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1 Uvod

Glaukomy jsou po v€kem podminéné makularni degeneraci nejcastéjs$i pficinou ztraty
zrakovych funkei u starSich dospélych ve vyspélém svété. Prestoze diagnostika a 1écba
glaukomt v poslednich letech velmi pokrocila, patti toto onemocnéni mezi dilezité pticiny
slepoty 1 ve vyspélych zemich. Glaukom je zdkefné onemocnéni, protoze pacient nevnima
v pocateCnich stadiich zhorSeni zrakovych funkci. Vzhledem k ireverzibilité¢ nese tato
nemoc s sebou i vazné socidlni dopady. S nartistem myopie u mladych lidi bude i vyskyt
glaukomu daleko Castéj$i nez u emetropti. To vyplyva ze skutecnosti prodluzovani lidského
veéku a tim 1 pfibyvani takto nemocnych lidi. S jejich néaristem je zatézovan nejen systém
socialniho pojisténi, ale s pfisunem novych drahych 1é¢ebnych metod i systém zdravotnich

pojistoven.

Glaukom je chronické neurodegenerativni onemocnéni charakterizované ztratou
gangliovych bunck sitnice, coz méa za nasledek nejen zmény na urovni sitnice ale i
podkorovych a korovych ustfedi v mozku. V¢asna diagnoza je zdsadni, aby se zabranilo
trvalému strukturdlnimu poskozeni a nevratné ztraté zraku. Detekce glaukomu se typicky
opird o vysetteni strukturdlniho poSkozeni vldken gangliovych bunék na ter¢i zrakového
nervu v kombinaci s vySetfenim zrakovych funkci. Vzhledem k tomu, ze klinické
oftalmoskopické vySetfeni nervovych vldken a optického nervu je subjektivni, a tudiz
nachylné k variabilité, vyplyva i toho i snaha o objektivni metody napomahajici diagnostice
glaukomu. Diagnostika glaukomu se dnes opird o hodnoty nitroo¢niho tlaku (NOT;
intraocular pressure - IOL), vrstvy nervovych vlaken sitnice (RNFL) a vySetifeni zorné¢ho

pole (ZP).



2 Prehled soucasného stavu

Glaukom je progresivni onemocnéni, u kterého hraje v€asné stanoveni diagnézy a tim i

zahajeni 1é¢by zéasadni roli pro zachovani zrakovych funkei.

Vzhledem k jeho asymptomatické povaze je v€asné odhaleni tohoto onemocnéni narocné a
pocet diagnostikovanych pacienti s glaukomem je menSi nez nediagnostikovanych

pacientt. [1][2]

Toto je velmi dulezity fakt, nebot v celkovém poctu muize byt glaukomatikli vice
nez nemocnych s vékem podminénou makularni degeneraci. Proto je dnes davan takovy

dtraz na v€asnou diagnostiku glaukomu.

Prvni zmény, které byly po zvySeni nitroo¢niho tlaku (NOT) v experimentu u opic
pozorovany, se tykaly strukturdlnich abnormalit spojenych se zmenSenim dendritického
pole gangliovych bunék. ZmensSeni tloustky axonii se objevilo pozd¢ji, pficemz zmény
velikosti somatu bun¢k se objevily soucasné nebo o néco pozd¢ji. Chronické zvySeni NOT
vedlo k vyznamnému sniZeni priimérné velikosti somatu trpasli¢ich a parasolovych bunck,
ale pouze parasolové (magnoceluldrni) bunky vykazovaly vyznamné snizeni velikosti
dendritického pole a priméru axonu. Srovnani o€i s riznym stupném poskozeni zrakového
nervu na zdkladé¢ pomeéru exkavace a disku ukazalo, Ze axony a dendriticka pole
parasolovych bunék byly pii niz§im poméru c¢/d vyznamné mensi nez u trpasli¢ich bunék

(parvocelularnich), coz naznacuje vetsi poskozeni pravé magnocelularnich bunék. [3]

To znamena, ze prvni zmeény, které nastanou po zvySeni NOT, vedou ke zmenSeni

dendritického pole. Samotné bunky nemusi ithned podléhat apoptoze.

