an approximately fixed spatial extent, on
the order of 0.25 deg. Simunovic and Calver noted that this value
is smaller than the extent of contour interaction that has been
reported using peripheral photopic targets (e.g., Bouma, 1970;
Jacobs, 1979; Tripathy & Cavanagh, 2002), but did not present
comparison data for their subjects using other target luminances.

Our study examined the extent and magnitude of contour inter-
action produced by flanking bars on dark Sloan letters, presented at
the fovea for a range of background luminances. Similar experi-
ments were conducted concurrently at Anglia Ruskin University,
Cambridge, UK (ARU) and at Palacky University, Olomouc, Czech
Republic (PU). The results of both experiments indicate that the
lateral extent of foveal contour interaction remains unchanged,
but the magnitude of contour interaction decreases systematically
as the background luminance of the acuity target is reduced.

2. Methods

A total of 10 observers participated in this study, 5 at ARU (3 fe-
male and two male, age range = 21-64 years old) and 5 at PU (5
women, age range = 22-24 years old). All of the observers had nor-
mal eye movement control, were free from ocular pathology, and
had better than 6/6 corrected visual acuity in each eye. The re-
search was conducted in accordance with the tenets of the Decla-
ration of Helsinki. Appropriate institutional review board approval
was obtained at each institution and written informed consent was
obtained from each observer before participation. When required,
the observers wore appropriate lens correction during testing.

The methods used in both labs were similar to those described
previously by Siderov, Waugh, and Bedell (2013). Dark Sloan let-
ters (CDHKN O RSV Z) with a Weber contrast of —89% were pre-
sented one at a time on a bright background, either in isolation or
surrounded by 4 flanking bars with the same contrast, length, and
stroke width as the surrounded letter. The stimuli were generated
using Test Chart 2000Pro software (Thomson Software Solutions,
Herts, UK) and displayed on a PC monitor. The display monitor at
ARU measured 19 inches diagonally, with 1024 x 768 pixel resolu-
tion, a refresh rate of 100 Hz, and an unattenuated luminance of
108 cd/m?. A 22-in. monitor was used at PU, with 1680 x 1050 pix-
el resolution, a frame rate of 60 Hz, and an unattenuated lumi-
nance of 195 cd/m? Ambient illumination in the experimental
room at both experimental venues (produced primarily by lumi-
nance from the display monitor) remained dim. Testing was per-
formed monocularly and each letter was presented until the
observer made a verbal response.

Percent correct letter identification was determined in the ab-
sence of flanking bars and for 5 edge-to-edge separations between
the letter and the surrounding flanking bars. The same 5 angular
flanking separations were used for each observer for all back-
ground luminances, which spanned a range of 3 log units (see be-
low). These letter-to-flanking-bar separations corresponded to 0.5,

1, 2, 3 and 5 stroke widths of the Sloan letters that were presented
in the highest luminance condition, designated 0 ND. In the 0 ND
condition, the letter size and viewing distance were selected for
each observer to achieve approximately 80% correct when the let-
ters were presented without flanking bars (range of angular letter
sizes across observers = 3.2-4.75 min arc; range of viewing dis-
tances = 10-12 m). As the background luminance was reduced,
the physical size of the targets on the display screen was increased
to maintain approximately 80% correct identification in the no-
flank condition. On average, a reduction of the background lumi-
nance by 3 log units (3 ND) required an increase in the angular let-
ter size corresponding to 0.56 logMAR for the observers at ARU and
0.53 logMAR for the observers at PU (Table 1). Because of the in-
crease in letter size as the background luminance was reduced,
the edge-to-edge separations of the flanking bars at the lowest
luminance, when expressed in multiples of the letter stroke width,
were approximately 3.5 times smaller than the values listed above
for the 0 ND condition (average values listed in Table 1).

For each observer, percent correct letter identification was
determined from a total of 100-200 presentations per condition,
presented in blocks of 25 for each combination of background
luminance and flanking-bar separation. For all observers, the data
for the 0 ND condition were collected first. The order of the other
3 background luminances varied pseudo-randomly among the
observers tested at each site, with the trials for all 5 flanking-bar
separations for one background luminance completed before the
next luminance condition was begun. Observers were provided at
least 10 min to adapt before the start of data collection at the
two lowest luminance levels.

To vary the luminance of the acuity and background stimuli, the
observers viewed through glass neutral density filters (Thorlabs;
http://www.thorlabs.com/) with nominal values of 1, 2 and 3 ND,
mounted in a pair of light-tight goggles that also included an opa-
que shield to occlude the non-viewing eye. The measured lumi-
nances of the background field without (0 ND) and with the
neutral density filters (1, 2 and 3 ND) were 108, 12.1, 0.82 and
0.09 cd/m? at ARU and 195, 19.7, 1.46 and 0.21 cd/m? at PU. A dif-
ference between the testing conditions at the two institutions is
that the observers at PU viewed the acuity targets through a
2.5 mm artificial pupil, whereas the observers at ARU viewed using
their natural pupil. All observers were asked to centrally fixate the
acuity targets at all luminance levels.

Because of the difference in the testing conditions, the percent
correct letter-identification data obtained at ARU and PU were ana-
lyzed using separate repeated-measures ANOVAs. Where neces-
sary, the levels of statistical significance reported in section 3,
below, include a Huynh-Feldt correction for departures from
sphericity.

3. Results

The two panels of Fig. 1 show the average values of percent cor-
rect letter identification for the observers at ARU (top) and PU (bot-
tom) as a function of the edge-to-edge flanking-bar separation in
min arc. Contour interaction is revealed by the reduced values of
percent correct for flank separations less than approximately

Table 1
Average letter sizes and minimum and maximum flanker separations (gaps) for each of the luminance conditions for the two groups of observers.
ARU PU
0 ND 1ND 2 ND 3ND 0 ND 1 ND 2 ND 3 ND
Average letter size (min arc) 4.5 5.4 9.1 14.5 3.2 3.2 4.6 11.0
Min gap size (% letter size) 10 8 5 3 10 10 7 3
Max gap size (% letter size) 100 83 50 31 100 100 69 29
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Fig. 1. Percentage correct responses averaged across the observers at Anglia Ruskin
University (ARU, top) and Palacky University (PU, bottom) and plotted as a function
of flanker separation in min arc for the 4 luminance conditions. Error bars represent
+1 SE. Data at ‘INF on the abscissa represent the unflanked condition.

3-4.5 min arc. A significant main effect of separation exists in both
data sets (for the ARU data, Fyrs20 =17.61, p=0.0021; for the PU
data, Fgp-520=47.88,p=1.1 x 10 8). Although there is no main ef-
fect of background luminance, the interaction between luminance
and flank separation is significant for both groups of observers (for
the ARU data, Fyei560=3.97, p<0.0001); for the PU data,
(Fa=15.60 = 2.89, p=0.0018). This interaction reflects a systematic
reduction in the magnitude of contour interaction as the back-
ground luminance is reduced. Specifically, in the 0 ND condition,
the introduction of flanking bars produced a maximum reduction
of percent correct letter identification from 79% to 32% (ARU)
and from 91% to 36% (PU). In contrast, the maximum reduction
of percent correct in the 3 ND luminance condition was only from
78% to 52% (ARU) and from 90% to 59% (PU).

Recall that the flanking bars were presented at the same angular
separations from the acuity target for all background luminances.
It is therefore possible that a larger magnitude of contour interac-
tion would be found for low luminance condition if the range of
flank-to-target separations were increased. To address this possi-
bility, the 5 observers from ARU were re-tested using acuity targets
with a background luminance of 0.09 cd/m? and edge-to-edge
separations of the flanking bars equal to 0.5, 1, 2, 3 and 5 stroke
widths; i.e., between approximately 3.3 and 16.3 min arc, averaged
across observers. The resulting variation in percent correct is in
close agreement with the data for the 3 ND luminance condition
in Fig. 1A. As shown in Fig. 2, the magnitude of contour interaction
for low-luminance foveal targets remains small for the entire range
of flanking-bar separations that were tested.

Whereas the magnitude of contour interaction decreases when
the background luminance of the acuity targets is reduced, Fig. 1
illustrates that the lateral extent of contour interaction, in min

100
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Fig. 2. Percentage correct responses averaged across observers at Anglia Ruskin
University and plotted as a function of flanker separation for the 3 ND luminance
condition. Filled symbols replot the data for this luminance condition from the top
panel of Fig. 1. Unfilled symbols show the results for flanker separations equal to
10%, 20%, 40%, 60% and 100% of the letter size. As in Fig. 1, the error bars represent
+1 SE and ‘INF’ on the abscissa indicates the unflanked condition.
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Fig. 3. Percentage correct responses averaged across the observers at Anglia Ruskin
University (ARU, top) and Palacky University (PU, bottom) for the 4 luminance
conditions re-plotted from Fig. 1, with flanker separation expressed as a percentage
of the letter size. Error bars represent +1 SE. Data at ‘INF’ on the abscissa represent
the unflanked condition.

arc, remains essentially unchanged. For example, in the PU data
percent correct letter identification for a flanking-bar separation
of 3.2 min arc is similar to that obtained using unflanked letters
at all 4 background luminances. A comparable result is evident in
the data from ARU, except that the percent correct letter identifica-
tion for a background luminance of 0.09 cd/m? is slightly poorer
when the average flanking-bar separation is 4.5 min arc than in
the unflanked condition. If the data in Fig. 1 are replotted with
the flanking-bar separations expressed as multiples of the letter-
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stroke width, it is clear that the extent of contour interaction does
not scale with the size of the threshold acuity target (Fig. 3).

Previous reports demonstrated that letter confusions can differ
for crowded vs. uncrowded testing conditions (Liu & Arditi, 2001;
Wolford & Hollingsworth, 1974). We therefore investigated
whether unique letter confusions occurred when the flanking bars
were present in our low- and high-luminance background condi-
tions. Specifically, we constructed letter-confusion matrices to
compare the observers’ responses in the 0 and 3 ND conditions
for letter presentations without flanking bars and when the let-
ter-to-flanking-bar separation was ~0.8 min arg, i.e., the condition
that produced the greatest magnitude of contour interaction. Fig. 4
presents confusion matrices based on 1000 letter presentations for
these 4 conditions, constructed by averaging the responses of the
observers at ARU and PU. In each matrix, the rows specify the letter
that was presented and the columns indicate the proportion of the
aggregate responses corresponding to each of the 10 possible Sloan
letters. As expected, the highest values in each matrix fall princi-
pally along the main diagonal, which gives the proportion of trials
on which the observers correctly reported each letter. Values off
the main diagonal represent letter confusions, which are color
coded from light blue to pink to represent low vs. high proportions
of confusions. The blank cells in each matrix indicate combinations
of presented letters and responses for which no confusions
occurred.

It is clear that the confusion matrices for the 0 and 3 ND condi-
tions without flanking bars are similar. On the other hand, when
flanking bars are presented at a separation of ~0.8 min arc, the ma-
trix for 0 ND condition includes a number of letter confusions that
did not occur in the absence of flanking bars, e.g., responses of “D”
for C, “0” for H, “D” for K, “O” for R, “Z” for O, “H” for S, and “V” for
D. Some of these unique confusions, such as “D” for C and “H” for S,
may be accounted for by the overall increase in the number of re-
sponse errors that occurs when nearby flanking bars are intro-
duced. However, some of these other confusions, such as “0” for
R, “Z" for O, and “V” for D, are not typical miscalls and may result

0 ND, No Flanks

from interactions between the test letter and the flanking bars (Liu
& Arditi, 2001). The confusion matrix obtained in the 3 ND condi-
tion with flanking bars at a separation of 0.8 min arc appears to be
intermediate between the matrix in the 0 ND condition with flank-
ing bars, and the confusion matrices generated in the absence of
flanking bars.

4. Discussion

The similar extent of contour interaction for foveal acuity tar-
gets with different background luminances is consistent with pre-
vious reports that the lateral extent of foveal contour interaction
occurs within a fixed angular extent, regardless of the size of the
acuity target (Danilova & Bondarko, 2007; Siderov, Waugh, & Be-
dell, 2013). For example, Siderov et al. demonstrated that the ex-
tent of contour interaction for high- and low-contrast Sloan
letters remains between 3 and 5 min arc, despite a 0.4 logMAR dif-
ference in the size of the high- and low-contrast acuity targets.
Similarly, for targets presented at a fixed eccentricity from the fo-
vea, the extent of contour interaction or crowding was reported to
be essentially independent of the target size (Chung, Levi, & Legge,
2001; Hariharan, Levi, & Klein, 2005; Pelli, Palomares, & Majaj,
2004; Simunovic & Calver, 2004; Tripathy & Cavanagh, 2002).
These results indicate that the lateral extent of contour interaction
does not scale with the size of the acuity target and suggest that
this extent is a property of the specific retinal location tested. An
implication of this result is that the tight relationship between
the acuity threshold and the extent of crowding that occurs, for
example, when the retinal location of the acuity stimulus is chan-
ged (Latham & Whitaker, 1996; Toet & Levi, 1992) breaks down
when visual acuity at a single retinal location is altered by varying
the parameters of the stimulus.

In contrast to the constant lateral extent of foveal contour inter-
action, the data presented here show clearly that the magnitude of
contour interaction decreases systematically as the background

0 ND, 0.8 min Gap
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Fig. 4. Letter confusion matrices for the 0 and 3 ND luminance conditions (top and bottom, respectively), without flanking bars (left) and with flanking bars at a separation of
~0.8 min arc (right). Each matrix was constructed by averaging the proportions of responses made by the observers at ARU and PU for each of the 10 presented Sloan letters.
Blank cells indicate that the specified letter-response combination did not occur. Color coding of the values in the off-diagonal cells indicates relatively low (blue) to high

(pink) proportions of the individual letter confusions.
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luminance of the acuity target is reduced. This result is consistent
with the limited previous observations about the magnitude of
contour interaction at different luminances, made by Takahashi
(1968) and Matteucci, Maraini, and Peralta (1963). The reduced
magnitude of contour interaction found at low luminance cannot
be attributed to the change in visual acuity when luminance is de-
creased, as Siderov, Waugh, and Bedell (2013) showed that a sim-
ilar reduction of foveal visual acuity, produced by reducing the
letter contrast, leaves the magnitude of contour interaction
unchanged.

Two competing explanations for contour interaction dominate
current research. The first is that the spatial frequency components
of the flanking bar stimuli are responsible for contour interaction
by reducing the detectability of critical spatial frequency compo-
nents in the target (Hess, Dakin, & Kapoor, 2000; Hess et al.,
2000; Levi, Klein, & Hariharan, 2002). As pointed out previously
(Chung, Levi, & Legge, 2001; Danilova & Bondarko, 2007; Simunov-
ic & Calver, 2004), this explanation predicts that the extent of con-
tour interaction should scale with the size of the acuity target.
However, both the present and previous results indicate that scal-
ing is not observed when the size of the acuity target changes,
either in foveal (Danilova & Bondarko, 2007; Siderov, Waugh, & Be-
dell, 2013) or non-foveal (Pelli, Palomares, & Majaj, 2004; Simu-
novic & Calver, 2004; Tripathy & Cavanagh, 2002) vision. A
second explanation, used to account primarily for the contour
interaction at non-foveal retinal locations, is that the features com-
prising the target and flanks are grouped inappropriately, such that
the visual features of the flanking targets are assigned incorrectly
to the acuity stimulus (Dakin et al., 2010; Freeman, Chakravarthi,
& Pelli, 2012; Greenwood, Bex, & Dakin, 2009, 2010) and vice versa
(Zhang et al., 2012). In the current study, changes in the back-
ground luminance should have exerted comparable effects on the
visibility of the acuity targets and surrounding flanking bars.
Although an inappropriate-grouping explanation can account for
some aspects of non-foveal crowding, it is difficult to see why an
inappropriate grouping of letters and flanking bars should decrease
when the background luminance is reduced. The grouping expla-
nation therefore provides no ready explanation for our observation
that the magnitude of foveal contour interaction is reduced sub-
stantially at low luminance.

A number of investigators favored an explanation for contour
interaction based on antagonistic neural interactions between
stimuli that are imaged within a common neural receptive field
(Flom, Weymouth, & Kahneman, 1963; Latham & Whitaker,
1996; Wolford & Chambers, 1984). The observation that contour
interaction occurs under dichoptic viewing conditions, i.e., when
the acuity target is presented to one eye and flanking bars are pre-
sented to the other eye (Flom, Heath, & Takahashi, 1963; Kooi et al.,
1994; Taylor & Brown, 1972) indicates that these interactions can
occur at the level of the visual cortex. It is well known that the con-
tribution of the antagonistic retinal receptive-field surround to the
output of a retinal ganglion cell decreases during dark adaptation
(Powers & Green, 1990). Although an initial report suggested that
the receptive field surround of retinal ganglion cells disappears
during dark adaptation, leading to an effective increase in the
receptive-field diameter (Barlow, Fitzhugh, & Kuffler, 1957), subse-
quent studies concluded that the effect of dark adaptation is to re-
duce the relative weighting of stimuli imaged within the receptive-
field surround compared to the center, without any change in the
receptive field dimensions (Cleland & Enroth-Cugell, 1968; Der-
rington & Lennie, 1982). A reduction in the relative weighting of
the receptive-field surround compared to the center has been
shown to occur also during dark adaptation in lateral-geniculate
(Kaplan, Marcus, & So, 1979; Virsu, Lee, & Creutzfeldt, 1977) and
cortical receptive fields (Ramoa, Freeman, & Macy, 1985). Both
the reduction in the magnitude of contour interaction and the

more-or-less fixed extent of interaction that we observed for dim
foveal stimuli appear to be consistent with the changes in recep-
tive-field structure that have been observed to occur at low light
levels.
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In the present study, we asked whether contour
interaction undergoes significant changes for different
luminance levels in the central and peripheral visual field.
This study included nine normal observers at two
laboratories (five at Palacky University Olomouc, Czech
Republic and four at the University of Houston, USA).
Observers viewed a randomly selected Sloan letter
surrounded by four equally spaced bars for several
separations measured edge-to-edge in min arc. Stimuli
were viewed foveally under photopic and mesopic
luminances and between 5° and 12° peripherally for four
different background luminances of the display monitors,
corresponding to photopic, mesopic, scotopic, and dim
scotopic levels. The extent of the contour interaction in the
fovea is approximately 20 times smaller than in the
periphery. Whereas the magnitude of foveal contour
interaction markedly decreases with decreasing
luminance, no consistent luminance-induced change
occurs in peripheral contour interaction. The extent of
contour interaction does not scale with the size of the
target letter, either in the fovea or peripherally. The results
support a neural origin of contour interaction consistent
with the properties of center-surround antagonism.