Cévni dysfunkce sitnice byla pozorovéna jako sekundarni projev jak u jedinci s diagnézou
glaukomu, tak u zvifecich modeli pouzivanych ke studiu tohoto onemocnéni, coz

naznacuje, ze glaukom muze slouzit také jako spoustéc cévnich abnormalit sitnice. [4]

Tyto sekundarni projevy zahrnuji razné zmeény, jako je ndpadné sniZzeni priméru
sitnicovych cév, snizeni hustoty sitnicovych cév, poruchy sitnicovych cévnich molekul,

porucha autoregulace krevniho prutoku, dysfunkce sitnicovych arteriol.[4][5][6][7]

Na mySim modelu glaukomu vyvolaném jednostrannou kauterizaci tfi episklerdlnich zil

bylo pozorovano, ze zvySeny NOT vede k poruSe autoregulace a vaskularni dysfunkci



retindlnich arteriol. To znamena, Ze byla narusena schopnost sitnicovych arteriol regulovat

prutok krve a udrzovat spravnou cévni funkci.[4][8]

Ve studii pfipadli a kontrol bylo zjiSténo, Ze jedinci postizeni jednostrannym akutnim
primarnim glaukomem s uzavienym thlem (PGUU) vykazuji vyznamné sniZeni hustoty
peripapilarnich sitnicovych cév v postizenych ocich ve srovnani s kontralaterdlnima
nepostizenyma oc¢ima. Bylo zjiS§téno, ze napadné sniZeni hustoty cév vyznamné souvisi
s vypadkem zorného pole, ztenenim vrstvy nervovych vldken sitnice a komplexu
gangliovych bunék u o&i postizenych PGUU. Tato asociace naznaduje, Ze ztrata hustoty cév

v sitnici uzce souvisi s ptitomnosti a progresi glaukomu. [6]

tramdina

1 rohovko-duhovkovy tihel

‘ fasnaté téleso

proudéni nitrooéni tekutiny

\ Eotka

rohovka ‘

i duhovka ‘

,1 predni komora ‘

{ zadni komora ‘

Obrazek 2-1 Proudéni nitroo¢ni tekutiny

Rada kazuistik odhalila, Ze snizeni NOT muze vést k opétovnému zvySeni hustoty
peripapilarnich kapilar ve vrstvé nervovych vldken sitnice u ocfni hypertenze a

glaukomat6znich oci. [6]
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Snizeni poctu kapilar v sitnici pozorované u glaukomovych o¢i potkani ma podobny
prubéh, s vyraznéjSim dopadem na hustotu kapilar ve vnitinich vrstvach sitnice v reakci

na zvySeny NOT. [8]

Tento jev miize poskytnout vysvétleni pozorovaného ubytku sitnicovych gangliovych bunc¢k

(SGB) a ztenceni vrstvy nervovych vlaken sitnice béhem progrese glaukomu.

Tao a spol. zkoumali, jak pfechodné zvySeni NOT u mysi ovliviiuje fyziologii SGB,
anatomii SGB a strukturu sitnicovych arteriol a kapilar. Pfechodné zvyseni NOT bylo
vyvolano u 12tydennich mys$i C57BL6J divokého typu injekci hyaluronatu sodného
do ptedni komory. NOT byl méfen bezprostiedne po injekci a znovu o 1 a 7 dni pozdé&;i.
Primérnd maximalni hodnota NOT po injekci byla ~50 mmHg a nasledné se NOT vratila
k normélu. Po¢ty SGB a cévni struktura sitnice byly hodnoceny 14 dni po injekci pomoci
imunohistochemie ke znaeni RGC a cév. Piechodné zvySeni NOT také vyvolalo
remodelaci cév: pocet kapilarnich vétvi se snizil v povrchovém a stfednim cévnim plexu.
Pocet SGB, pramér sitnicovych arteriol a vétveni hlubokého kapilarniho plexu nebyly
ovlivnény. Tato diive nedocenénd zjiSténi naznacuji, Ze pfechodné zvySeni IOP muze
zpusobit nerozpoznanou a potencidlné dlouhodobou patologii SGB a piidruzenych

neurovaskularnich jednotek, se kterou by se mélo v klinické praxi pocitat. [9]

Pitale a spol. v experimentu na mysim modelu po zvysSeni NOT zjistili, po¢et SGB byl
normalni, ale celkova komplexita kapilar sitnice byla snizend. Tuto snizenou komplexitu
1ze vysvétlit abnormalitami v intermediarnim retindlnim kapildrnim plexu (IRCP), ktery
uSetfil ostatni plexy. Hustota kapiladrnich spojti, délka cév a cévni plocha byly vyrazné

snizeny a pocet acelularnich kapilar byl dramaticky zvySen. [10]

Ve studii provedené Shigou a spol. vysledky laserové flowspekle flowgrafie ukazaly
statisticky vyznamné sniZzeni o¢niho krevniho pratoku u pacientii s preperimetrickym

glaukomem ve srovnani s normalnimi subjekty. [11]

2.1 Doporuceny postup vysetieni glaukomu

V fijnu roku 2020 byl vydan Guidelane pro diagnostiku zelené¢ho zakalu, pro sjednoceni
postupu pro diagnostiku zeleného zékalu. Tato kapitola ¢. 2.1 pojedndvd o shrnuti

doporuceni vydané European Glaucoma Society. [12]
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Glaukom charakteristicky méni vzhled papily zrakového nervu, cév a vrstvu nervovych
vlaken. Zékladnim postupem je vySetfeni pomoci fundus ¢ocky a Stérbinové lampy, kde
dochazi k hloubkovému vjemu pfi rozsifené zornici. AvSak toto vySetieni zatéZuje pacienta,

kterému se musi podat mydriatika, ktera ptisobi cca 20 minut. [12]

Zmény kontur Ize nejlépe ocenit pii zvétSeném stereoskopickém pohledu, nejlépe pies
roz§ifenou zornici. Pribézna vysSetfeni, zaméfena na detekci népadnych rysi, jako je

krvaceni disku, mohou byt provadéna prostfednictvim nedilatované zornice. [12]
2.1.1 Neuroretinalni lem

U zdravého oka je tvar limce papily (neuroretinalni lem) ovlivnén velikosti, tvarem a
sklonem terce zrakového nervu. Limec je obvykle mirn¢ svisle ovalny. U stftedné velkych
limct je neuroretinalni okraj typicky alespoii tak Siroky v pozicich 12 a 6 hodin jako jinde
nazalnim a poté temporalnim sektorem. U velkych papil je normalni Sifka okraje relativné

uzka a mize byt potencialn€é chybné interpretovana jako glaukomatozni. [12]

Lem a jeho exkavace se znaci jako cup/disk pomér (C/D). Tento pomér je vSak zavadéjici,
protoze i u velkého poméru nad 0,7, ktery maze byt interpretovan jako odumirani nervovych
vlaken, mize byt jen anatomickd anomalie a oko nemusi byt postizené zelenym zakalem.
Podobné jako pfi nizkém poméru pod 0,3, chybné interpretovano jako normalni stav, ale jiz
zeleny zakal probiha. Tento pomér je jiz ptfezitou tradici pro diagnostiku zelené¢ho zakalu.

[12]

Praveé oko S
I>S>N>T

| —inferior

S — Superior
N — Nasal

T —-Temporal
C-Cup

| D - Disk

Obrazek 2-2 Papila zrakového nervu pravého oka
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2.1.2 Vrstva nervovych viaken sitnice

Vrstva nervovych vldken (RNFL) se obvykle pozoruje pod modrym filtrem pies Stérbinovou
lampu v centralni ¢asti 60 °. Lze osvitit bez€ervenym svétlem s mens$im zvétSenim nebo
bilym uzkym svazkem pfi vétSim zvétSeni Stérbinové lampy. Povrch nervovych vldken je
nejlépe vidét, pokud je ohnisko upraveno tésné pfed hlavni cévy sitnice. Svazky vldken jsou

vidéet jako radidlni sttibrné pruhy kolem disku, $térbinovité, drazkované [12]

V normélnim fundu mohou byt patrné zjevné defekty podobné nebo vietenovité, uzsi
nez cévy sitnice. RNFL muze byt s vékem méné viditelna a je hiife viditelnd, pokud neni

dostatek pigmentu v sitnici. [12]

Lokalni (klinové a Stérbinové) defekty jsou vidét jako tmavé pruhy, SirSi nez cévy sitnice,
které se rozs$ifi k okraji disku. Tyto lokalni defekty jsou snadnéji vidét nez generalizované
ztenceni RNFL, které se projevuje ztratou jasu a hustoty ryh. Kdyz je RNFL ztencen, stény
krevnich cév se zdaji ostré na matném a skvrnitém pozadi. Pocatecni abnormalitou

u glaukomu mtze byt bud’ difuzni ztenceni nebo lokalizované defekty. [12]
2.1.3 Hemoragie papily

Velka cast pacienti s glaukomem trpi hemoragiemi v papile zrakového nervu.
Pti klinickych vySetfenich jsou velmi Casto piehlizeny a sndze se najdou na statickych
fotografiich naptiklad z fundus kamery. Mnoho studii ukazalo, Ze krvaceni na terci

zrakového nervu je spojeno s vys$s$im rizikem progrese glaukomu. [12]
2.1.4 Cévy na papile

Zuzeni neuroretinalni tkdn¢ zméni polohu cév na terci zrakového nervu ohybem, bajonetem
nebo obnazenim cirkumlinearnich cév. Tyto zmény polohy je zvlasté dulezité pozorovat

pii hledani progrese a lze je detekovat pomoci sekvenénich fotografii. [12]