Contour interaction is a reduction of visual resolution
or an impairment of single-letter identification in the
presence of nearby flanking contours (Flom, 1991;
Flom, Weymouth, & Kahneman, 1963; Takahashi,
1968). If the flanking stimuli are not simple bar targets,
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but are more similar to the acuity target (e.g., a central
letter target surrounded by other letters), the more
general crowding phenomenon is observed (Flom, 1991;
Flom, Weymouth, & Kahneman, 1963). It has been
proposed that contour interaction contributes to the
crowding effect, together with unstable and imprecise
fixational eye movements and inaccurate attention
(Flom, 1991). Both contour interaction and crowding
can be characterized by a lateral extent (or critical
spacing), within which the identification of acuity targets
is reduced, and by the magnitude of this reduction. The
lateral extent represents the angular distance at which
the surrounding flankers begin to produce a criterion
degradation of visual performance. The magnitude of
contour interaction or crowding can be defined as the
maximal decrease in visual performance compared to
the condition with no flanking targets. The distance
(separation) between the flankers and target stimulus is
often defined from the center of the stimulus to the
center of the flanker, particularly for peripheral crowd-
ing (center-to-center separation; e.g., Bouma, 1970; Toet
& Levi, 1992; Tripathy & Cavanagh, 2002), whereas the
flanker-to-target distance for contour interaction is
defined more frequently from the edge of the stimulus to
the innermost edge of the flanking target (edge-to-edge
separation; e.g., Bedell et al., 2013; Danilova &
Bondarko, 2007; Flom, Weymouth, & Kahneman, 1963;
Siderov, Waugh, & Bedell, 2014; Takahashi, 1968).

A main goal of many studies of crowding or contour
interaction is to quantify precisely the lateral extent and
magnitude and to explain the basis of these effects. The
extent of contour interaction does not scale with the
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target size if the location of the target remains
unchanged (for contour interaction see, e.g., Danilova &
Bondarko, 2007; Siderov, Waugh, & Bedell, 2013;
Simunovic & Calver, 2004; for crowding, e.g., Pelli,
Palomares, & Majaj, 2004, Tripathy & Cavanagh, 2002).
In peripheral viewing, the contrast of the stimulus does
not change the extent of crowding, provided the contrast
of the target and distractors are matched (Kooi, Toet,
Tripathy, & Levi, 1994; Rashal & Yeshurun, 2014).
Similar observations were reported for foveal contour
interaction (Siderov et al., 2013). With an increasingly
peripheral eccentricity of the target, the extent of
contour interaction or crowding increases. Bouma
(1970) reported that the extent of crowding is roughly
0.5 times the target eccentricity (for a detailed review see
Pelli & Tillman, 2008). Recent work indicates that the
presence of flankers outside Bouma’s “window” can
markedly influence the effect of flankers within the
window (e.g., Herzog & Manassi, 2015). However, when
peripheral crowding and contour interaction are com-
pared, contour interaction has a more limited extent
(e.g., compare Levi, Hariharan, & Klein, 2002, and
Wolford & Chambers, 1984, for contour interaction vs.
Chung, Levi & Legge, 2001, Pelli et al., 2004; and
Tripathy & Cavanagh, 2002 for crowding). A direct
comparison between peripheral crowding and contour
interaction also shows a smaller magnitude of contour
interaction (Marten-Ellis & Bedell, 2015).

The majority of previous studies have investigated
crowding or contour interaction under photopic
conditions; significantly fewer have done so for mesopic
or scotopic luminance levels (Bedell et al., 2013;
Matteucci, Maraini, & Peralta, 1963; Simunovic &
Calver, 2004; Takahashi, 1968). Bedell et al. (2013) and
Takahashi (1968) reported that the magnitude of foveal
contour interaction decreases systematically as the
stimulus and background luminance of the acuity
target are reduced. A similar result was obtained by
Matteucci et al. (1963) for crowding in amblyopic eyes.
On the other hand, Bedell et al. (2013) showed that the
extent of contour interaction remains more or less
constant over a 3-log unit range of foveal luminances.
The systematic reduction in magnitude and the
approximately constant extent of foveal contour
interaction as luminance decreases is analogous to the
luminance-dependent properties of the antagonistic
receptive-field surround of neurons in the retina
(Barlow, Fitzhugh, & Kuffler, 1957; Cleland & Enroth-
Cugell, 1968; Derrington & Lennie, 1982; Muller &
Dacheux, 1997; Peichl & Wiissle, 1983; Rodieck &
Stone, 1965) and the lateral-geniculate nucleus (Ka-
plan, Marcus, & So, 1979; Ramoa, Freeman, & Macy,
1985; Virsu, Lee, & Creutzfeldt, 1977, Wrébel, 1981),
consistent with a neural rather than physical origin
(Hess, Dakin & Kapoor, 2000) of the contour-
interaction effect.

Musilova et al. 2

Only one previous study (Simunovic & Calver, 2004)
assessed peripheral contour interaction using targets of
scotopic luminance. For Landolt C targets presented at
a luminance of 0.001 cd/m? and an eccentricity of 10°,
Simunovic & Calver (2004) reported that the extent of
scotopic contour interaction does not scale with the size
of the acuity target. These authors also concluded that
the spatial extent of contour interaction for their
scotopic targets was significantly less (about 0.6°) than
the extent of crowding reported for photopic viewing at
a similar eccentricity (e.g., Bouma, 1970; Tripathy &
Cavanagh, 2002). This counter-intuitive conclusion—
that the extent of peripheral contour interaction is
larger under photopic than scotopic conditions—may
have resulted from (in our opinion) Simunovic and
Calver’s inappropriate comparison of their scotopic
results to crowding data from the literature, rather than
to the measured extent of photopic contour interaction
at the same retinal location. A major goal of our
investigation was to provide clarification of this issue.

To do so, the present study compared contour
interaction measured foveally and at different retinal
eccentricities for targets of photopic, mesopic and
scotopic luminance. Similar experiments were con-
ducted concurrently at Palacky University, Olomouc,
Czech Republic (PU) and the University of Houston,
Houston, USA (UH). The PU experimenters used
peripheral targets that were displaced horizontally from
the fixation point, whereas a vertical target displace-
ment from fixation was used in the laboratory at UH.

Observers

A total of nine observers took part in the study. Five
trained observers (FP, JL, KK, LM, and PL; two males
and three females, age range 25-39 years) participated
in the experiment at PU and four (DL, HEB, PV, SME;
three males and one female, age range 22-66 years) at
UH. Observers were free from ophthalmic pathology or
any systematic condition known to affect vision and
had normal or corrected-to-normal vision. The re-
search at both universities was conducted in accordance
with the tenets of the Declaration of Helsinki, and
written informed consent was obtained from each
observer before participating.

Stimuli

Dark Sloan letters (C D HK N O R SV Z) were
presented one at a time on a white background, either
in isolation or surrounded symmetrically by four
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flanking bars. The flanking bars had the same contrast,
length and stroke width as the central letter. Weber
contrasts of the stimuli were —97% at PU and —98% at
UH. The stimuli were generated using custom software
developed by one of authors (FP) and displayed on a
PC monitor. The monitor at PU measured 22 in.
diagonally, with 1,680 X 1,050 pixel resolution and a
background luminance of 208 cd/m> A 13-in. monitor
was used at UH, with 1,600 X 900 pixel resolution and
background luminance of 200 cd/m?. Ambient illumi-
nation in both laboratories was dim and produced
primarily by luminance from the display monitor.
Ambient light was reduced using a dark cloth shroud at
PU and by having the observers view the display
monitor from inside a blackened box at UH. The
exposure duration of each stimulus was 2 s at PU and
unlimited at UH.

To vary the luminance of both the stimuli and the
background, the observers at PU viewed the computer
monitor through calibrated Thorlabs glass neutral
density filters (http://www.thorlabs.com). The filters
were mounted in a pair of light-tight goggles, which
included an opaque shield to occlude the nonviewing
eye. An aperture with a horizontally oriented teardrop
design of length 18 mm and height 12 mm was located
about 40 mm in front of the tested eye to limit the field
of view of the tested eye. For peripheral testing
conditions, the observers viewed the fixation light
through the narrow part of the tear-drop aperture and
the target and flanking bars through the wider part of
the aperture. At UH, luminance was controlled using
calibrated Tiffen neutral density filters (http://tiffen.
com/neutral-density/) mounted in a filter holder in
front of the tested eye. A 3-mm pinhole controlled the
retinal illuminance but was close enough to the eye
(~10 mm) that the observers could view simultaneously
the test stimuli on the computer monitor and (for
nonfoveal testing) the fixation LEDs. As noted above,
the unattenuated luminance of the background field
under the photopic luminance condition was 208 cd/m2
at PU and 200 cd/m? at UH. The mesopic, scotopic,
and dim scotopic background luminances were 0.150
cd/m?, 0.0014 cd/m>, and 0.00026 cd/m>, respectively,
at PU and 0.5 cd/m?, 0.008 cd/m>, and 0.00036 cd/m?>,
respectively, at UH. These luminances represent
attenuation of the background and target luminances
by 3.1, 5.2, and 5.9 log units at PU and 2.6, 4.4, and 5.7
log units at UH.

Procedure

Testing was performed monocularly, with appropri-
ate refractive correction determined under photopic
testing, if needed. The observer identified each pre-
sented letter verbally. Stimuli were viewed peripherally
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under all four luminance conditions and foveally for
just the photopic and mesopic luminance levels. Before
scotopic and dim scotopic testing began, subjects
underwent 45 min of dark adaption.

Measurements using foveal stimuli were done to
compare with the results obtained in a previous
experiment (Bedell et al., 2013). Two of the observers at
PU and all four observers at UH underwent these
control measurements. The viewing distance for foveal
stimuli was 12 m at PU and, depending on the
luminance condition, ranged from 2.0 to 5.5 m at UH.

Observers were asked to fixate on either one or two
LEDs during nonfoveal viewing of the stimuli. The
center of the stimulus was located in the nasal visual
field at angular eccentricities of 6° and 12° from the
fixation light at PU and in the inferior visual field at
eccentricities of 5° and 10° at UH. Viewing distances for
the peripheral measurements were 1.2 m (PU) and 2 m
(UH). At PU, both eccentricities (6° and 12°) were
tested for the photopic, mesopic, and scotopic lumi-
nance conditions. For the dim scotopic luminance
condition, only the 12° stimulus eccentricity was used.
At UH, all four background luminance conditions were
tested at both the 5° and 10° eccentricities. Pilot
experiments as well as previously published observa-
tions (e.g., Simunovic & Calver, 2004) indicated that
perception of the test stimuli rapidly fades in the
peripheral low-luminance conditions. To overcome
this, the stimuli in the scotopic and dim scotopic
conditions at the PU laboratory changed position
vertically within a small range of 30 min arc between
successive presentations. To prevent fading in the UH
laboratory, from one target presentation to the next the
observers switched fixation between two LEDs that
subtended angles of 11° clockwise and anticlockwise
with respect to the vertical meridian.

For each combination of eccentricity and luminance,
the size of the stimuli on the computer monitor was
adjusted to achieve approximately 80% correct identi-
fication responses, when the letters were presented
without flanking bars. Percent correct letter identifica-
tion was then determined in the absence of flanking
bars and for several edge-to-edge separations between
the letter and the surrounding flanking bars (at least
five flanker-to-target separations at the fovea and at
least seven for peripheral viewing). Approximately the
same angular separations were used for the photopic
and mesopic luminance conditions at each eccentricity.
Similarly, approximately the same angular separations
were tested for the scotopic and dim scotopic lumi-
nance conditions at each eccentricity. Details about the
letter sizes and separations tested are provided in Table
1. For each observer, percent correct letter identifica-
tion was determined from a total of at least 100
presentations per viewing condition both at PU and
UH. Before any measurements, each observer was
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Luminance level Photopic Mesopic Scotopic Dim scotopic
Eccentricity (°) 0 6 12 0 6 12 6 12 6 12
PU
Average letter size (min arc) 3.8 12.8 240 16.2 18.3 28.4 67.6 67.6 — 122.1
Minimum gap size (% letter size) 10 10 10 3 7 9 10 10 — 6
Maximum gap size (% letter size) 100 200 200 24 146 172 200 200 — 112
Luminance level Photopic Mesopic Scotopic Dim scotopic
Eccentricity (°) 0 5 10 0 5 10 5 10 5 10
UH
Average letter size (min arc) 3.6 21.2 30.1 8.1 25 30.1 42.2 44.0 80.1 87.0
Minimum gap size (% letter size) 10 10 10 5 9 10 10 10 5 5
Maximum gap size (% letter size) 100 200 200 45 169 200 200 200 88 101

Table 1. Average letter size and minimum and maximum flanker separations (gaps) for each of the luminance condition and
eccentricity for two groups of observers. Notes: Peripheral data were measured in the nasal visual field at PU and the inferior visual

field at UH.

familiarized with the optotypes and the experimental
procedure. Practice was provided using the photopic
luminance condition with no flankers.

The percentages of correct letter identification, p(s),
were considered as a function of the flanker-to-target
separation, s, in the form of a cumulative normal
density curve with modified range (Tripathy & Cav-
anagh, 2002) in the form

1 [ s
s)=y+(1—-41—y /e 2 dlt,
p(s) =7+ ( /)m/E »

where e is Euler’s number (e ~ 2.718), s, and o are the
mean and standard error of the cumulative normal
density function, and y and (1 — ) are its lower and
upper asymptotes. For all peripheral data, the lower
limit y was set equal to 0.1, i.e. the likelihood of
guessing correctly, which is 10%.

To compare the results obtained under the different
testing conditions, the magnitude of contour interaction
is defined as the decrease of the percentage correct from
the no-flanker condition (i.e., from the upper limit 1 —
/) to the extrapolated percentage correct at zero edge-
to-edge separation, as computed using the fitted curve.
Because the value of A can differ for each condition, the
magnitude of contour interaction is expressed as a
percentage of the interval (amplitude 4) from 0.1 to (1
— 7). This definition is independent of the units used to
define the edge-to-edge separation; i.e., the calculated
magnitude is the same whether the separation is
expressed in min arc or as a percentage of the letter size.

The spatial extent of contour interaction was defined
as the separation at which the percentage of correct
responses decreases from (1 — 2) to (1 — ¢7),
corresponding to ~0.95 of the above defined magni-
tude (Figure 1). Tripathy and Cavanagh (2002) defined

the extent as the separation at which the percentage of
correct responses decreased to (1 — e~ ') ~ 0.632 of the
fitted curve’s amplitude, which can underestimate the
extent or even be negative if the curve decreases very
slowly. Our modification precludes these effects.

All required basic parameters (i.e., so, o, 4, and 7 for
foveal data; s, o, and /4 for peripheral data), the
derived magnitudes and extents of contour interaction,
as well as the 95% confidence intervals for each
condition were determined from the pooled data within
each lab using bootstrapping (Davison & Hinkley,
2003). We considered at least 1000 bootstrap iterations
of samples taken with replacement from the original
pooled data set. Each sample was equal in size to that
of the original data set. The basic curve parameters
were fitted using a least-squares criterion (Gauss-
Newton numerical method) for each bootstrap sample.

100
100 - A —O
S So_
[0} o O<
= T B
Q M(1-1/€°) 200 |<
o 525 |8
+ 50 23.5 2
I :
) ®
o extent of interaction
10
i
0 T T 1
0 50 100 INF

Flanker Separation (min arc)

Figure 1. Specification of the amplitude A, magnitude M
(expressed as a percentage of A) and extent of contour
interaction, derived from the smooth curve (bold solid line)
fitted to illustrative experimental data (circles).
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PU, UH, foveal
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Flanker Separation (min arc)

Figure 2. Percentage of correct responses for foveal contour
interaction for two luminance levels, averaged separately for
the observers at PU and UH and plotted as a function of flanker
separation measured edge-to-edge in min arc. Error bars
represent =1 SE. Data at “INF” on the abscissa represent the
unflanked condition.

For each fit, we considered only the first 1000 samples
for which the fitting algorithm converged properly. All
computations were realized by using MATLAB 6.5
with statistical toolbox.

The statistical analysis of the estimated magnitudes
and extents of contour interaction were based on
comparing the 95% CI, i.e. with a significance level of
5%. Because of the differences in the testing conditions,
the data from the laboratories at PU and UH were
analyzed separately.

Figures 2 through 4 present the average values of
percentage correct letter identification obtained at PU
and UH, plotted as a function of the edge-to-edge
flanker-to-target separation expressed in terms of min
arc. Each data set was fitted with a smooth curve. The
foveal data in Figure 2 reveal lower values of percent
correct for photopic than for mesopic luminance
conditions when the flanker-to-target separations are
small, i.e. the magnitude of foveal contour interaction
is greater at a photopic compared to a mesopic
luminance level. In contrast to foveal viewing, the
peripheral contour interaction data from PU and UH
in Figures 3 and 4, respectively, do not show any
marked dependence on luminance level. Moreover, the
plots seem similar for both eccentricities in each data
set.

The extent and magnitude of contour interaction
were computed using bootstrapping as described above
in Section 2.3. The mean values and 95% CI for the
estimates of extent and magnitude of contour interac-
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Figure 3. Percentage of correct responses for peripheral contour
interaction at 6° (top) and 12° (bottom) eccentricity in the nasal
visual field (NVF), averaged for the observers at PU and plotted
as a function of flanker edge-to-edge separation in min arc.
Error bars represent =1 SE. Data at “INF” on the abscissa
represent the unflanked condition.

tion at each tested eccentricity are presented in Figures
5, 6, and 7 as a function of luminance.

For foveal viewing, the extent of contour interac-
tion (in min arc) is roughly the same with small
insignificant differences between the photopic and
mesopic luminance conditions (see the upper panel in
Figure 5). In contrast, the magnitude of contour
interaction decreases significantly at the fovea when
the stimulus and background luminances are reduced
(see the lower panel in Figure 5). The weakening of
contour interaction at mesopic luminance is most
evident at the smaller flanker-to-target separations
(see Figure 2).

The estimated mean angular extent of peripheral
contour interaction ranges between 22.5 and 110.6 min
arc for all of the eccentricities and luminance levels
tested (see the upper panels in Figures 6 and 7). The
mean PU data yield relatively consistent estimates of
extent at the two peripheral eccentricities (from 27.5 to
37.2 min arc at 6° and from 24.3 to 51.6 min arc at 12°).
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Figure 4. Percentage of correct responses for peripheral contour
interaction at 5° (top) and 10° (bottom) eccentricity in the
inferior visual field (IVF), averaged for the observers at UH and
plotted as a function of flanker edge-to-edge separation in min
arc. Error bars represent £1 SE. Data at “INF” on the abscissa
represent the unflanked condition.

The mean peripheral extents of contour interaction
estimated from the mean UH data range from 22.5 to
68.3 min arc at 5° and from 63.7 to 110.6 min arc at 10°.
Comparisons of the confidence intervals do not show
any significant differences in extent among conditions
in the data from either laboratory. According to these
results, there is no marked relationship among eccen-
tricity, luminance, and the extent of contour interaction
for the conditions tested in this study.

The magnitude of peripheral contour interaction
(lower panels in Figures 6 and 7) does not exhibit the
distinct luminance-related reduction, as occurs in
foveal viewing (Figure 2; see also Bedell et al., 2013).
The comparison of confidence intervals does not show
any significant differences in magnitude as a function of
either luminance or eccentricity, either in the PU or UH
data. Thus, the effect of luminance and eccentricity on
the magnitude of peripheral contour interaction seems
unimportant.

Luminance (cd/m?)

Figure 5. Mean values (symbols and solid lines) and 95% ClI
(dashed lines) for the extent (top) and magnitude (bottom) of
foveal contour interaction for the observers at PU and UH,
plotted as a function of luminance.

Our results confirm the few previous reports that the
magnitude of foveal contour interaction decreases
substantially between photopic and mesopic lumi-
nances (Bedell et al., 2013; Takahashi, 1968). In
contrast, the extent of contour interaction expressed in
min arc does not change significantly at the fovea when
the stimulus and background luminances are reduced,
i.e., as the target letters become bigger (by approxi-
mately 2X—4X, in our study). On the other hand, we
found similar magnitudes of contour interaction for
targets presented in the peripheral visual field at
photopic, mesopic, scotopic, and dim scotopic lumi-
nances. When compared to the fovea, the extent of
peripheral contour interaction is, on average, approx-
imately twenty times larger for targets presented
between 5° and 12°. The average extents of contour
interaction for stimuli shown at 5°, 6°, 10°, and 12°
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Figure 6. Mean values (symbols and solid lines) and 95% ClI
(dashed lines) for the extent (top) and magnitude (bottom) of
peripheral contour interaction at 6° and 12° in the nasal visual
field (NVF) for the observers at PU, plotted as a function of
luminance.

eccentricities are 42, 32, 78, and 41 min arc, respec-
tively. However, statistical analysis showed no signif-
icant influence of eccentricity. The effect of luminance
on the extent of peripheral contour interaction also was
either insignificant or very small.

As the stimulus and background luminances are
reduced, larger letters are required to achieve the fixed
criterion value of percent correct letter identification in
the absence of any flanking contours. As our results
show that the extent of both foveal and peripheral
contour interaction (expressed in min arc) exhibits no
dependence on the luminance, our study indicates that
contour interaction does not scale with the size of the
stimulus letter, in agreement with previous studies of
contour interaction at the fovea (Bedell et al., 2013;
Danilova & Bondarko, 2007; Siderov et al., 2013) and
in the periphery (Simunovic & Calver, 2004), as well as
with studies of peripheral crowding (Chung et al., 2001;
Hariharan, Levi, & Klein, 2005; Pelli et al., 2004;
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Figure 7. Mean values (symbols and solid lines) and 95% ClI
(dashed lines) for the extent (top) and magnitude (bottom) of
peripheral contour interaction at 5° and 10° in the inferior visual
field (IVF) for the observers at UH plotted as a function of
luminance.

Tripathy & Cavanagh, 2002). Thus, our results support
the contention that, like peripheral crowding, neither
foveal nor peripheral contour interaction can be
explained on the basis of lateral masking, which would
predict that the extent of contour interaction should
scale with the target size (Chung et al., 2001; Danilova
& Bondarko, 2007; Ehrt & Hess, 2005; Nandy & Tjan,
2007). Moreover, if the extent of contour interaction
were to scale with the target size, then the extent
expressed as a percentage of the letter size should
remain approximately the same. Our results, recom-
puted in terms of a percentage of the target-letter size,
show a mean peripheral extent of contour interaction
that varies from 40% to 216% of letter size for the PU
data and from 73% to 368% of the letter size for the
UH data.

As discussed above, most crowding studies specified
the flanker-to-target separation as center-to-center,
whereas most contour-interaction studies, including
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ours, expressed separation as edge-to-edge. Because the
extent of peripheral crowding and contour interaction
remain approximately constant across target size only
when the appropriate metric (center-to-center and
edge-to-edge, respectively) is used to express the
flanker-to-target separation (e.g., Tripathy & Cava-
nagh, 2002; Simunovic & Calver, 2004), the measure of
separation appears to be closely linked with the basic
mechanism of each phenomenon. This observation
suggests, in agreement with other data (Marten-Ellis &
Bedell, 2015), that different neural mechanisms under-
lie peripheral crowding and peripheral contour inter-
action.

A number of authors suggested that contour
interaction results from the antagonistic neural inter-
actions between stimuli that are imaged within a
common neural receptive field (Bedell et al., 2013;
Danilova & Bondarko, 2007; Flom, Weymouth, &
Kahneman, 1963; Latham & Whitaker, 1996; Wolford
& Chambers, 1984). Based on psychophysical data that
contour interaction persists for dichoptically presented
targets and flanking bars (Flom, Heath, & Takashi,
1963), it is assumed that the relevant neural interaction
occurs at the lateral-geniculate nucleus or, more likely,
in cortical area V1 or later. Some neurophysiological
studies showed a significant diminution of surround
antagonism in receptive fields at the level of the lateral-
geniculate nucleus (Kaplan et al., 1979; Ramoa et al.,
1985; Virsu et al., 1977, Wrébel, 1981) under low
luminance. Other studies of the lateral-geniculate
nucleus and visual cortex found persistence of the
antagonistic surround at low luminance levels (Bisti,
Clement, Maffei, & Mecacci, 1977; Maffei & Fiorenti-
ni, 1972; Wiesel & Hubel, 1966). The apparent
disagreement between these reports may be explained
by the observation that the surround effect falls off
only with respect to a cell’s absolute detection
threshold, but remains present for suprathreshold
conditions (Duffy & Hubel, 2007; Wiesel & Hubel,
1966). This explanation corresponds with our results'
as elaborated in the following paragraph.

Retinal ganglion and lateral geniculate cells as well as
the neurons in area V1 at small eccentricities (up to ~2°)
receive the majority of their input from cones, whereas
peripheral receptive fields receive both rod and cone
inputs, with the contribution of rods rising sharply with
eccentricity (Duffy & Hubel, 2007; Wikler, Williams, &
Rakic, 1990). Because the cone threshold corresponds to
a mesopic light level, the antagonistic mechanism of
foveal receptive fields should be diminished at low
mesopic luminances and the magnitude of foveal
contour interaction should decrease, as we observed (see
also Bedell et al., 2013; Takahashi, 1968). On the
contrary, as all of the luminances tested in our
experiment represent suprathreshold conditions for rods
(more than 2 log units above the absolute scotopic
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threshold of 107° cd/m?), we can suppose that the
antagonistic surround of peripheral receptive fields
persists for the luminances used in this study. Persistence
of the antagonistic receptive field surround as the
luminance of a nonfoveal target decreases from photopic
to a dim scotopic level would be consistent with the only
minor changes in the magnitude of contour interaction
that we observed for peripheral viewing.

Whereas the magnitude of surround antagonism is
reduced at near-threshold light levels, the basic
architecture of lateral geniculate and cortical neural
receptive fields, including their diameter, has been
reported to remain unchanged during dark adaptation
(e.g., Bisti et al., 1977; Duffy & Hubel, 2007; Wiesel &
Hubel, 1966). This observation is in agreement with the
roughly unchanged extent of contour interaction that
we observed for the wide range of foveal and peripheral
luminances tested in this study. Moreover, the sub-
stantial difference between the foveal and peripheral
extent of contour interaction corresponds with prop-
erties of the receptive fields in the primary visual cortex,
as reported for example by Duffy and Hubel (2007).

According to Bouma (1970), the extent of interaction
in crowding should be approximately one half of the
tested eccentricity. Hence, Bouma’s “law” implies that
the extent of crowding should be 2.5°-3° at eccentric-
ities of 5° and 6°, and 5°-6° at eccentricities of 10° and
12°. However, the maximum extent of contour inter-
action that we observed is on the order of 1.3°. A
similar departure from Bouma’s law was reported by
Wolford and Chambers (1984), who reported that the
mean extent of contour interaction was approximately
0.24° at an eccentricity of 2° and 0.8° at an eccentricity
of 5°. The differences between the extent of interaction
reported by Bouma (1970) and our observations may
be attributable to the different interaction effects that
were studied—contour interaction in our case and
crowding in Bouma’s investigation. Comparison of our
results with those obtained in studies of peripheral
crowding (Chung et al., 2001; Pelli et al., 2004;
Tripathy & Cavanagh, 2002) indeed shows that the
extent of peripheral crowding is much larger than the
extent of contour interaction. For example, Tripathy
and Cavanagh (2002) reported that the extent of
crowding is about 3° (center-to-center) at an eccen-
tricity 9.2°. If we apply the same definition used by
Tripathy and Cavanagh (2002) to define the extent of
interaction for eccentricities of 10° and 12°, the mean
extent (averaged across subjects) of contour interaction
based on our data does not exceed 80 min arc (center-
to-center) or 24 min arc (edge-to-edge).

A recent study by Marten-Ellis and Bedell (2015)
reported that the extent of contour interaction is
approximately 4X smaller than the extent of crowding
at 5° in the inferior field. In this study, edge-to-edge
separation was used to quantify the flanker-to-target
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separations for both types of interaction. Based on the
results of Levi, Hariharan and Klein (2002), peripheral
contour interaction (i.e., using bar-like flankers) should
have an extent of 0.1-fold of eccentricity at 5° and 10°.
In contrast, our results show no significant dependence
on eccentricity. In the Levi, Hariharan, et al. (2002)
study, flanker-to-target separation was measured from
the center of the flanker to the center of the adjacent
limb of the central letter target. If we consider our
results in terms of the separation between the center of
the flanker and the center of the adjacent limb of the
central letter target, the extents of contour interaction
that we measured for different eccentricities should
change relatively little, due to the relatively small width
of the flanking bars and the letter strokes our stimuli
(e.g., the extent of contour interaction in the PU
photopic data for 6° and 12° would change from 28 and
24 min arc to 30 and 29 min arc, respectively). Thus, the
measure of flanker-to-target separation is not the
reason for the difference in extents found by Levi,
Hariharan, et al. (2002) and the present study. A
relevant factor could be the design of flanking bars and
letter strokes. Whereas we used compact bars and letter
strokes, both of high contrast, Levi, Hariharan, et al.
(2002) constructed their stimuli from more distributed
Gabor or Gaussian patches.

The only previous study to investigate contour
interaction using scotopic targets reported a maximum
extent of interaction (edge-to-edge, using Tripathy &
Cavanagh’s formula to determine the extent) of 0.6°, or
36 min arc, at an eccentricity of 10° (Simunovic &
Calver, 2004). The average extent reported by Simu-
novic and Calver (2004) was approximately 0.2°, or 12
min arc. For comparison (using Tripathy’s & Cav-
anagh’s definition of extent), we obtained an average
scotopic extent of 12 min arc at 10° and 16 min arc at
12° eccentricity. Simunovic and Calver (2004) com-
pared their scotopic results to data from studies of
photopic peripheral crowding (see above) and con-
cluded that the extent of interaction is substantially
reduced by dark adaptation. Our data show that the
extent of peripheral contour interaction exhibits little
variation over a 6-log unit change in background
luminance, suggesting that the difference in extent
noted by Simunovic and Calver (2004) resulted from an
unfortunate comparison between (scotopic) contour
interaction and (photopic) crowding.

Keywords: contour interaction, crowding effect,
luminance, scotopic, photopic, mesopic, peripheral vision
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! An alternative explanation is that the mechanism
of contour interaction differs in the fovea and
periphery. For example, whereas foveal contour
interaction may result from the antagonistic receptive-
field mechanism discussed above, the unchanged
magnitude of peripheral contour interaction as lumi-
nance decreases could signify the operation of a
different, or an auxiliary mechanism.
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Abstract

Purpose The decrease in visual acuity under low luminance conditions is well known. Recent laboratory evidence showed that
crowding under low luminance (mesopic) light levels is less robust than under photopic conditions. The present study examines
whether such differences in crowding influence clinical measurements of mesopic visual acuity, including test-retest repeatability.
Methods Twenty adult subjects with normal or corrected to normal visual acuity were recruited for the study. Monocular visual
acuity was measured under photopic (228 cd/m?) and mesopic (0.164 cd/m?) luminance conditions using a letter chart, similar in
principle to the ETDRS logMAR chart, presented on a computer monitor. Three rows of five letters, each row differing in size by
0.05 logMAR from largest to smallest were displayed at the center of the monitor. The level of crowding was varied by varying
the separation between horizontally adjacent letters from 100% optotype size to 50, 20, and 10% optotype size. Inter-row spacing
was proportional to optotype size. Observers read the letters on the middle row only. Measurements continued by reducing the
size of the letters, until three or more errors on the middle row were made. Each correctly identified letter contributed 0.01 to the
recorded logMAR score. All measurements were repeated for each subject on two separate days.

Results Visual acuity (logMAR) was significantly better under photopic than mesopic luminance conditions with a mean
difference of 0.48 logMAR. Visual acuity also decreased with decreasing letter separation (i.e. increase in crowding). However, the
decrease in visual acuity for the smallest letter separation was less under the mesopic luminance condition, even after accounting for
the increased size of threshold acuity letters. Test-retest repeatability for mesopic and photopic conditions was not significantly
different.

Conclusions Crowding under mesopic luminance conditions has less impact on visual acuity than under photopic luminance.

Keywords Visual acuity - Crowding - Photopic - Mesopic - Luminance - logMAR

Introduction Standards for the construction and development of reliable
VA charts exist [6] and reflect known variables in measuring

The measurement of visual acuity (VA) is an important part of VA [7]. A widely recognized VA chart format, particularly for

any ophthalmic examination [1]. It is used as a measure of
performance for example, to inform clinical decisions such as
the correction of refractive error [2] and the management of
patients with cataract [3], and is also used extensively as an
outcome measure in vision and eye related research [4, 5].
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research purposes, is the Early Treatment Diabetic
Retinopathy Study (ETDRS) logarithm of the minimum angle
(logMAR) chart [8] which is based on the principles originally
espoused by Bailey and Lovie [9]. The ETDRS chart uses the
Sloan [10] letter set and comprises rows of letters that progress
in size in 0.1 log unit steps. Each row consists of five different
letters equally spaced at one letter width apart (i.e. edge-to-
edge separation). The spacing between rows also is fixed as a
function of the size of the letters in the line directly below.
Measurements of high contrast visual acuity using the
ETDRS chart have been obtained in numerous studies, the
vast majority conducted under photopic luminance condi-
tions. However, measurements of visual acuity under less op-
timal, low luminance conditions may also be clinically rele-
vant. The reduction of foveal visual acuity under low lumi-
nance conditions has been well established experimentally,
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worsening as the level of illumination decreases, and reaching
total insensitivity under scotopic conditions [11-15].
Clinically, measurements of visual acuity under mesopic lu-
minance conditions may be important in the assessment of
some ocular diseases [16—-19], and more generally for
assessing driver performance [20, 21]. Surprisingly, however,
there are no accepted standards for measuring mesopic visual
acuity. Recently some authors investigated clinical measure-
ments of mesopic visual acuity, determining test-retest repeat-
ability of standard high contrast ETDRS letter charts [22] or
electronic E-ETDRS charts [23]. For a mesopic luminance of
0.75 cd/m?, the mean visual acuity was 0.24 logMAR worse
than under photopic conditions [23], consistent with previous
laboratory findings [12, 24, 25]. Repeatability of mesopic
acuity was of the order of about +0.1 logMAR [22, 23], con-
sistent with the known repeatability of logMAR using phot-
opic ETDRS charts [26].

The fixed relative separation of letters and rows of letters in
the ETDRS chart provides a consistent crowding effect, de-
fined as the detrimental impact on visual acuity arising from
the presence of adjacent letters [27]. Crowding using letter
charts includes contour interaction (as a result of the lateral
spatial interaction between the target letter and the flanking
letters), together with unstable and imprecise fixational eye
movements and inaccurate or inappropriate deployment of
attention [27]. In laboratory settings, the magnitude (but not
the extent) of contour interaction has been shown to be signif-
icantly reduced under mesopic luminance conditions [28, 29],
confirming previously suggested differences in contour inter-
action with differences in luminance [30, 31]. The reduction in
contour interaction under mesopic luminances may help to
explain previously reported differences in visual acuity as a
function of optical blur and luminance [12, 24, 25].

Given the potential importance of visual acuity measure-
ments under mesopic luminance conditions, and the likeli-
hood that crowding is reduced under such conditions, we in-
vestigated whether such reduced crowding could affect clini-
cal measurements of mesopic visual acuity, including test-
retest repeatability.

Methods
Subjects

Twenty participants, recruited from the Palacky University com-
munity in Olomouc, Czech Republic, took part in the study (2
males and 18 females, age range 18-28 years). The number of
observers recruited was sufficient to find an acuity difference, if
it existed, of 0.1 logMAR between measurements, based on a
significance level of 0.05 with a power of 80% (paired ¢ test).
Observers were free from ophthalmic pathology or any

@ Springer

systematic condition known to affect vision and had normal or
corrected-to-normal vision of at least 0.0 logMAR (6/6).

The research was conducted in accordance with the tenets
of the Declaration of Helsinki, and written informed consent
was obtained from each subject before participating and after
all of the procedures and risks were explained. The study met
the requirements of the institutional research ethics processes.

Stimuli

The stimuli consisted of three horizontal rows of black Sloan
letters (C D HK N O R S V Z) with each row containing five
letters of the same size (selected at random but with a con-
straint that they were different), presented at the center of a
display monitor on a white background (Fig. 1). The monitor
(ASUS VW 220TE, LCD) measured 56 cm diagonally, with
1680 x 1050 pixel resolution and an unattenuated background
luminance of 228 cd/m”. The luminance of the letter stimuli
was 4.5 ¢cd/m> (i.e. Weber contrast of — 98%), measured using
luminance meter LMT L1003 (http://www.Ilmt.de/) under the
same dim ambient illumination used during the experiments.
Letter size decreased from the upper to the lower row in
accordance with exponential scaling using a step size of 0.05
logMAR between rows. The edge-to-edge letter and row spac-
ing was adjustable (see below). The letter stimuli were gener-
ated using custom software designed by one of the authors
(FP). The exposure duration was unlimited.

Procedure

Measurements were performed monocularly using a pinhole
in front of the tested eye, with appropriate refractive correction
determined under photopic testing, if needed. The sighting
dominant eye of each subject, established using the “hole-in-
the-card” method, was used for testing. The non-viewing eye
was occluded. Ambient illumination in the experimental room
remained dim and constant during all measurements. Each
observer was asked to read aloud the letters on the middle
row, from left to right. She or he was encouraged to guess if
the letters were indistinct. Testing began at a letter size where
all letters on the row could be read. The row was considered as
resolved if at least three letters on the row were identified
correctly. If appropriate, the heights of all rows were then

NHDRZ

ROCSD :
HV SNZ

Fig. 1 An example of the experimental stimuli showing 100% spacing
between letters. The size of each row of letters differs by 0.05 logMAR
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reduced in size by a step corresponding to 0.05 logMAR and
testing continued. The final visual acuity (logMAR) was de-
termined using an interpolation method and letter-by-letter
scoring [32]. Each letter read correctly on each row was scored
as 0.01 log units.

The stimuli were viewed under two different background
luminances, corresponding to photopic (228 cd/m?) and
mesopic (0.164 cd/m?) light levels. The photopic luminance
corresponded to the unattenuated background luminance of
the monitor. The mesopic level represented an attenuation of
the luminance by 3.14 log units. The edge-to-edge, inter-
optotype separation of the letters in each row was varied to
produce four different spacing conditions of 100, 50, 20, and
10% of the letter width. For each condition, row spacing was
fixed at the optotype size of the row below. The different inter-
optotype separations were presented in random order for each
luminance condition tested. The viewing distance was 12 m
for the photopic and 6 m for the mesopic conditions.

To vary the luminance of both the stimuli and the back-
ground, observers viewed the computer monitor through a
calibrated Thorlabs glass neutral density filter (http:/www.
thorlabs.com). The filter was mounted in a pair of light-tight
goggles, which included an opaque shield to occlude the non-
viewing eye. A 2.5-mm pinhole was located in front of the test
eye at the spectacle plane to stabilize the retinal illuminance.
This aperture also limited the field of view of the test eye.
When a spectacle correction was required, the pinhole was
positioned at the center of the ophthalmic lens. Observers
were sufficiently adapted to the low luminance condition be-
fore testing was begun. The goggles and pinhole were used for
both photopic and mesopic conditions the only difference be-
ing the use of the filter for the mesopic luminance.

The visual acuity measurements for each observer under all
conditions were performed twice (on different days) to assess
repeatability. Before any measurements, each observer was
familiarized with the optotypes and the procedures. Trial mea-
surements were included for practice and performed under the
photopic luminance condition using an inter-optotype separa-
tion of 100% letter width.

Data analysis

Visual acuity (logMAR) under different luminances and inter-
optotype separations was analyzed using repeated measures
ANOVAs with a significance level of 5%. When necessary,
the levels of statistical significance included a Huynh-Feldt
correction for departures from sphericity [33]. Test-retest re-
peatability was expressed as the limits of agreement (LoA)
defined as the interval that includes 95% of the measurements
(95% LoA =mean difference + 1.96 x standard deviation of
the differences) [34, 35]. The 95% confidence intervals for
the LoAs were calculated as suggested by Carkeet [36].
Coefficients of repeatability (CoR = 1.96 x standard deviation

of the differences) are also reported [23]. Paired 7 tests were
used to assess differences in the means.

Results

Mesopic visual acuity was markedly reduced relative to phot-
opic luminance conditions. On average, across all inter-
optotype separations and test-retest conditions, mesopic
logMAR was 0.48 higher than the average photopic
logMAR. A summary of the measurements for each inter-
optotype separation and luminance condition is shown in
Table 1 (mean logMAR and standard deviations).

Figure 2 plots the average visual acuity (logMAR) across
all observers as a function of the inter-optotype separation in
terms of percent letter width (top panel) and min arc (bottom
panel). The open symbols represent the photopic luminance
condition and the closed symbols the mesopic condition. The
first measurements are represented by the circles and the sec-
ond, repeat measurement by the triangles. The error bars rep-
resent + 1 standard error (SE). The figure shows that logMAR
increases as both inter-optotype separation and level of lumi-
nance decreases. The increase in logMAR (i.e. poorer visual
acuity) as the inter-optotype separation decreases (i.e. as
crowding increases) is more marked for the photopic lumi-
nance condition. Under the closest inter-optotype separation
(10% letter width) photopic logMAR increased by almost
twice as much as the comparable inter-optotype separation
condition under mesopic luminance. This is supported by
the outcome of the repeated measures ANOVA, which re-
vealed highly significant effects of separation (P <.0001), lu-
minance (P <.0001) and a significant separation x luminance
interaction (P <.0001). If the inter-optotype separation is
expressed in min arc, photopic logMAR increases more rap-
idly with decreasing separation than in the mesopic condition
even at similar min arc separations. The critical angular sepa-
ration, at which crowding begins to reduce the visual acuity,
appears to be roughly unchanged for both luminances.

The measurements of repeatability are presented in Table 2.
Shown are the mean differences (AVA) in visual acuities of
test (VA ) and retest (VA,) measurements, the associated stan-
dard deviations and the relevant CoRs for each condition of
luminance and optotype separation. The corresponding
Bland-Altman plots [34] with the LoAs are presented in
Fig. 3. In each panel of Fig. 3, the difference in logMAR
between the test and retest measurements is plotted against
their average. The panels on the left side show the results for
each optotype separation under photopic luminance while the
panels on the right side show the equivalent results for the
mesopic luminance condition. In each panel, the dashed lines
represent the 95% LoAs and the dotted lines the mean differ-
ences. The error bars shown in each panel represent the 95%
confidence intervals for the Bland-Altman LoAs [36]. Mean
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Table 1
under all luminances and letter separations tested

Mean logMAR for the first, VA, and second, VA, measurements of visual acuity and their standard deviations SDy, ;, SDya», respectively,

Luminance condition Photopic Mesopic

Separation (% of letter width) 10 20 50 100 10 20 50 100
VA, —-0.005 —0.069 —0.128 -0.203 0.421 0.389 0.324 0.328
SDya, 0.090 0.070 0.077 0.083 0.053 0.124 0.084 0.105
VA, —-0.035 —0.082 -0.169 —-0.221 0413 0.378 0.349 0.338
SDyas 0.077 0.068 0.073 0.067 0.128 0.091 0.100 0.108

differences between test and retest measurements were statis-
tically insignificant except for two photopic separation condi-
tions of 10 and 50% letter width (P =.027 and P =.008,
respectively).

For a given luminance level, the CoRs differ minimally
between separation conditions. On the other hand, there appear

0.4
_. 03
o
é 0.2 —©— Photopic 1st measure
o -4 2nd measure
2
> 0.1 —©— Mesopic 1st measure
(5, -A 2nd measure
® 00
©
2
S -01
-0.2
0.3 4 4 + + +
0 20 40 60 80 100
Inter-optotype spacing (% letter width)
04
__ 03
o
§ 0.2 —©— Photopic 1st measure
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=] -A - 2nd measure
|5}
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©
2
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-0.3

0 2 4 6 8 10
Inter-optotype spacing (min arc)

Fig. 2 The top panel shows the average logMAR across all subjects,
plotted against edge-to-edge inter-optotype separation (% letter width)
for photopic (open symbols) and mesopic (closed symbols) luminance
conditions. Data for test (circles) and retest (triangles) are shown. The
bottom panel shows the same data but this time plotted against inter-
optotype separation in min arc. It is evident that LogMAR increases both
as a function of luminance and inter-optotype separation although the
increase appears less under the mesopic conditions

@ Springer

differences in the CoRs between luminance conditions. The
photopic measurements show smaller CoRs (0.12 logMAR
on average) in comparison with the mesopic data (0.19
logMAR on average) (Table 2). However, two of the differ-
ences under the mesopic condition, (10 and 20% inter-
optotype separations) show extreme (outlier) values.
Moreover, the differences for these (and only for these) condi-
tions are not normally distributed (Shapiro-Wilk test, P = 0.001
and P =0.0006). Consequently, the rationale for the calculated
CoRs (0.209 and 0.203 logMAR for the 10 and 20% separa-
tions, respectively) can fail resulting in overestimated values. If
the extreme values are removed from each condition, the dis-
tribution is normal (Shapiro-Wilk test, P =0.81 and P =0.16)
and calculated CoRs are now very close to photopic conditions
(0.125 and 0.128 logMAR for the 10 and 20% separations,
respectively). Inspection of the calculated 95% CI for the
LoAs is consistent with this revised analysis and shows that
the distributions of LoAs between the mesopic and photopic
luminance conditions are not appreciably different. Thus, test-
retest repeatability exhibits no dependence on the inter-
optotype separation and little dependence on luminance.

Discussion

Consistent with the established literature [12, 13, 23], visual
acuity (logMAR) tested under mesopic luminance conditions
was considerably worse than when tested under photopic con-
ditions. On average, across all test conditions (i.e. all inter-
optotype separations and test and retest measurements), there
was a decrease of 0.48 logMAR from photopic (228 cd/m?) to
mesopic (0.164 cd/m?) luminances. The reduction in visual
acuity from photopic to mesopic luminances in our study is
similar to some previous reports [12], but is more than the
decrease reported in a more recent study [23]. The discrepancy
is explained by differences in the level of mesopic luminance
used as lower luminances cause greater reductions in visual
acuity [14]. The mesopic luminance level we used (0.164 cd/
m?) was similar to previous work (0.075 cd/m?), where de-
creases in visual acuity were consistent with our results [12],
but lower than the luminance used (0.75 cd/m?) in another
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Table2 Mean differences, AVA (logMAR) of the test-retest measurements (see Table 1), the associated standard deviations SD Ay, and coefficients
of repeatability CoRs (1.96 x SDay,a) under all luminances and letter separations tested (see text for more details)

Luminance condition Photopic Mesopic

Separation (% of letter width) 10 20 50 100 10 20 50 100
AVA 0.031 0.013 0.041 0.018 0.008 0.011 —0.025 -0.010
SDava 0.057 0.056 0.062 0.065 0.106 0.104 0.077 0.101
CoR 0.112 0.111 0.122 0.126 0.209 0.203 0.152 0.198
recently reported study that found less of a decrease in acuity An additional finding of our study, one that has not previ-
as a function of luminance [23]. ously been reported, is that the decrease in visual acuity as a
Fig. 3 Bland and Altman [34] Photopic level Mesopic level

plots depicting the difference spacing 10% of letter width

AVA in logMAR between the
first VA, (test) and second VA,
(retest) measurements against
their average. The panels on the
left side depict results for each
inter-optotype separation under
the photopic luminance condition
while the panels on the right side 0.4
show the corresponding separa- 02 -0.15 -0.1 -0.05 0 0.05 0.1 02 03 04 05 06
tions under't}}e mesopic luml-. (VA‘ + VAZ)/Z (|OQMAR) (VA‘ + VAZ)/Z (IogMAR)
nance condition. The dashed lines
represent the 95% limits of
agreement (LoA) and the dotted
lines the mean differences. The
error bars shown in each panel
represent the 95% confidence in-
tervals for the Bland-Altman
LoAs [36]

spacing 20% of letter width

4
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6
(VA, + VA)/2 (logMAR) (VA, + VA,)/2 (logMAR)

spacing 50% of letter width

0.4 0.4
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 02 03 04 05 06

(VA, + VA)/2 (logMAR) (VA, + VA2 (logMAR)

spacing 100% of letter width

04 0.4
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(VA, + VA,)/2 (logMAR) (VA, + VA,)/2 (logMAR)
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function of luminance is dependent on the inter-optotype sep-
aration (i.e. the amount of crowding). Closer inter-optotype
separations, where crowding is stronger, produced relatively
greater decreases in logMAR (i.e. poorer acuity) under phot-
opic luminance compared to the same inter-optotype separa-
tions under mesopic conditions. This effect can be a direct
consequence of the luminance decrease, or can be mediated
by the difference in visual acuity between both luminance
conditions, i.e. by the difference in letters size. Previous re-
sults showed that foveal contour interaction (i.e. using bar
flankers) [28, 37, 38] and foveal crowding (i.e. using optotype
flankers) [39] occurs only within a fixed angular range of
letter-to-flanker separations (edge-to-edge separation in min
arc) irrespective of the letter size. The results of the present
study are consistent with these findings. However, with regard
to clinical relevance, the stimuli were constructed on the basis
of an inter-optotype separation metric of percent letter width.
For this reason and because visual acuity is poorer for mesopic
luminance conditions (i.e. letters sizes are bigger), the small
angular separations (in min arc) reached for the photopic lu-
minance condition, where crowding is strongest, were not
assessed under mesopic luminance. However, comparing the
data plotted as a function of angular inter-optotype separation
(bottom panel in Fig. 2) (where the letter size does not influ-
ence the separation), the logMAR dependence on inter-
optotype separation is steeper for the photopic than for the
corresponding mesopic results. In other words, photopic
crowding remains stronger and not as a result of letter size.
Previous research in laboratory settings showed that the mag-
nitude of contour interaction, the specific lateral spatial inter-
action between a target letter and adjacent flankers [27], is
reduced under mesopic luminance levels [28-31]. In the cur-
rent study, we extended those findings to include the influence
of luminance on the more general crowding effect, which
occurs when viewing letter charts [27].

Our results were obtained for participants with normal vi-
sion. However, a similar conclusion was reached by a previous
study where a reduction in crowding (or separation difficulty as
it was termed) was found in observers with amblyopia under
mesopic luminance conditions [30]. Although the data are few,
they suggest that the underlying mechanism responsible for the
reduction of crowding at low luminance may be similar in
normal and amblyopic vision. It is not known whether similar
results would be found in other ocular conditions.

Differences in crowding as a function of luminance have
been suggested to partly explain some previous findings of a
differential effect of optical blur on visual acuity under high
and low luminances [12, 24, 25]. Simpson et al. [25] used
Landolt C optotypes, presented in a format which controlled
for contour interaction [40] (by ensuring the spacing between
optotypes was held constant), to measure visual acuity under
different levels of optical blur and luminance. Their results
showed that while visual acuity is worse with blur under both
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photopic and mesopic luminances, the decrease in acuity (i.e.
the effect of the optical blur) is less for the lowest mesopic
luminance compared to the photopic conditions (see also
Bedell [24]). The authors speculated that differences in spatial
processing at mesopic and photopic levels of luminance ad-
aptation may account for the differential effect of blur at low
luminance, but another suggestion is that the differential effect
of blur on acuity may be due to differences in crowding under
photopic and mesopic conditions [12]. Although both
Simpson et al. [25] and Bedell [24] used Landolt C optotypes
in a crowded format [40], the inter-optotype separation was
fixed at one optotype width (i.e. 100% letter width). Our re-
sults showed a differential effect of luminance only for closer
inter-optotype separations; thus, the differences in crowding at
mesopic luminance that we have shown cannot account for the
differential effect of blur on visual acuity at low luminance.

Test-retest repeatability was of the order of about £0.1
logMAR (or 1 line on a standard ETDRS chart) for the phot-
opic luminance condition, consistent with previous reports
[26]. Repeatability of visual acuity under mesopic conditions
may be slightly poorer but not significantly so. The CoRs for
the mesopic test-retest conditions were larger than those for
the photopic conditions (Table 2). However, careful statistical
analysis did not support a difference. It may be that a larger
sample size may show differences, although a previous study
using a larger similar samples of subjects did not find a differ-
ence in repeatability between photopic compared to mesopic
luminance, albeit for the ETDRS letter chart with 100%
optotype spacing [22].

There is evidence that a greater amount of crowding can
steepen the slopes of the underlying psychometric functions
for visual acuity measurements [41] which, in turn, has led to
the suggestion that measurements of visual acuity using more
crowded charts could improve the reliability of measurements
[42]. If so, we would have expected to find better repeatability
of photopic compared to mesopic acuity, especially for close
inter-optotype separations where crowding was stronger. It
may be that small differences in repeatability do exist but the
relatively small sample size in our study precluded signifi-
cance. In any case, even with a larger sample size, it is likely
that any effect would be small.

Our results describe new findings of a reduction in
crowding for clinical measurements of visual acuity under
low luminance (mesopic) conditions. However, the effect of
such a reduction is evident only for relatively close inter-
optotype separations. As such, for measurements under low
luminance conditions (i.e. mesopic) using standard ETDRS
charts [22] or other standard formats [23], where the inter-
optotype spacing is fixed at 1 letter width (100% optotype),
the reduction in crowding that we have demonstrated will
have little or no impact. However, for other measurements,
where the separation between target letters and flankers are
closer, the reduction in crowding may be more important. Our
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results may also be important when using other, non-acuity
targets that are subject to crowding effects (e.g. faces) or in
pathological conditions that necessitate the use of a non-foveal
locus where the effects may be quite different.
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ARTICLE INFO ABSTRACT

Keywords:
Contour interaction

Nearby flanking bars degrade letter identification and resolution, a phenomenon known as contour interaction.
However, many previous studies found that the relationship between foveal letter identification and flanker

Fovea separation is non-monotonic, with an upturn in performance at very small target-to-flanker separations. Here,

Peripheral vision
Crowding

we replicate this observation and show that a similar upturn occurs also for targets presented at 5 deg in the
inferior field, if the target-to-flanker separation is sufficiently small. The presence and magnitude of the observed

performance upturn depends on the flanking-bar width, being more evident for narrower compared to wider
flanking bars. We interpret our results to indicate that neural interactions between nearby contours reduce
performance when the target and flanking bars form discrete neural images. At sufficiently small separations, the
images of the target and flanking bars can not be distinguished and performance is governed by the contrast of
the target in the blended neural image.

1. Introduction

Contour interaction is a degradation of form processing or visual
resolution that is attributable to nearby flanking bars (Flom,
Weymouth, & Kahneman, 1963; Takahashi, 1968). When more complex
flanking targets are used, or when inaccurate eye movements or in-
appropriate deployment of attention contribute to the degradation, the
interaction is known as crowding (Bedell, Siderov, Formankiewicz,
Waugh, & Aydin, 2015; Flom, 1991). Both contour interaction and
crowding can be characterized by an extent, i.e., the largest target-to-
flanker separation at which performance is impaired, and a magnitude,
i.e., the maximum degradation in performance that occurs, compared to
the condition without flanking targets. The extent of contour interac-
tion and crowding is only a few min arc at the fovea, but increases
substantially when the target and flanking stimuli are presented in
peripheral vision (Bouma, 1970; Coates, Chin, & Chung, 2013;
Musilova, Pluhacek, Marten-Ellis, Bedell & Siderov, 2018; Toet & Levi,
1992).

Although crowding typically produces a monotonic worsening of
performance as the target-to-flanker separation is reduced (Coates
et al., 2013; Danilova & Bondarko, 2007; Formankiewicz & Waugh,
2013; Marten-Ellis & Bedell, 2015) foveal contour interaction functions
are not necessarily monotonic. For example, each of the three normal

eyes studied by Flom et al. (1963) exhibited an improvement in the
percentage of correct responses for very small target-to-flanker se-
parations, on the order of 1 min arc and less. A similar upturn in the
percentage of correct responses can be seen in the data of three of the
four amblyopic observers in the same study. However, as the size of the
threshold acuity letter is larger in amblyopic than normal eyes, the
upturn tended to occur at larger target-to-flanker separations, which
ranged from approximately 1-4.5 min arc. The existence of similar
upturns in the contour interaction function at different target-to-flanker
separations in normal and amblyopic eyes suggests that contour inter-
action has a neural rather than optical basis.

Many subsequent studies of foveal contour interaction also reported
an upturn in performance at small, target-to-flanker separations (Bedell
et al., 2013; Chung & Bedell, 1995; Danilova & Bondarko, 2007; Hess,
Dakin, Kapoor, & Tewfik, 2000; Jacobs, 1979; Musilova, Pluhacek,
Bedell & Siderov, 2018b; Siderov, Waugh, & Bedell, 2013; Siderov,
Waugh, & Bedell, 2014; Simmers, Gray, McGraw, & Winn, 1999).
Contour interaction is investigated less frequently in peripheral vision,
and an upturn in performance at small target-to-flanker separations is
reported only rarely (Hess et al., 2000; Jacobs, 1979; Wolford &
Chambers, 1984).

Following the seminal study by Flom et al. (1963), the flanking bars
used in most studies of contour interaction have a width equal to one
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fifth of the target letter size, or one stroke width. Siderov et al. (2014)
compared foveal contour interaction functions with flanking bars that
ranged in width from one to 12 stroke widths. The resulting contour
interaction functions were similar, with the exception that only the
function obtained using one-stroke-width flanking bars exhibited an
upturn at small target-to-flanker separations. A follow-up study that
measured contour interaction at eccentricities of 2.5 and 5 deg also
reported very similar contour-interaction functions for flanking bars
that ranged from one to 8 stroke widths, except that there was no
evidence of an upturn at small target-to-flanker separations in any of
the functions (Siderov et al., 2015).

Takahashi (1968) investigated contour interaction using a two-line
resolution target, flanked on each side by additional bar stimuli. As the
flanking bars were placed closer to the central resolution target, re-
solution initially worsened compared to the condition with no flanking
bars. However, as the target-to-flanker separation continued to de-
crease, two-line resolution improved, becoming better than the
threshold obtained in the absence of any flanking targets. Additional
measurements with the two-line resolution target at horizontal eccen-
tricities of 0.54 and 1.05 deg revealed both a greater magnitude of
threshold elevation and extent of contour interaction than at the fovea.
However, approximately the same range of narrow target-to-flanker
separations resulted in improved resolution at eccentricities of 0.54 and
1.05 deg and at the fovea. Takahashi concluded that the elevation of the
resolution threshold produced initially by flanking bars represents a
neural interaction. However, because improved resolution occurred for
the nearly same range of small target-to-flanker separations at the ec-
centricities she tested, Takahashi proposed an optical basis for this
upturn in performance, specifically a reduction of scattered light.

Coates, Levi, Touch, and Sabesan (2018) investigated foveal
crowding using a tumbling E target surrounded by 4 flanking E’s. Their
data reveal an upturn in performance at target-to-flanker separations
smaller than 1 min arc, both with and without adaptive-optics (AO)
correction of the observers’ higher order optical aberrations. These re-
sults suggest that, at least for the type of targets used by Coates et al.,
the upturn in performance at small target-to-flanker separations is un-
likely to be the result of optical blurring.

Nevertheless, if optics do contribute to the upturn in performance
that occurs at small target-to-flanker separations in (non-AO-corrected)
foveal contour-interaction functions, then this upturn may be absent
from non-foveal contour-interaction functions because of the way that
optotype- and flanking-bar size are scaled when measuring contour
interaction non-foveally. In particular, the width of the retinal point-
spread function remains nearly constant within the central + 10 deg of
the retina (Navarro, Artal, & Williams, 1993; Navarro, Moreno, &
Dorronsoro, 1998). Thus, within the central *+ 10 deg of the retina or
so, any optical influence on the contour interaction function would be
expected to be manifested within approximately the same small angular
extent. However, because the angular subtense of a threshold acuity
letter increases systematically from < 5 min arc at the fovea to ap-
proximately 25 min arc at an eccentricity of 10 deg (Jacobs, 1979;
Mandelbaum & Sloan, 1947; Musilovd, Pluhacek, Marten-Ellis, Bedell,
& Siderov, 2018) both the width of the flanking bars and the range of
target-to-flanker separations tested increase systematically with ec-
centricity from the fovea. Interestingly, Takahashi (1968) observed
very similar threshold-elevating and threshold-lowering effects on fo-
veal resolution thresholds using pairs of flanking bars with different
widths (range 1.4 to ~55 min arc; her Figure 36).

The principal aim of this study was to examine contour interaction
for letter targets using a similar range of narrow target-to-flanker se-
parations at the fovea and at an eccentricity of 5 deg. Limited additional
data were obtained at eccentricities of 2.5 and 10 deg. In addition, we
sought to assess the influence of the flanking-bar width on contour
interaction within the range of small target-to-flanker separations.
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2. Methods
2.1. Observers

The observers in this experiment were 3 males and 2 females (3
naive, age range 30-69 years old) who reported no ocular pathology
and had normal or corrected-to-normal visual acuity in each eye. The
study was conducted in accordance with the tenets of the Declaration of
Helsinki and received prior approval from the Anglia Ruskin Research
Ethics committee. Each observer voluntarily provided written informed
consent before participating.

2.2. Stimuli

Dark Sloan letters (CD HK N O R S V Z) with a Weber contrast of
—90% were presented on a white background, either in isolation or
surrounded symmetrically on 4 sides by flanking bars. Each flanking
bar had a length equal to the height or width of the central Sloan letter.
The width of the flanking bars ranged from one half of a letter stroke
(10% of letter height) to two letter strokes (40% of letter height) during
testing at the fovea and from one half of a letter stroke to one and a half
letter strokes (30% of letter height) for testing at an eccentricity of
5 deg in the inferior visual field. Additional data were obtained for 3 of
the 5 observers at the 5-deg eccentricity for a flanking-bar width equal
to two and a half letter strokes (50% of letter height). The 4 flanking
bars used in each experimental condition were always identical. Stimuli
were generated using custom software written by author FP and pre-
sented on a flat-screen display that measured 48.5 cm diagonally, with
1280 x 1024 pixel resolution; each pixel was 0.32 mm in size and
subtended 0.073 and 0.63 min arc at the 15 and 1.75 m test distances,
respectively). Background luminance was 182 cd/m? and ambient il-
lumination in the experimental room remained dim. The exposure
duration of each stimulus presentation was unlimited for author HB and
restricted to 250 ms for the other 4 observers.

2.3. Procedures

Testing was conducted monocularly in conjunction with each ob-
server’s appropriate spectacle (range: —3.13 D to +2.38 D spherical
equivalent) or contact-lens (-10.13 D spherical equivalent) correction.
No artificial pupil was imposed and the untested eye was covered with
an opaque occluder. Letters were presented one at a time at the center
of the display. The observer identified each presented letter by typing
his or her response on the computer keyboard. Stimuli were presented
either at the fovea or at 5 deg in the inferior visual field. Additional
testing was conducted with observers HEB and JS at eccentricities of 2.5
and 10 deg, also in the inferior visual field. For foveal testing, the sti-
muli were viewed from an optical distance of 15 m, including reflection
from a front-surface mirror. For testing at an eccentricity of 5 deg, the
stimuli were viewed without reflection from a distance of 1.75 m.
Additional testing of observers HEB and JS at eccentricities of 2.5 and
10 deg was performed, respectively, at viewing distances of 3.5 and
1.75 m. Non-foveal testing was performed by directing the observers’
fixation to a small target that was located at the appropriate angular
distance above the center of the display.

Preliminary sets of trials, in which the letters were presented
without any flanking bars, established the letter size required for each
observer to achieve approximately 80% correct identification responses
at each tested eccentricity. Averaged across the 5 observers, the average
letter sizes used at the fovea and at 5 deg inferior field were 4.0 = 0.36
(SE) min arc and 17.6 + 1.5 min arc, respectively. The average letter
sizes used for observers HB and JS at eccentricities of 2.5 and 10 deg
were 9.0 + 1.0and 25.7 * 5.8 min arc. Subsequently, percent correct
letter identification was determined in the absence of flanking bars and
for either 6 (foveally) or 8 (at locations in the inferior field) edge-to-
edge separations between the letter and the surrounding flanking bars.
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Data were obtained for target-to-flanker separations between 5% and
100% of the letter size at the fovea (approximately 0.2-4 min arc) and
between 2% and 200% of the letter size at an eccentricity of 5 deg
(approximately 0.35-35 min arc). At each eccentricity, performance
was determined for the different widths of the flanking bars in separate
blocks of trials.

2.4. Simulations

Simulations were performed in MATLAB using the image-processing
toolbox to assess the influence of neural summation within putative
visual receptive fields on target appearance for a sample of the letter
and flanking-bar stimuli used in this study. The region of neural sum-
mation was represented in our simulations by psychophysically de-
termined estimates of Ricco’s diameter, taken from the vision literature.
Because the stimuli used to estimate Ricco’s diameter undergo optical
degradation within the eye, virtually all psychophysical estimates of
Ricco’s diameter include the combined influence of visual receptive
field size and the width of the optical point spread function. Recently,
Tuten et al. (2018) reported that Ricco’s diameter measured at the
fovea is essentially the same without and with adaptive-optics correc-
tion of ocular aberrations, indicating that the optical contribution to
Ricco’s area at the fovea is close to negligible. Although Ricco’s area
increases systematically with retinal eccentricity (Inui, Mimura, & Kani,
1981; Khuu & Kalloniatis, 2015; Kwon & Liu, 2019; Levi & Klein, 1990;
Smith & Cass, 1989; Volbrecht, Shrago, Schefrin, & Werner, 2001;
Wilson, 1970), retinal image quality changes little within the cen-
tral + 10 deg (Navarro et al., 1993; Navarro et al., 1998). Therefore,
the contribution of the retinal point spread function to Ricco’s area
should be even smaller for non-foveal retinal locations.

The letter sizes used for our simulations were 4 min arc at the fovea
and 17.6 min arc at an eccentricity of 5 deg in the inferior visual field.
Published estimates of Ricco’s diameter vary widely, between 1.8 (Levi
& Klein, 1990) and 12.1 min arc (Khuu & Kalloniatis, 2015) at the
fovea, and between 4.0 (Levi & Klein, 1990) and 20.0 min arc
(Volbrecht et al., 2001) at an eccentricity of 5 deg (Table 1). For our
simulations we used the median of the reported values for Ricco’s

Table 1
Summary Results of Studies of Ricco’s Diameter.

Study* Stimuli Retinal Ricco’s Diameter (min
Location arc)
Fovea 5°
Blackwell (1946) Bright, dark ~ Fovea 8.2 -
spots
Glezer (1965) Bright spots Fovea 1.6 -
Wilson (1970) Bright spots 5°-15° - 8.9
Levi and Klein (1990) Dark blurred  0°-10° 1.8 5.3
lines
Inui et al. (1981) Bright spots 0°-10° 3.6 7.1
Smith and Cass (1989) Two bright °~7° 12.0 16.5%*
lines
Davila and Geisler Bright Fovea 2.6 -
(1991) squares
Chung et al. (1996) Dark Lines Fovea 2.6 -
Volbrecht et al. (2001) Bright spots 0°-20° 7.7 20.0%*
Dalimier and Dainty Bright 0.2° 25 -
(2010) squares
Khuu and Kalloniatis Bright spots 0-20° 12.1 18.7
(2015)
Tuten et al. (2018) Bright spots Fovea 3.0
Kwon and Liu (2019) Bright spots 4-18.5° - 7.2
Mean Diameter 5.2 12.0
Median Diameter 3.0 8.9

*Only studies that assessed Ricco’s Diameter on a photopic background field are
included.
**Value of Ricco’s diameter is interpolated from surrounding eccentricities.
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diameter at the fovea (Blackwell, 1946; Chung, Levi, & Bedell, 1996;
Dalimier & Dainty, 2010; Davila & Geisler, 1991; Inui et al., 1981;
Glezer, 1965; Khuu & Kalloniatis, 2015; Levi & Klein, 1990; Tuten et al.,
2018; Volbrecht et al., 2001) and at an eccentricity of 5 deg (Inui et al.,
1981; Khuu & Kalloniatis, 2015; Kwon & Liu, 2019; Levi & Klein, 1990;
Smith & Cass, 1989; Volbrecht et al., 2001; Wilson, 1970). For studies
that assessed Ricco’s diameter at peripheral locations that did not in-
clude 5 deg, we obtained a value for an eccentricity of 5 deg either
using the authors’ best-fit line to Ricco’s diameter as a function of ec-
centricity or by linear interpolation. The median values of Ricco’s
diameter were 3.0 min arc at the fovea and 8.9 min arc at an eccen-
tricity of 5 deg. Mean values from the studies cited above were 35%
(eccentricity = 5 deg) to 73% (fovea) larger. To perform simulations,
we assumed that neural summation occurs within a Gaussian profile
and used the relationship proposed by Levi and Klein (1990) to de-
termine the standard deviation (SD) associated with the median esti-
mates of Ricco’s diameter: SD = Ricco’s diameter / SQRT(2*pi). The
results of convolving representative contour-interaction stimuli with
Gaussian profiles having SDs of 1.18 (fovea) and 3.57 min arc (5 deg
inferior visual field) are presented in Fig. 3, below.

2.5. Data analyses

Separate repeated-measures ANOVAs were performed on the ag-
gregated results of the 5 observers for the combinations of target-to-
flanker separation and flanking-bar width that were examined at each
eccentricity. For each ANOVA, the various target-to-flanker separations
were represented as percentages of the target-letter size. However, to
plot the results in Figs. 1 and 2, below, these target-to-flanker separa-
tions were converted to min arc and averaged across observers. All
statistical analyses were performed using SuperANOVA software
(Abacus Concepts, Berkeley, CA, USA). If necessary, Huynh-Feldt cor-
rections were applied for significant departures from sphericity. The
inclusion of a correction for sphericity is indicated by the reporting of
fractional values of degrees of freedom in the Results section, below.

3. Results

The left side of Fig. 1 presents the average percent correct letter
identification at the fovea as a function of the target-to-flanker se-
paration, in min arc, for widths of the flanking bars that range from
10% to 40% of the letter size. The variability (standard error) in the
average percent correct performance and in the average target to
flanker separations across observers is indicated by vertical and hor-
izontal error bars, respectively. Foveal contour interaction is revealed
by a significant reduction in percent correct for target-to-flanker se-
parations less than approximately 3-4 min arc (Fyr—2495 = 32.28,
p < 0.0001). Clearly, the magnitude of contour interaction increases
with the width of the flanking bars (flanker width X separation inter-
action, Fygf—1872 = 10.81, p < 0.0001). In addition, when the
flanking-bar width is equal to 10% of the letter size an upturn in per-
formance is apparent at the two smallest target-to-flanker separations
(0.2 and 0.4 min arc). A smaller upturn may be seen (present in the
individual results of 3 of the 5 observers) when the width of the
flanking bars is equal to 20% of the letter size, or one stroke width.
Wider flanking bars result in a monotonic worsening of percent correct
letter identification as the target-to-flanker separation decreases from
100% to 5% of the target letter size.

The right side of Fig. 1 shows comparable data obtained at an ec-
centricity of 5 deg. At this eccentricity, percent correct letter identifi-
cation is impaired for target-to-flanker separations of at least 40 min
arc. However, a clear upturn in percent correct letter identification is
observed for the narrowest two target-to-flanker separations, which
correspond to 0.35 and 0.88 min arc, when the width of the flanking
bars is equal to 10% of the letter size. As at the fovea, the magnitude of
contour interaction becomes greater as the width of the flanking bars
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Fig. 1. Average percent correct letter identification for 5 observers is plotted as a function of the average target-to-flanker separation in min arc for targets presented
at the fovea (left) and at 5 deg in the inferior visual field (right). In each panel, the symbols increase in size according to the width of the flanking bars. Note that in
the right panel only 3 of the 5 observers contributed data for the contour interaction function with a flank width equal to 50% of letter size. Positive or negative
vertical error bars represent standard errors (SEs) in percent correct across observers. Horizontal errors bars (shown only on the ‘10% Flank’ data) indicate standard
errors (SEs) in target-to-flanker separation across observers. These SEs were the same for each flank condition. The rightmost data point of each function at x = inf
indicates percent correct letter identification when the flanking bars are absent.
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Fig. 2. Average percent correct letter identification is plotted as a function of
the target-to-flanker separation in min arc for targets presented at the fovea and
at 2.5, 5 and 10 deg in the inferior visual field. Greater eccentricities are re-
presented by symbols of larger size and a logarithmic x-axis is used to prevent
compression of the data obtained for the small target-to-flanker separations. At
each eccentricity, the flanking bars had a width equal to 10% of the letter size.
Each data point represents the average of two observers. The vertical error bars
plotted on the functions for the fovea and 10-deg eccentricity represent SEs
across the two observers. Error bars are similar in size for the functions ob-
tained at eccentricities of 2.5 and 5 deg. Horizontal errors bars indicate stan-
dard errors (SEs) in target-to-flanker separation across the two observers at
each retinal location. The rightmost data point of each plotted function (after
the broken line) indicates percent correct letter identification when the flanking
bars are absent.

increases from 10% to 20% and 30% of the letter size (flanker
width X separation interaction, Far—124,407 = 10.43, p < 0.0001).
Even so, small improvements in performance are evident at the two
narrowest target-to-flanker separations when the flanking-bar width is
20% and 30% of the letter size (present in the data of 4 of the 5 ob-
servers for each bar-width condition). The lowest function in the right
side of Fig. 1 shows data for just 3 of the 5 observers when the flanking-
bar width is increased to 50% of the letter size. Performance is better

for the target-to-flanker separations of 0.35 and 0.88 min arc, compared
to 1.6 min arc for all 3 observers.

Fig. 2 shows the averaged data for observers HEB and JS for ec-
centricities of 0-10 deg when the width of the flanking bars is equal to
10% of the letter size. The plots are presented on a logarithmic x-axis to
alleviate compression of the functions at the small target-to-flanker
separations. As in Fig. 1, variability (standard error) in the average
percent correct performance and in the average target to flanker se-
parations across observers is indicated by vertical and horizontal error
bars, respectively. The results, which are similar for the two observers,
show that an upturn occurs at each eccentricity tested for a range of
small target-to-flanker separations. However, the performance upturn
begins at larger target-to-flanker separations (approximately 1.4, 3.6,
3.2 and 26 min ac) as the eccentricity of testing increases. The most
prominent upturn in percent correct at small target-to-flanker separa-
tions occurs at an eccentricity of 10 deg.

4. Discussion

Although this study investigated a smaller range of flanking-bar
widths than Siderov et al. (2014), the resulting foveal contour-inter-
action functions are similar. In particular, the contour-interaction
functions obtained with relatively narrow flanking bars exhibit an up-
turn in performance at small target-to-flanker separations, whereas the
results obtained with wider flanking bars do not. Like the data reported
by Siderov et al. (2014), the extent of contour interaction, i.e., the range
of target-to-flanker separations that produces an impairment of letter-
identification performance, is essentially the same for all the flanking-
bar widths tested, when the target-to-flanker distance is expressed in
terms of the edge-to-edge separation in min arc.

Unlike the contour-interaction functions that we measured at an
eccentricity of 5 deg (Fig. 1, right), none of the functions reported by
Siderov et al. (2015) exhibit an upturn in performance at small target-
to-flanker separations. We attribute this difference primarily to the
failure of Siderov et al. to measure contour interaction at sufficiently
small target-to-flanker separations. Specifically, the smallest target-to-
flanker separation used at an eccentricity of 5 deg in the study by
Siderov et al. (2015) was 2.0 min arc, corresponding to 10% of the
threshold letter size, whereas the smallest target-to-flanker separation
in the present study was 0.35 min arc. For flanking-bar widths equal to
20% of the letter size or larger (i.e., the flanking-bar widths used by
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Panels a, b

Panels c, d

Panels e, f

Panels g, h

Fig. 3. Representations of threshold-size letter Cs at the fovea (4 min arc;
images a-d) and at 5 deg inferior visual field (17.6 min arc; images e-h), sur-
rounded by four narrow (10% of letter size; images a, c, e, g) or wide (40% of
letter size; images b, d, f, h) flanking bars. Each image represents a simulation
in which a clear image of the letter C and flankers is convolved with a Gaussian
distribution representing the median size of Ricco’s diameter, taken from the
literature, at each eccentricity. Foveal target-to-flanker separations are 0.4 min
arc in images a, b and 0.8 min arc in images c, d. Target-to-flanker separations
at 5 deg inferior field are 1.6 min arc in images e, f and 3.5 min arc in images g,
h. Gaussian functions representing Ricco’s diameter have standard deviations of
1.18 min arc at the fovea and 3.57 min arc at 5 deg. After convolution, note that

the letter and flanking bars blur together in images a, b, e, f, but less so in
images ¢, d and g, h. Note that the images shown in the figure are not to scale.

Siderov et al., 2015), the observed upturn in performance that we ob-
served at an eccentricity of 5 deg occurred at a target-to-flanker se-
paration on the order of 1.7 min arc. Therefore, it is likely that the
identification of a performance upturn at small target-to-flanker se-
parations requires the presentation of smaller target-to-flanker
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separations than are usually tested when measuring peripheral contour
interaction.

Takahashi (1968) proposed that optical scatter, from the region
between a central resolution target and the surrounding flanking bars,
should be reduced when the target-to-flanker separation is small and
that this reduction of scattered light is responsible for the improvement
in two-line resolution that she observed. However, unlike the results
reported by Takahashi (1968), an upturn in performance did not occur
at the same small target-to-flanker separation at each of the eccentri-
cities that we tested. To some extent, this may be because the range of
eccentricities examined by Takahashi was extremely small
(0-1.05 deg). Nevertheless, as the width of the optical point spread
function remains relatively constant over approximately the central +

10 deg of the retina (Navarro et al., 1993; Navarro et al., 1998), our
results are not consistent with the explanation based on light scatter
that Takahashi proposed for the upturn in performance at small target-
to-flanker separations.

Liu (2001) assessed foveal contour interaction for 4-position Cs
flanked by pairs of bars either parallel or orthogonal to the side of the C
that contained the gap. When the flanking bars were parallel to the side
of the C with the gap, performance worsened monotonically for target-
to-flanker separations less than approximately 2.5 stroke widths. At the
smallest separation of the parallel flanking bars that Liu tested
(0.3 stroke width), performance fell below chance. When the flanking
bars were orthogonal to the side of the C that contained the gap, per-
formance declined modestly for target-to-flanker separations between
approximately 5 and 3 stroke widths and improved for smaller se-
parations. Liu (2001) also assessed performance with 4 flanking bars
and found that it was approximately equal to the averaged results for
pairs of bars parallel and orthogonal to the gap in the C. On the basis of
his results, Liu suggested that the parallel and orthogonal pairs of
flanking bars stimulated independent neural mechanisms, both of
which contribute to the contour interaction that is measured when the
central C is surrounded by 4 flanking bars.

Unlike a letter C, the location of the specific features responsible for
the discrimination of most Sloan letters is not immediately obvious.
Nevertheless, Musilova et al. (2018) found better performance at small
target-to-flanker separations when a pair of horizontal bars flanked a
central Sloan letter, compared to when the pair of flanking bars were
oriented vertically. Unlike the outcome reported by Liu (2001), per-
formance with 4 flanking bars generally was poorer than when the
central letter was flanked by pairs of either vertical or horizontal bars.
Thus, for Sloan letters, the contour interaction produced by 4 flanking
bars does not represent the average of the separate effects produced by
pairs of horizontal and vertical flanking bars.

In agreement with Liu (2001) and others (Danilova & Bondarko,
2007; Flom et al., 1963; Takahashi, 1968), we subscribe to the idea that
contour interaction results from inhibitory interactions between the
neural representations of the central target and flanking bars. As the
target-to-flanker separation becomes smaller, one might therefore ex-
pect that the deleterious influence of contour interaction on perfor-
mance should become progressively stronger, as was reported by Liu
(2001) for a letter C presented between two parallel flanking bars.
However, at some point the target and flanking bars should become
close enough that their optical and neural images overlap, blending into
a single, unarticulated image. At this point, when the images of the
central target and flanking bars are no longer neurally separate and
distinguishable, one might anticipate that the neural interactions re-
sponsible for contour interaction would first weaken and then cease to
occur. Instead, when the images of the flanking bars and the central
target overlap, the flanking bars should produce essentially a contrast
pedestal upon which the image of the central target is superimposed
(Fig. 3a, b, e, ). If we are correct that inhibitory neural interactions
become ineffective when the target-to-flanker separation is very small,
then performance for these small separations should depend primarily
on the visibility of the central target with respect to the flanker-
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produced contrast pedestal.

When the nearby flanking bars are narrow, image spread produced
by the retinal point spread function should cause the contrast of the
flanker-produced pedestal to be low. Under this condition, the super-
imposed target letter should remain relatively identifiable, allowing for
an upturn in performance compared to somewhat larger target-to-
flanker separations at which the images of the target and flankers are
distinguishable and inhibitory contour interaction occurs (compare
Fig. 3a, e, to Fig. 3¢, g). On the other hand, wider flanking bars should
produce a pedestal of higher contrast when the target-to-flanker se-
paration is very small, rendering the central letter less identifiable and
resulting in poorer performance (Fig. 3b, f). Indeed, when the flanking
bars are sufficiently wide, performance might be expected to decrease
monotonically as the target-to-flanker separation is reduced, as seen,
for example in left side of Fig. 1. For flanking bars that exceed a certain
width, the pedestal contrast for very small target-to-flanker separations
may be sufficiently high that no further degradation in performance
occurs.

The above explanation attributes only the reduced performance at
target-to-flanker separations greater than approximately 1 min arc at
the fovea (and at larger minimum separations at increasing eccentri-
cities) to an inhibitory neural mechanism. Performance for smaller
target-to-flanker separations (i.e., < 1 min arc at the fovea) is suggested
to reflect simple contrast detection. Whether the contour-interaction
function exhibits an upturn or a further reduction in performance at
these small separations depends on whether the flanking bars are
narrow or wide, and not on a neural interaction between the contours
of the flanking-bars and target. The strong dependence of the upturn in
the contour-interaction function on flanking-bar width differs from the
results of Takahashi (1968), who reported only minor differences in the
shape of the foveal contour-interaction functions that she obtained
using flanking-bar widths of 1.4 and 4.3 min arc. However, the im-
provement in foveal two-line resolution observed by Takahashi oc-
curred for target-to-flanker separations on the order of 1.4 min arc,
which are wider than the separations at which an upturn in foveal
performance occurred in the current, and previous, studies (Bedell
et al., 2013; Chung & Bedell, 1995; Danilova & Bondarko, 2007; Hess
et al., 2000; Jacobs, 1979; Liu, 2001; Musilov4, Pluhacek, Marten-Ellis,
et al., 2018; Siderov et al., 2013; Siderov et al., 2014; Simmers et al.,
1999). Takahashi noted that her results are consistent with a decreased
influence of scattered light on two-line resolution at small target-to-
flanker separations. Our data indicate that letter identification im-
proves at very small target-to-flanker separations only when the
flanking bars are narrow, which is not consistent with an explanation
based on stray light.

Because visual acuity declines systematically between the fovea and
the peripheral retina, both the size of the letter targets and the range of
flanking-bar widths that comprise our contour-interaction stimuli in-
crease systematically as a function of eccentricity. Nevertheless, an
upturn in the contour-interaction function continues to exist during
peripheral testing for small target-to-flanker separations. The use of
larger, more detectable letter targets in the periphery and/or differ-
ences between foveal vs. peripheral contrast processing (Georgeson,
1991) may account for the observation that the upturn in performance
at small target-to-flanker separations occurs for (relatively as well as
absolutely) wider flanking bars at 5 deg compared to the fovea (Fig. 1).
In addition, the upturn in performance occurs for a greater range of
target-to-flanker separations as the tested eccentricity increases (Fig. 2).
As noted above, the extent of the retinal point spread function is similar
within the range of eccentricities examined in this study (Navarro et al.,
1993; Navarro et al., 1998). Therefore, we conclude that the blurring
together of a central letter target with nearby flanking bars includes
both an essentially constant optical component, attributable to the
retinal point spread function, and a neural component that enlarges
with retinal eccentricity, presumably as the result of integration within
localized receptive fields. In agreement with this interpretation, the
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locations of the upturn in the contour-interaction functions measured at
2.5, 5 and 10 deg in the inferior visual field (Figs. 1 and 2) are con-
sistent with some, (Khuu & Kalloniatis, 2015; Smith & Cass, 1989;
Volbrecht et al., 2001) although not all (Inui et al., 1981; Kwon & Liu,
2019; Levi & Klein, 1990; Wilson, 1970), of the published estimates of
peripheral Ricco’s diameters.
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ABSTRACT.

Purpose: To assess the intraocular pressure (IOP) time response to change in
body position from sitting to supine and from supine to sitting immediately and
during rest in each position.

Methods: Forty-four visually healthy volunteers were recruited for the study.
The experiment consisted of the initial sitting position (baseline state), the
subsequent lying period and the final sitting period. Both periods were 30 min
long. The IOP was measured in the baseline state, immediately after each
position change and then in minutes 5, 15, 25 and 30 during each period. The
Icare Pro® rebound tonometer was used.

Results: The mean IOP increased after each position change (2.6 + 2.4 mmHg
after lying down and 2.1 + 3.1 mmHg after sitting up) and then gradually
decreased with time. The mean IOP was 1.41 + 2.4 mmHg higher in the lying
period than in the sitting period; the mean difference was smaller for the lower
baseline (0.9 + 2.2 mmHg) than the higher baseline (1.9 &+ 2.5 mmHg). The
mean IOP in the final sitting was significantly lower (2.5 + 1.9 mmHg) than in
the initial sitting position. The effect of sex was insignificant.

Conclusions: There was an immediate increase in IOP as a response to both
changes in the body position and the subsequent gradual decrease with time. The
IOP difference between lying and sitting position was depended on baseline.
Key words: baseline — body position supine — time course

intraocular pressure — sitting
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2019), drinking of water (Read &

Purpose Collins 2010: Salcedo et al. 2018 Sus-

Intraocular pressure (IOP) is one of the
major risk factors of glaucoma, and its
monitoring is an important part of
glaucoma screening and diagnostics
(Allingham et al. 2010). There are
many factors influencing IOP value,
for example physical activity (Naj-
manova et al. 2016, 2018; Vera et al.
2018), hypoxia (Cymerman et al. 2000;
Ersanli et al. 2006; Pavlidis et al. 2006;
Karadaq et al. 2008; Najmanova et al.

anna et al. 2018), etc. Intraocular pres-
sure (IOP) is significantly affected by
body position as well (e.g. Jorge et al.
2010; Fang et al. 2018; Kiuchi et al.
2010; Lam et al. 2013; Lee et al. 2012;
Lindén et al. 2018; Malihi & Sit 2012;
Meurs et al. 2018; for a review of older
studies see Prata et al. 2010). The most
studies refer to the higher IOP values in
the supine compared to the sitting or
upright position (e.g. Galin et al. 1963;

Linder et al. 1988; Jorge et al. 2010;
Kiuchi et al. 2010; Lee et al. 2012;
Malihi & Sit 2012; Lam et al. 2013;
Fang et al. 2018; Lindén et al. 2018;
Meurs et al. 2018). Such an increase in
IOP as well as its quick changes can be
a risk factor for development and
progression of glaucoma (e.g. Krist
et al. 2001; Goldberg 2003; Hasegawa
et al. 2006).

As IOP is usually measured in the
sitting position due to technical facili-
ties, there is less knowledge about the
details of IOP dynamics after the posi-
tion change. Moreover, many patients
are transported in the supine position.
As the common measurement position
is sitting, the interpretation of measured
values can be complicated by short-time
IOP changes associated with the body
reposition before measurement.

Thus, regarding the possible increase
of the risk of glaucoma damage as well
as the proper IOP value determination,
it is important to know the time
response of IOP related to the position
change. As glaucoma patients suffer
from higher IOP, the effect of initial
IOP is important as well. The purpose
of this study was to assess the IOP time
response to change in body position
from sitting to supine and from supine
to sitting immediately and during
30 min of rest in each position in
healthy subjects. The influences of IOP
baseline and sex were studied as well.

Subjects and methods

Forty-four visually healthy volunteers
(12 men and 38 women) between the
ages of 20 and 48 with a mean age of 24
and a standard deviation of 5 years
were recruited for the study. Subjects
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were not allowed to have any evidence
either of glaucomatous optic neuropa-
thy or ocular hypertension. The sub-
jects were also required to be free of
ocular diseases which could affect IOP
or its measurement such as kerato-
conus or high spherical defect (equal or
greater than 3 dioptre) and corneal
astigmatism (equal or greater than 2.5
dioptre). The subjects were not allowed
to wear contact lenses for 12 hr prior
to measurement. The subjects were
asked to avoid all caffeine consumption
or substances, and also avoid physical
activity, which might affect IOP a day
before the measurement. The subjects
could drink only an essential amount
of liquid (up to 2 decilitres) in the
morning before and no liquids imme-
diately an hour before the first mea-
surement. The research followed the
principles of the Declaration of Hel-
sinki. Informed consent was obtained
before any measurements were carried
out on the subjects.

The experiment consisted of three
main parts — the initial sitting position
as a baseline state, the lying period and
the final sitting period. The initial IOP
(IOPg) was measured in the initial
sitting position after 10 min of rest
and was considered the baseline. Each
subject then lay down and remained
30 min in a supine position. The sub-
jects consequently sat up and remained
30 min in a sitting position. The sub-
jects stayed in the same place (on the
laboratory lounger), that is, did not
move between the position changes.
The subjects always changed the posi-
tion themselves; each change was made
within 10 seconds. The IOP was mea-
sured immediately after laying down
and then in minutes 5, 15, 25 and 30 in
the supine position, and immediately
after sitting up and in minutes 5, 15, 25
and 30 in the sitting position. The delay
between the last measurement in the
previous position and the first mea-
surement after the change was up to
20 seconds. All the measurements were
finished in the morning time, which
seems to be optimal for IOP measure-
ment in order to eliminate the effect of
circadian oscillation of IOP (Duke-
Elder 1952; Wilensky et al. 1993).

In the sitting position, the upper half
of the body including the head was in
the straight position; arms loosely
along the body and the legs at a right
angle. The subjects were lying down on
their backs with arms and legs drawn

out free loosely along the body. The
head was always in the body axis. The
eyes in both the supine and sitting
position were open (expect for normal
blinking), without dioptric correction
and subjects should look ahead.

Intraocular pressure (IOP) was mea-
sured using Icare Pro® rebound
tonometer (Vantaa, Finland; www.ica
retonometer.com), which is suitable for
measurement in the sitting and supine
position as well. The tonometer aver-
aged six automatically measured con-
secutive readings and provided their
mean IOP out, which was used in the
analysis. The coefficient of the varia-
tion of the output (the automatically
averaged IOP value) declared by the
manufacturer is less than 8% in accor-
dance with publication (Schweier et al.
2013). The variation is slightly higher
in the reclining position (6.9%) com-
pared with the sitting position (5.2%)
(Schweier et al. 2013). Only the right
eye of each participant was measured.
A new probe was used for each mea-
surement. All IOP measurements were
administrated by one trained profes-
sional.

The time course of IOP values was
analysed by one-factor (time) repeated-
measures analysis of variance (ANOVA).
The effects of IOP baseline, sex, posi-
tion and time on IOP changes from the
baseline were analysed by four-factor
(baseline and sex as between factors,
position and time as within factors)
repeated-measures ANOVA. When nec-
essary, the levels of statistical signifi-
cance included a  Huynh-Feldt
correction for departures from spheric-
ity. The post hoc pairwise comparisons
were realized using a Tukey honest
significant difference (HSD) test. For
ANOVA purposes, the subjects were
divided by IOP baseline into lower
(IOPg < 17.8 mmHg) and  higher
(IOPg > 17.8 mmHg) groups based
on the median value 17.8 mmHg. The
potential relationships between IOP
and other parameters were also studied
by the Pearson correlation coefficient r.
The significance level was set at 0.05.
Data are presented as mean =+ stan-
dard deviations. Statistical analyses
were performed using STATISTICA
13.0 (StatSoft, Tulsa, OK, USA).

Results

The mean values of IOP during all
periods of experiment and standard

deviations are presented in Fig. 1. The
graph shows baseline IOP in the initial
sitting  position (17.3 &+ 2.6 mmHg),
IOP values after lying down and after
re-sitting up; all averaged across sub-
jects. The one-factor (time) repeated-
measures ANOVA revealed that the val-
ues of IOP altered significantly
(p < 0.001) with time. The comparison
with the baseline using the post hoc
Tukey HSD test had shown that the
IOP increased significantly immedi-
ately after lying down (p < 0.001) with
the mean difference 2.6 + 2.4 mmHg
and gradually decreased with time. The
IOP in minute 5 was still significantly
higher than baseline (p = 0.020)
whereas in minutes 15, 25 and 30 it
did not differ (p>0.99, p>0.99,
p = 0.070). Immediately after re-sitting
up, the IOP increased again and was
significantly higher 1.1 + 3.3 mmHg
than  baseline (p =0.031) and
2.1 £ 3.1 mmHg higher than the last
value in the lying position (p < 0.001).
The increase was followed by gradual
IOP reduction approximately to the
baseline in minute 5 after sitting up
(p > 0.99) and below the baseline in
minutes 15, 25 and 30 after sitting up
(p=0.047, p<0.00l, p=<0.001,
respectively). The mean IOP in the
final sitting position (60 min from the
first measurement) was significantly
lower (2.5 £ 1.9 mmHg) than in the
initial sitting position. Only 4 subjects
(9.1%) had shown higher final IOP
compared with the baseline, whereas 29
subjects (65.9%) had shown decrease
higher than 2 mmHg. In comparison
with the last value in the lying position,
the IOP in minutes 5, 15 and 25 after
sitting up did not differ significantly
(p=036, p>099 and p=0.39,
respectively), whereas IOP in minute
30 after sitting up was significantly
lower 1.5 + 1.8 mmHg (p < 0.001).
We also studied the effects of /0 Pg,
sex, position and time on IOP changes
from IOPg. The four-factor repeated-
measures ANOVA proved that the changes
significantly  differed with  position
(p < 0.001), time (p < 0.001)and demon-
strated the significant influence of /O Py
(p = 0.0036) and its interaction with
position (p = 0.042). The IOP was higher
in the lying period than in the sitting
period with the average difference
1.41 + 2.4 mmHg. The difference was
smaller for the lower baseline
(0.9 £+ 2.2 mmHg) than the higher base-
line (1.9 £+ 2.5 mmHg). The influence of
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Fig. 1. Time course of mean IOP values during the lying (open triangles) and sitting (open circles)
period. The graph indicates the IOP increases after each position change and then gradually
decreases with time. The half-sizes of the vertical abscissae correspond to the IOP standard
deviations. The black circle and dashed line represent the IOP baseline (in the initial sitting

position).

the baseline was supported by the signif-
icant positive correlation of the baseline
and the mean difference between the lying
and sitting period (r = 0.332,p = 0.0277)
— the higher baseline leads to the lower
IOP in the sitting period. The effect of sex,
its interactions with position, time and
IOPy were insignificant (p = 0.96,
p =0.16, p > 0.99 and p = 0.59) as well
as the interaction of time with /OPy
(p=0.89) and time with position
(p = 0.72). The time courses of the stud-
ied IOP changes and their standard

lying period
—— low /OPg
—a— high IOPg

IOP - IOPg (mmHg)

deviations for a group of subjects with
higher and lower initial IOP are shown in
Fig. 2. The average initial IOP for lower
and higher baseline IOP groups were
15.2 + 1.5 mmHg and
19.6 £ 1.2 mmHg. While the IOP of
subjects with the lower baseline tend to
return approximately to the baseline
during the lying period or slightly below
at the end of the sitting period, the IOP of
those with the higher baseline reached
values markedly below the baseline in
both periods.

sitting period
—0— low /OPg
—e— high /OPg

30 40 50 60

time (min)

Fig. 2. Time course of mean IOP differences from the baseline for the lower (open symbols) and
the higher (closed symbols) baseline group. The triangles represent data during the lying period
and the circles during the sitting period. The higher baseline group shows higher differences
between IOP in both periods than the lower baseline group. The sizes of vertical abscissae
correspond to the IOP standard deviations. The dashed line represents zero difference.

Discussion

This study performed on a population
of healthy volunteers demonstrates
that the change between the sitting
and supine position significantly
affected the IOP. We observed an
immediate increase in IOP as a
response to both considered changes
in the body position and the subse-
quent gradual decrease with time. The
subjects with the higher baseline
revealed a lower mean IOP during the
final sitting period compared to the
lying period. The IOP changes were not
influenced by sex. The initial IOP was
markedly higher than the final IOP at
the end of the experiment, both in the
sitting position.

The final IOP after the sitting period
declined markedly below the baseline
(2.5 £ 1.9 mmHg). A similar effect
was also described by Anderson within
an unspecified time of calm in the
sitting position (Anderson & Grant
1973). We can hypothesize that there
is a gradual decrease in IOP on the
background of the experiment, which is
independent from the position change.
Than the resulting IOP could be a
composition of this decrease and the
position induced changes. Hence, the
average difference between the lying
and following sitting period reported in
our study can be influenced by this
effect. The immediate changes after
reposition, however, should not be
markedly influenced by the gradual
decrease. During our experiment, the
subjects were calm with open eyes,
without accommodation and extensive
eye movements; the only activity was
the position change after 30 min of
lying. The general calming of the entire
organism can lead to the decrease of
the IOP with time. The higher baseline
in IOP showed a higher decline.

The immediate increase
(2.6 £ 2.4 mmHg) after lying down
compared to the baseline as well as
the higher mean IOP in the lying period
compared to the sitting period
(1.41 £ 2.4 mmHg) are consistent with
the published studies in the case of the
normal healthy subjects (e.g. Jorge
et al. 2010; Fang et al. 2018; Lam et al.
2013; Lee et al. 2012; Lindén et al.
2018; Malihi & Sit 2012; Parsley et al.
1987) as well as the subjects with
glaucoma (e.g. Anderson & Grant
1973; Kiuchi et al. 2010; Lindén et al.
2018; Parsley et al. 1987). We found
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the higher difference between IOP in
the lying and the following sitting
period in the case of subjects with the
higher baseline. It was demonstrated
that subjects with glaucoma or eye
hypertension (e.g. Parsley et al. 1987;
Noél et al. 2001; Hirooka & Shiraga
2003; Katsanos et al. 2017) reached a
higher IOP increase when lying down.
As these subjects suffer from higher
IOP, it is consistent with our findings.

Based on the results of the previous
studies (Friberg 1985; Friberg et al.
1987; Arora et al. 2017), the increase of
the IOP in the supine position can be
caused by the increase of episcleral
venous pressure (EVP) after lying
down. The EVP, however, reaches the
equilibrium gradually with time in
contrast to the immediate IOP rise, as
discussed by Anderson & Grant (1973).
Other possible explanations include the
reflux of the aqueous humour from
episcleral vessels to the Schlemms’
canal (Friberg et al. 1987) or the pas-
sive response of the choroidal circula-
tion to the posture change (Longo
et al. 2004).

The gradual IOP decrease in the
supine position was not observed previ-
ously (e.g. Fang et al. 2018). Due to this
decrease, the IOP reached values close to
the baseline in minute 15; the higher
baseline led to the major decrease. In
contrast, Jorge et al. 2010; Lam et al.
2013; Fang et al. 2018 found a signifi-
cant difference from the baseline after 15
or 30 min in the supine position in the
case of normal healthy subjects (Jorge
et al. 2010; Lam et al. 2013; Fang et al.
2018). This discrepancy could be
explained by the observed dependence
of the IOP changes on the baseline (see
Fig. 2; subjects with the lower baseline
tended to a slower decrease with time)
and by the mean initial IOPs in these
studies, which were lower compared to
our mean baseline. The gradual decrease
can be partly connected with the change
in pupil size, partly with the above-
mentioned posture-independent gradual
decrease of IOP in time. The pupil is
significantly smaller in the supine posi-
tion compared to the sitting or upright
position (Lee etal. 2007) due to
parasympathetic nervous system activa-
tion in the sitting position (Barrett et al.
2012). The smaller pupil relates to the
better outflow of the aqueous humour
and IOP reduction.

Recent studies (Lam et al. 2013;
Fang et al. 2018) reported a decrease

of the IOP after re-sitting up following
the supine position but did not focus
on the systematic observation of the
IOP dynamics during this period. In
our study, we observed increase imme-
diately after re-sitting up followed by a
gradual decrease below the baseline.
The sitting up is the reverse situation to
the lying down. The EVP should there-
fore decrease and reach equilibrium
over time. Consistently with this, the
IOP decreased with time. The immedi-
ate increase did not accord, however,
with this hypothesis. There must there-
fore be other effects which strongly
influenced IOP simultaneously with the
sitting up. When sitting up, the sym-
pathetic nervous system is activated to
precede an orthostatic collapse and
causes acute increase in the blood
pressure and mydriasis (Barrett et al.
2012). This activity can be the cause of
the rapid IOP increase. The following
decrease can relate to the discussed
gradual decrease of IOP on the back-
ground of the experiment.

Our results have shown that the IOP
significantly changed especially imme-
diately after the position change. This
effect should be considered when IOP is
measured after the patient’s reposition,
that is there should be an adequate
timing relationship between reposition
and measurement. Based on our
results, the sufficient time interval must
be longer than 5 min. This situation
can happen, for example, during 24-hr
monitoring of IOP (for review see
Ttoop et al. 2016), where the position
changes can be a distracting factor.
Moreover, if the patients will be calm a
longer time before the measurement,
the IOP value can be affected by a
gradual decrease with time. If the IOP
is measured after an extended rest
period, there is a risk that the IOP
reading will be falsely lower. This effect
is stronger for those with higher IOP,
that is for glaucoma patients.

The immediate IOP  changes,
induced by body reposition, were
higher than 2 mmHg and from a med-
ical standpoint clinically significant
(Qian et al. 2012). Our study included
only healthy young subjects. It is
known that glaucoma patients are
more sensitive to any changes in stress,
for example higher fluctuations in IOP
during the drinking of water (Salcedo
et al. 2018; Susanna et al. 2018) or
higher posture-induced IOP changes
(e.g. Tarkkanen & Leikola 1967;

Weinreb et al. 1984; Parsley et al.
1987; Noél et al. 2001; Hirooka &
Shiraga 2003; Lee et al. 2013; Katsanos
et al. 2017). We therefore judge the
higher changes in glaucoma patients.
These changes could increase the
potential risk for people with suspected
glaucoma or glaucoma patients.
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Intraocular Pressure Response to
Short-Term Extreme Normobaric
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Eliska Najmanova', Frantisek Pluhacéek ™, Michal Botek?, Jakub Krejc¢i? and
Jana Jarosova'’

" Department of Optics, Faculty of Science, Palacky University Olomouc, Olomouc, Czechia, 2 Department of Natural
Sciences in Kinanthropology, Faculty of Physical Culture, Palacky University Olomouc, Olomouc, Czechia

Purpose: The purpose of the study was to determine the intraocular pressure response
to normobaric hypoxia and the consequent recovery under additional well-controlled
ambient conditions. Second, the study attempted to determine if the intraocular pressure
changes were dependent on its baseline, initial heart rate, sex and arterial oxygen
saturation.

Methods: Thirty-eight visually healthy volunteers (23 women and 15 men) of an average
age 25.2 + 3.8 years from 49 recruited participants met the inclusion criteria and
performed the complete test. Initial intraocular pressure (baseline), heart rate, and arterial
oxygen saturation were measured after 7 min of rest under normal ambient conditions
at an altitude 250 m above sea level. Each subject then underwent a 10 min normobaric
hypoxic exposure and a subsequent 7 min recovery under normoxic conditions. Within
hypoxic period, subjects were challenged to breathe hypoxic gas mixture with fraction
of inspired oxygen of 9.6% (~6.200 m above sea level). Intraocular pressure and arterial
oxygen saturation were re-measured at 4 and 10 min during the hypoxia and at 7 min
after hypoxia termination.

Results: Intraocular pressure increased in 1.2 mmHg + 1.9 mmHg and 0.9 mmHg
+ 2.3 mmHg at 4 and 10 min during the hypoxic period and returned approximately to
the baseline at 7 min of recovery. The influence of sex was not statistically significant. The
arterial oxygen saturation decreased in 14.9 + 4.2% at min 4 and 18.4 +5.8% at min 10
during hypoxia and returned to the resting value at 7 min of recovery. The decrease was
slightly higher in the case of women if compared with men. The hypoxia induced changes
in intraocular pressure were significantly correlated with the arterial oxygen saturation
changes, whereas the relationship with intraocular pressure baseline and initial heart rate
were insignificant.

Conclusion: There was a significant increase in intraocular pressure as a response to
short-term normobaric hypoxia, which returned to the baseline in 7 min after hypoxia.
The increase was dependent on the induced oxygen desaturation.

Keywords: intr pressure, hypoxia, normobaric hypoxia, glaucoma, oxygen saturation
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INTRODUCTION

Active vacations at high altitudes such as skiing, heli-skiing,
hiking, and mountain climbing have become increasingly
popular for people all around the world. Due, however, to
rapid modern transportation patterns (lifts, cars, helicopters,
airplanes), it is currently easy to passively reach an altitude over
2,500m high, and people without appropriate acclimatization
to hypobaric hypoxia may start experiencing symptoms related
to acute mountain sickness for instance with headache, fatigue,
nausea, or gastrointestinal issues, and in severe phases also by
pulmonary oedema and/or high-altitude cerebral oedema (1).
Moreover, various altitude or hypoxic activities are included to
the training strategies of elite athletes (2). Such activities should
have consequences in their health status including ocular health.

It was demonstrated that the altitude changes influence
the intraocular pressure (IOP) (3-6), however, the underlying
mechanism is unclear, and therefore needs an explanation. The
IOP is one of the primary observed and important parameters
connected with the second leading cause of blindness in the
world-glaucoma (7). Normal IOP values, which maintain the
integrity of the eye without optic nerve damage, are in a range
between 10 and 20 mmHg (8). Higher IOP or its rapid changes
are considered a risk factor for development of glaucoma changes
(7). The people with glaucoma also show greater short-time
IOP fluctuations (9). The IOP level is related to the dynamic
parameters of the aqueous humor (10) which is influenced by
several physical factors. The goal of the prevention of progression
and the support of treatment in the case of developed high
tension glaucoma is maintain the IOP in lower and steady values.
Also, quick IOP changes should be preceded.

Increased intracerebral pressure seems to be one of the main
causes of all high-altitude problems (11). Several studies have
demonstrated the significant effect of altitude on IOP, whereas
the investigated results are still controversial (3, 4, 6, 12-15). The
effect of terrestrial altitude on IOP may be masked by a number
of factors such as short-time physical activity (16) or changes
in temperature (17, 18) etc., all in dependence on the level of
fitness (16, 19, 20) and diurnal variations (21, 22). Strenuous
exercise and weightlifting are associated with IOP rises (23, 24).
In contrast, moderate aerobic physical activity causes its decrease
(16, 25, 26). Maximal aerobic activity leads to high variability of
inter-individual response of IOP (27).

The altitude changes result in two important effects-changes
in air pressure and consequently changes in the partial pressure
of the inspired oxygen. Recent studies have mostly evaluated both
factors together in the form of hypobaric hypoxia, i.e., hypoxia
induced by a decrease in the breathed ambient air pressure due
to increase in altitude. These conditions were simulated in a
hypobaric chamber (4, 12, 15) or achieved during climbing at a
terrestrial high altitude (3, 6, 14, 15, 28). The authors of these
studies published various results-an increase in IOP (3, 4, 6, 12)
as well as decreasing (13-15). The observed changes in IOP
were mostly evaluated as clinically insignificant, i.e.,> —2 mmHg
and < 2 mmHg (29). Whether the IOP decrease or increase, a
sufficiently long stay (days) at a high altitude (3, 6, 14, 15) leads to
its stabilization and return to baseline, which can be a symptom of
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acclimatization. Generally, body acclimatization to a low oxygen
content air mainly depends on genetics properties (30).

Thus, the effect of hypoxia on the IOP is not clear and the
respective mechanism is not known. As all the above-mentioned
studies evaluated both individual components of altitude change
on IOP (changes in partial oxygen pressure and atmospheric
pressure) together, there is a need to explain separately the
contribution of each component. The main purpose of this study
was to assess the IOP response to normobaric hypoxia (fraction
of inspired oxygen FiO, = 9.6%, simulated altitude ~6,200 m),
i.e., without the effect of atmospheric pressure decrease, and
the consequent recovery under other well-controlled ambient
conditions. We also hypothesized, that this response will be
independent on resting arterial oxygen saturation SpO; and
sex. As previous studies shown (16, 21), the IOP is correlated
with individual basal heart rate (HR) as an indicator of fitness
level. This variable was involved as the observed parameter
during the experiment. The blood pressure was not observed
due to insignificant relationship between its acute changes at
altitude (and induced hypoxic changes) and changes in IOP (6).
Moreover, the insignificant correlation of short-time changes of
blood pressure and IOP was also found in some previous studies
focused on moderate exercise (31, 32) except isometric exercise
(23).

MATERIALS AND METHODS

Participants

Forty-nine participants were originally recruited for the study.
Only 38 visually healthy volunteers (23 women and 15 men)
with an average age 25.2 & 3.8 years met the inclusion criteria
and performed the complete test (see below). The subjects
were not allowed to have any evidence of either glaucomatous
optic neuropathy or ocular hypertension. The subjects were
also required to be free of ocular diseases which could affect
IOP or its measurement such as keratoconus or high corneal
astigmatism (equal or >-2.50 dioptre). All subjects were also
free of cardiovascular, pulmonary and metabolic conditions and
had not been exposed to hypoxia above 1,000 m for at least the
previous 2 years.

This study was carried out in accordance with the
recommendations of the ethics committee of the Faculty of
Physical Culture, Palacky University Olomouc, Czech Republic.
The protocol was approved by the ethics committee of the
Faculty of Physical Culture, Palacky University Olomouc,
Czech Republic, reference number 17/2016. All subjects gave
written informed consent in accordance with the Declaration of
Helsinky.

Experimental Procedures

The subjects were in a sitting position during the entire
experiment. The initial resting IOP (IOP;), resting heart rate
HR (HR;), which approximately indicates physical fitness level,
and resting arterial oxygen saturation SpO, were measured after
7 min of rest and were established as the baselines. The subjects
breathed air corresponding to an altitude 250 m above sea level
(established as normal conditions) during rest. Each subject
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then underwent the 10 min normobaric hypoxic period of the
experiment and a subsequent 7 min recovery (see Figure 1). IOP
and SpO, were simultaneously re-measured at 4 and 10 min
during the hypoxic period and at the end of the recovery period
(i.e., at 7min after hypoxia termination). Short-term hypoxia
was chosen to limit the possible corresponding risks. During
the hypoxic period, the subject breathed the gaseous mixture
with the reduced partial oxygen pressure corresponding to the
altitude 6,200m above sea level, but under normal pressure
(i.e., equal to the pressure at 250m above sea level). This
simulated altitude condition was created by using a MAG-
10 system (Higher Peak, Boston, MA, USA), which simulated
the lower O, pressure found at high altitudes by lowering the
percentage of O, in the air at a similar atmospheric pressure
(normobaric hypoxia). Subjects breathed air with a reduced O,
concentration via a face mask from a non-rebreathing circuit
with a bag acting as a reservoir. The normobaric hypoxia
condition, equal to the altitude of 6,200m (FiO, = 9.6 %),
has been widely used in literature for intermittent hypoxic
exposure (33). During the recovery period, the subject breathed
ambient air once again. All the measurements were taken in
the morning, this being the optimal time to eliminate the
effect of circadian oscillations of IOP. During all the periods of
experiment, the ambient temperature was maintained between
22 and 24°C, and the relative humidity was between 40 and
60%. Ten subjects out of the original number 49 were eliminated
from the experiment because they were unable to withstand the
10 min hypoxia exposure and withdrawn prematurely; another
one was eliminated due to technical failure of the measuring
equipment.

IOP, HR, and SpO> Measurement

IOP was always measured in the sitting position using
Icare Pr0® rebound tonometer (Vantaa, Finland;
www.icaretonometer.com). The tonometer averaged six
automatically measured consecutive readings and provides
their mean IOP out, which was used in the analysis. The
coefficient of variation of the output (the automatically
averaged IOP value) declared by the manufacturer
is <8% in accordance with publications (34, 35). Only
the right eye of each participant was measured. All
IOP measurements were administrated by one trained
professional.

The SpO, was continuously measured using a Nonin Avant
2120 pulse oximeter (Nonin Medical, Minneapolis, MN, USA;
http://www.nonin.com) set on the right index finger. The SpO,
was measured at a sampling frequency of 1.0 Hz, and the average
of 10 readings was calculated for the subsequent statistical
analysis. The accuracy of the output expressed as standard
deviation declared by the manufacturer is 2%.

To determine the HR, the ECG was recorded at a sampling
frequency of 1,000 Hz using DiANS PF8 diagnostic system
(Dimea Group, Olomouc, Czech Republic). The system includes
a chest strap, unit for recording and transmitting ECG data,
and a receiver connected to a personal computer with special
software. HR was calculated from the ECG record of a duration
of 10s.
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Statistical Analysis

The measured IOP and SpO; data and influence of sex were
analyzed by two-factor repeated-measures ANOVA (time as a
within-participants factor, sex as a between-participants factor).
The dependence of IOP changes on HR;, IOP; or changes of
SpO; were studied with the Pearson correlation coefficient (r).
The significance level was set at 0.05. When necessary, the levels
of statistical significance included a Huynh-Feldt correction for
departures from sphericity. The post-hoc pairwise comparisons
were realized using Tukey honest significant difference (HSD)
test; the Cohen’s d as a measure of effect size is reported as well.
Data are presented as mean =+ standard deviations. Statistical
analyses were performed using STATISTICA 13.0 (StatSoft,
Tulsa, OK, USA).

RESULTS

The mean values and standard deviations of the IOP during
the experiment are presented in Figure 2. The ANOVA revealed
that the values of IOP altered significantly [F(3 05y = 12.16, p
< 0.001] with time. A statistically significant increase in IOP
compared with the baseline (JOP, = 16.0 mmHg =+ 2.2 mmHg)
was observed during the hypoxic period with the mean difference
1.2 mmHg + 1.9 mmHg at minute 4 and 0.9 mmHg + 2.3
mmHg at minute 10 (post-hoc Tukey HSD test, p < 0.001, d
= 0.642 and p = 0.027, d = 0.366); both hypoxic IOP values
did not differ significantly from one another (p = 0.68, d =
0.210). The maximal observed individual IOP increases were
5.3 mmHg and 6.2 mmHg in minutes 4 and 10 (for different
subjects), respectively, and 32 and 34% values increased more
than 2 mmHg. The IOP returned to the baseline at 7 min recovery
(post-hoc Tukey HSD test, p = 0.27, d = 0.333). The main effects
of sex was insignificant [F(; 35y = 0.22, p = 0.64] as well as its
interaction with time [F3 j0g) = 2.28, p = 0.084].

We also studied the effects of the HR, and the baseline
IOP, on differences AIOP from the baseline (hypoxic value
minus baseline). The correlation analysis had shown insignificant
correlations between IOP, and AIOP at minute 4 (r = —0.273,
p = 0.097) and at minute 10 (r = —0.311, p = 0.058) of the
hypoxic exposure. Correlations between HR; and AIOP were also
insignificant (r = —0.106, p = 0.53 and r = —0.014, p = 0.94) at
minutes 4 and 10, respectively.

The SpO, changed significantly with time [repeated-measures
ANOVA with Huynh-Feldt correction, F(; g¢52) = 313.50, p <
0.001]. It decreased during the hypoxic period compared to the
baseline (94.4% =+ 1.6%) with the mean difference 14.9 £+ 4.2%
at minute 4 and 18.4 + 5.8% at minute 10 and returned to
the baseline at minute 7 after the hypoxic period end (post-
hoc Tukey HSD test, p < 0.001, d = 3.595, p < 0.001, d =
3.173 and p = 0.79, d = 0.440, respectively). A decline in SpO,
was significantly higher in women compared to men [Figure 3;
significant interaction of sex and time, F3 19s) = 3.34, p = 0.022].
The main effect of sex was insignificant [F(; 36y = 3.92, p = 0.055].

The comparison of graphs in Figures2, 3 indicates a
relationship between behavior of SpO; and IOP during hypoxia.
This is supported by significant correlations between changes
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Start of hypoxic experiment End of hypoxic experiment
Mask fitting Mask removal l
L Ambient air Normabaric hypoxia Ambient air |
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IOP, Sp0O,, and HR, IOP and SpO,
measurements measurements
FIGURE 1 | Course of the hypoxic experimental protocol. Gray colored areas depict the 10's windows intended for measurement of intraocular pressure (IOP), arterial
oxygen saturation (SpOy), and heart rate (HR).
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FIGURE 2 | The time course of IOP during the experiment for all subjects. The
circles represent the mean IOP values of particular measurement before the
hypoxic period (0 min), at minute 4 and 10 during 10 min normobaric hypoxia
and at the end of the 7 min recovery (17 min). The half-sizes of the vertical
abscissae correspond to the IOP standard deviations. IOP increases during
both measurements in the hypoxic period and returned approximately to the
resting value at 7 min of recovery if averaged across all subjects.
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FIGURE 3 | The time course of arterial oxygen saturation (SpO») during the
experiment for women (open symbols) and men (close symbols). The circles
represent the mean SpO» values of the particular measurement before the
hypoxic period (0 min), at minute 4 and 10 during 10 min normobaric hypoxia
and at the end of the 7 min recovery (17 min). The vertical abscissae
correspond to the SpO, standard deviations. It is evident that SpO» decreases
during hypoxia and returns to the resting value at 7 min of recovery. The values
of SpOy are lower during hypoxia in the case of women compared to men.

of IOP and SpO, at minute 4 (r = —0.337, p = 0.038) as
well as minute 10 (r = —0.346, p = 0.033). The corresponding
dependences are presented in Figure 4.

DISCUSSION

This study was focused on determining IOP response to short-
term normobaric hypoxia (FiO; = 9.6%, simulated altitude ~
6,200 m). The primary finding of this research was a statistically
significant increase in IOP as an immediate response to hypoxia
(see Figure2). Our findings are in accordance with some
previously published studies, which reported the IOP increase
at various altitudes (9,144 m and 5,490-7,625 m above sea level)
simulated in a hypobaric chamber (4, 12, 13) as well as in
the case of actual climbing up to 5,200 and 6,265 m above sea
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level (3, 6). The reported mean IOP increases were below 2
mmHg expect observation of Ersanli et al. (12), which published
an increase in IOP from the base line 12.31 £ 2.98 mmHg
up to 14.37 + 3.44 mmHg during hypoxia simulated in the
hypobaric chamber. The average IOP value did not differ from
the baseline in 30 min after leaving the chamber. Other studies,
in contrast, showed a decrease in IOP when hiking at a terrestrial
altitude [5,050 m above sea level (14) and 4,300 m above sea
level (15)] and also in a hypobaric chamber (15). These studies
were performed in different ways to reach a different altitude
level and method of own measurement which can be responsible
for these differences. The studies including our study mostly
used hand-held tonometers-tono-pen (3, 4, 6, 12, 14, 15) or
Icare (13). The disadvantage of the hand-held tonometers is
lower accuracy in comparison with the Goldmann applanation
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A -« hypoxia, minute 4

] o —— hypoxia, minute 10

AIOP (mmHg)

ASPO, (%)

FIGURE 4 | Graphic dependence of individual differences AIOP from its
baseline /OP; on changes of peripheral capillary oxygen saturation (ASpO») at
minute 4 (open circles) and minute 10 (closed circles). The negative values
represent a decrease. The dependences are approximated by regression lines
(dashed line at minute 4 and solid line at minute 10).

tonometer. The coefficients of variation of these tonometers are
about 8% (34-37). With regard to the mean IOP, the standard
deviation of measurement can be considered about 1.3 mmHg,
which is close to observed changes and can affect significance
of measured data. In all the presented studies, apart from
our research, each subject was exhibited simultaneously to the
hypoxia and reduced atmospheric pressure. Moreover, in the case
of actual hiking, the climb to the given altitude was connected
with the physical aerobic activity, which results in IOP decrease
(16), and/or to changes of another physical parameter of the
surrounding environment. Thus, the subjects were affected by
many different parameters, whose joint effect may result in
different IOP responses. In our study, the hypoxia was reached
by a sudden change of partial oxygen pressure without the
possibility of adaptation, which affects significantly IOP changes
(3, 6, 14, 15). Other important factors, especially atmospheric
pressure, ambient temperature and humidity were unchanged.

It is known that the corneal thickness increases (due to
edema) at a higher altitude (3, 13, 38) and thicker corneas
reveal an improperly higher IOP reading (39). McNamara
(40) and Wang (41) consequently determined that 1h and
longer corneal hypoxia causes an increase in the corneal
thickness. These effects together could explain the IOP increase
at higher altitudes or during hypoxia. Karadaq et al. (4) and
Somner at al. (6) considered the corneal thickness correction
of IOP readings. Their results still revealed, however, an
IOP increase at a high altitude. With regard to the short
time of hypoxia in our experiment, we considered that
its effect on the thickness was minimal if any. Moreover,
the discussed short-time corneal changes could not cause
wide changes of anatomy and relevant biomechanical corneal
properties, thus their effect on the IOP reading should
be minimal in our experiment. We therefore suppose that
the observed IOP increase was not linked to the corneal
thickening.
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Our results also revealed a correlation between IOP changes
and changes in blood oxygen saturation (see Figure 3). The
higher decrease in oxygen saturation is related to the higher
IOP increase. The SpO, decrease was consistent with previous
findings (42). Moreover, a higher degree in hypoxia (lower values
of SpO;) was reached with women. We could therefore assume a
stronger effect of hypoxia in the case of women. Nevertheless, the
relationship between sex and IOP was evaluated as statistically
insignificant as well as the interaction of sex and time. Our
data also did not show relationship between IOP changes and
IOP baseline or initial HR. However, presented results can be
negatively influenced by the variability of the IOP measurement,
which can mask true effects and can decrease the statistical power
of used tests, especially in the case of analysis of IOP changes. If
the average standard deviation of the IOP measurement is about
1.3 mmHg, the standard deviation of IOP changes (computed
using common error propagation rule) is about 1.3 x /2
mmHg = 1.8 mmHg. Thus, the effects of sex and IOP and HR
baselines need verification in a future study with a larger sample
size.

The short-term exposition of the normobaric hypoxia causes
a small mean increase of IOP, which seems to be marginal (below
2 mmHg), and from a medical standpoint clinically irrelevant
(29). More than 30 % of individual IOP values measured during
hypoxia exceed this limit, however, and the maximal change
was about 6 mmHg. Such a quick change yields risk for these
people, especially in the case of presence glaucoma (9). Moreover,
glaucoma patients are more sensitive to stress test, e.g., water-
drinking test (43), than healthy subjects. Thus, the IOP changes
induced by hypoxia in glaucoma patients may be greater that
those we found. On the other hand, the change is only short-
term. We also determined that the IOP rising increases with
decreasing SpO,. Thus, we recommended monitoring of IOP
during activities connected with short-term high hypoxia (such
as intermittent hypoxic training (44) or with quick changes in
altitude) in the case of people with glaucoma, glaucoma suspected
or people with a higher risk of glaucoma (such as people with
diabetes etc.).

CONCLUSION

We found an increase in IOP in response to short-term
normobaric hypoxia, which returned to the baseline 7 min after
hypoxia. The increase was higher for subjects with a higher
degree of induced oxygen desaturation. Although the average
increase was clinically insignificant, clinicians should be aware
that some patients who perform the activities connected with
short-term hypoxia may run the risk of an unsafe increase in
intraocular pressure.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

January 2019 | Volume 9 | Article 785

142



Najmanova et al.

Intraocular Pressure and Normobaric Hypoxia

AUTHOR CONTRIBUTIONS

EN and MB Study design. EN, JK, and JJ Data collection.
FP and JK Data analyses. All authors contributed to

the data interpretation, drafting the manuscript and
manuscript revision, read and approved the submitted
version.

REFERENCES

. Goel M,

. Sutherland A, Freer ], Eyand L, Dolci A, Crotti M, Macdonald JH. MEDEX

2015: heart rate variability predicts development of acute Mountain Sickness.
High Alt Med Biol. (2017) 18:3. doi: 10.1089/ham.2016.0145

. Wilber RL. Application of altitude/hypoxic training by elite athletes. ] Hum

Sport Exer. (2011) 2:271-86. doi: 10.4100/jhse.2011.62.07

. Bosch MM, Barthelmes D, Merz TM, Truffer F, Knecht PB, Petriq B, et al.

Intraocular pressure during a very high altitude climb. Invest Ophth Vis Sci.
(2010) 3:1609-13. doi: 10.1167/i0vs.09-4306

. Karadaq R, Sen A, Golmez H, Basmak H, Yildirim N, Karadurmus N, et al.

The effect of short-term hypobaric hypoxic exposure on intraocular pressure.
Curr Eye Res. (2008) 10:864-7. doi: 10.1080/02713680802416696

. Roach RC, Wagner PD, Hackett P. Hypoxia and Exercise. New York, NY:

Springer (2006). p. 353.

. Somner JE, Morris DS, Scott KM, MacCormick IJ, Aspinall P, Dhillon B. What

happens to intraocular pressure at high altitude? Invest Ophth Vis Sci. (2007)
4:1622-6. doi: 10.1167/i0vs.06-1238

. Salmon J. Glaucoma. In: Kanski JJ, editor. Clinical Ophthalmology: A

Systematic Approach, 6th ed. Philadelphia: Elsevier (2007). pp. 371-440.

. Allingham RR, Damji KE, Freedman SE, DR Rhee, MB Shields. Textbook of

Glaucoma. Baltimore, MD: Lippincott Williams & Wilkins (2010). p. 656.

. Srinivasan S, Choudhari NS, Baskaran M, George R], Shantha B, Vijaya

L. Diurnal intraocular pressure fluctuation and its risk factors in angle-
closure and open-angle glaucoma. Eye (2016) 3:362-8. doi: 10.1038/eye.20
15.231

Picciani RG, Lee RK,
humor dynamic: a review. Open
doi: 10.2174/1874364101004010052

Bhattacharya  SK.
Ophthalmol ].  (2010)

Aqueous
4:52-9.

. Wilber RL. Altitude Training and Athletic Performance. Champaign, IL:

Human kinetics (2004). 264 p.

. Ersanli D, Yildiz S, Sonmez M, Akin A, Sen A, Uzun G. Intraocular pressure

at a simulated altitude of 9000 m with and without 100% oxygen. Aviat Space
Environ Med. (2006) 7:704-6.

. Nebbioso M, Fazio S, Di Blasio D, Pescosolido N. Hypobaric hypoxia:

effects on intraocular pressure and corneal thickness. Sci World J. (2014)
2014:585218. doi: 10.1155/2014/585218

. Pavlidis M, Stupp T, Georgalas I, Georgiadou E, Moschos M, Thanos S.

Intraocular pressure changes during high-altitude acclimatization. Graefes
Arch Clin Exp Ophthalmol. (2006) 3:298-304. doi: 10.1007/s00417-005-1174-1

. Cymermann A, Rock PB, Muza R, Lyons TP, Fulco CS, Mazzeo RS, et al.

Intraocular pressure and acclimatization to 4300 m altitude. Aviat Space Envir
MD (2000) 71:1045-50.

. Najmanova E, Pluhdcek F, Botek M. Intraocular pressure response to moderate

exercise during 30-min recovery. Optometry Vision Sci. (2016) 93:281-5.
doi: 10.1097/OPX.0000000000000794

. Fabiani C, Li Voti R, Rusciano D, Mutolo MG, Pescosolido N. Relationship

between corneal temperature and intraocular pressure in healthy individuals:
a clinical thermographic analysis. J Ophthalmol. (2016) 2016:3076031.
doi: 10.1155/2016/3076031

. Shapiro A, Shoenfeld Y, Konikoff F, Udassin R, Shapiro Y. The relationship

between body temperature and intraocular pressure. Ann Ophthalmol. (1981)
2:159-61.

. Vera J, Jiménez R, Redondo B, Cardenas D, Garcia-Ramos A. Fitness level

modulates intraocular pressure responses to strength exercises. Curr Eye Res.
(2018) 6:740-6. doi: 10.1080/02713683.2018.1431289

Frontiers in Endocrinology | www.frontiersin.org

FUNDING

This work was funded through the European Metrology
Programme for Innovation and Research (EMPIR) Project
16RPT03 inTENSE. The EMPIR initiative is cofunded by
the European Union’s Horizon 2020 research and innovation
programme and the EMPIR Participating States.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Wrylegala A. The effects of physical exercises on ocular physiology: a review.
Glaucoma. (2016) 25:843-9. doi: 10.4278/ajhp.111101-QUAN-395

Wilensky JT, Gieser DK, Dietsche ML, Mori MT, Zeimer R. Individual
variability in the diurnal intraocular pressure curve. Ophthalmology (1993)
100:940-4. doi: 10.1016/S0161-6420(93)31551-4
Duke-Elder ~E.  The Phasic Variations in
tension in primary glaucoma. Amer ] Ophthal.
doi: 10.1016/0002-9394(52)91580-8

Bakke EF, Hisdal J, Semb SO. Intraocular Pressure increases in parallel with
systemic blood pressure during isometric exercise. Invest Ophth Vis Sci. (2009)
50:760-4. doi: 10.1167/i0vs.08-2508

Vieira G, Oliveira H, de Andrade D, Bottaro M, Ritch R. Intraocular
pressure during weight lifting. Arch Ophthalmol. (2006) 124:1251-4.
doi:10.1001/archopht.126.2.287-b

Marcus DE Krupin T, Podos ST, Becker B. The effect of exercise on intraocular
pressure. Invest Ophth Visual. (1970) 9:749-52.

Price EL, Gray LS, Humphries L, Zweig C, Button N. Effect of
exercise on intraocular pressure and pulsatile ocular blood flow
in a young normal population. Optom Vis Sci. (2003) 80:460-6.
doi: 10.1097/00006324-200306000-00013

Najmanova E, Pluhacek F Botek M. Intraocular pressure response to
maximal exercise test during recovery. Optom Vis Sci. (2018) 95:136-42.
doi: 10.1097/0OPX.0000000000001168

Bayer A, Yumusak E, Sahin O, Uysal Y. Intraocular pressure measured at
ground level and 10,000 feet. Aviat Space Envir MD (2004) 6:543-5.

Qian CX, Duperré J, Hassanaly S, Harissi-Dagher M. Pre- versus post- diltion
changes in intraocular pressure: their clinical significance. Can J Ophthalmol.
(2012) 5:448-52. doi: 10.1016/j.jcj0.2012.07.005

Ward MP, Milledge JS, West JB. High Altitude Medicine and Physiology. 2nd
ed. London: Champan & Hall Medical (1995). 618 p.

Ashkenazi I, Melamed S, Blumenthal M. The effect of continuous strenuous
exercise on intraocular pressure. Invest Ophthalmol Vis Sci. (1992) 33:
2874-7.

Qureshi IA, Xi XR, Huang YB, Wu XD. Magnitude of decrease in intraocular
pressure depends upon intensity of exercise. Kor ] Ophthalmol. (1996) 10:109-
15 doi: 10.3341/kjo.1996.10.2.109

Millet GP, Libicz S, Borrani F Fattori P, Bignet F, Candau R. Effects
of increased intensity of intermittent training in runners with differing
VO2 kinetics. Eur ] Appl Physiol. (2003) 90:50-7. doi: 10.1007/s00421-003-
0844-0

Schweier C, Hanson JVM, Funk ], Toteberg-Harms M. Repeatability
of intraocular pressure measurements with Icare PRO rebound,
Tono-Pen AVIA, and Goldmann tonometers in sitting and reclining
positions. BMC Ophthalmology (2013) 13:44. doi: 10.1186/1471-2415-
13-44

Kim HS, Park KH, Jeoung JW. Can we measure the intraocular
pressure when the eyeball is against the pillow in the lateral decubitus
position?  Acta  Ophthalmol.  (2013)  91:¢502-5. doi: 10.1111/a0s.
12151

Ma D, Chen CB, Liang J, Lu Z, Chen H, Zhang M. Repeatability,
reproducibility and agreement of intraocular pressure measurement
in rabbits by the TonoVet and Tono-Pen. Sci Rep. (2016) 6:35187.
doi: 10.1038/srep35187

Mérquez AMT, Oroz FI, Lopez AA. Comparative study of two portable
tonometers: Tono-Pen XL and Perkins. Arch Soc Esp Oftalmol. (2003)
4:189-96.

the  intraocular
(1952) 35:1-21.

January 2019 | Volume 9 | Article 785

143



Najmanova et al.

Intraocular Pressure and Normobaric Hypoxia

38.

39.

40.

41.

42.

Morris DS, Somner JE, Scott KM, McCormick IJ, Aspinall P, Dhillon
B. Corneal thickness at high altitude. Cornea (2007) 3:308-11.
doi: 10.1097/ICO.0b013e31802e63c8

Kirstein EM, Elsheikh A, Gunvant P. Tonometry - past, present
and future. In: Guvant P, editor. Glaucoma - Current Clinical
and Research Aspects. InTech (2011). p. 85-108. doi: 10.5772/
37393

McNamara NA, Chan JS,

Han SC, Polse KA, McKenney CD.

Effects of hypoxia on corneal epithelial permeability. ~Am
] Ophthalmol. ~ (1999)  2:153-7.  doi: 10.1016/50002-9394(98)
00342-0

Wang J, Fonn D, Simpson TL, Jones L. The measurement of corneal
epithelial thickness in response to hypoxia using optical coherence
tomography. Am ] Ophthalmol. (2002) 3:315-9. doi: 10.1016/S0002-9394(01)
01382-4

Krej¢i J, Botek M, McKune AJ. Dynamics of the heart rate variability
and oxygen saturation response to accurate normobaric hypoxia within
the first 10 min of exposure. Clin Physiol Funct Imaging (2018) 38: 56-62.
doi: 10.1111/cpf.12381

Frontiers in Endocrinology | www.frontiersin.org

43.

44,

Susanna R Jr, Clement C, Goldberg I, Hatanaka M. Applications of the
water drinking test in glaucoma management. Clin Exp Ophthalmol. (2017)
6:625-31. doi: 10.1111/ce0.12925

Duennwald T, Bernardi L, Gordin D, Sandelin A, Syreeni A, Fogarty C,
et al. Effects of a single bout of interval hypoxia on cardiorespiratory
control in patients with type 1 diabetes. Diabetes (2013) 62:4220-7.
doi: 10.2337/db13-0167

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Najmanovd, Pluhdcek, Botek, Krej¢i and JaroSovd. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

January 2019 | Volume 9 | Article 785

144