2.1.4.1 Parapapilarni atrofie

Parapapilarni atrofii lze rozliSit na alfa zonu, ktera je pfitomna ve vétSin€ oci, a na beta
zo6nu, ktera je pfitomna u nékterych normalnich o¢i a u vysokého procenta oci s glaukomem.
Beta parapapilarni atrofie je béznd u kratkozrakych a starSich o¢i. V klinické praxi lze

velkou beta zonu povazovat za voditko, nikoli za jednoznac¢ny ptiznak glaukomu. [12]
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Beta zona

)

Alfa zéna

Obrazek 2-3 Alfa a Beta zéna papily zrakového nervu

Veskeré dosud zndmé vySettovaci techniky pracuji se zménami ve vrstvé nervovych vldken.

Tudiz se sleduje jejich poskozeni s naslednymi funkénimi zménami.

I recentni prace vyznamnych odbornikli v oblasti glaukomu jsou v souladu s doporu¢enim
Evropské glaukomové spolecnosti. Nasledujici kapitola je jen jako doplnéni ve vySetieni

zorného pole.

2.2 Pristroje k diagnostice zeleného zakalu

Vyvoj diagnostiky zeleného zakalu se v poslednich letech postupné méni. Dlouho se nemoc
diagnostikovala objektivné zjisténim pomeéru jamky vacéi praméru optického disku tzv. cup
to disk (C/D) papily zrakového nervu. Toto vSak bylo zavadéjici, protoze 1 nenormalové
hodnoty lze zachytit u lidi, ktefi netrpéli glaukomem. Za tyto abnormality miize v¢k,
refrakéni vada, genetické vlivy a dalSi. Lze zachytit pouze jiz pokrocila stadia zeleného

zakalu. [13]

vvvvvv

faktory zvySujici riziko zelené¢ho zakalu, jako je vysoky krevni tlak, cukrovka, geneticka
predispozice, myopie. Kombinace téchto onemocnéni nebo vad mulze inklinovat k vyssi
citlivosti bun¢k na poskozeni a nebezpecny je tzv. normotenzni glaukom, kde dochézi
k poSkozeni 1 pfi normalnim nitroo¢nim tlaku. Tyto faktory mohou byt ovlivnény i vnitini
stavbou oka, kde nejdulezitéjsi je anatomické stavba rohovko-duhovkového uhlu, hloubky
pfedni komory potazmo zadni komory, dynamika nitroo¢ni tekutiny a celkova stavba

cévniho zasobeni. [14][15]
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2.2.1 Polametrie

Dal§im pokrokem v diagnostice byla polarimetrie. Nervova vldkna gangliovych bunék
sitnice vykazuji pfi dvojlomu retardaci polarizace. Pfistroj analyzator nervovych vlaken
GDx je schopny zachytit velikost zmény retardace a dle miry polarizace zpétné vypocitat
tloustku vrstvy nervovych vlaken. To ma vyhodu v tom, Ze jiné pfistroje méfily vlakna jen
povrchové a hluboka loziska zmén ve struktufe nervovych vldken nedokézaly zachytit.
Bohuzel cévy se vyklenuji smérem k periferii a jsou zde poklesy miry retardace, a proto je
obezietné postupovat pii diagnostice glaukomu s rozvahou. Pfi kombinaci s konfokalnim
mikroskopem lze retarda¢ni mapu piesné urcit, avSak systém neni schopen detekovat malé

lokalizované defekty ve vrstvé nervovych vlaken. [16]

vrstva
_ ‘ nervovych retardace
]30!3“20”3“9 vigkoii jedné slozky
svétlo polarizovaného
svetla
&2
=
=]

Obrazek 2-4 Schéma principu analyzatoru nervovych vlaken
pristroje GDx

2.2.2 Heidelbersky retinalni tomograf

Heidelbersky retinalni tomograf (HRT), fungujici na principu konfokalni mikroskopie,
vyuziva laserového paprsku, ktery skenuje povrch zrakového nervu a vytvarti trojrozmérny
obraz. Diky konfokalni technologii dokaze zaostfit na specifickou hloubku a ignorovat
odrazy z ostatnich vrstev, coz zvySuje kvalitu ziskaného obrazu. HRT mize byt obohacen
o databazi ¢itajici pfes 1000 normélnich o¢nich papil, kde pak na zédklad¢é porovnani muze
zobrazit sektory sitnice s patologickymi zménami zrakového nervu. Nelze vSak na téchto
vysledcich stavét diagnostiku zeleného zékalu a je nutné provést dalsi vySetieni

na perimetru.[17]
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Obrazek 2-5 Schéma principu konfokdlniho mikroskopu

2.2.3 Opticka koherenéni tomografie

Vysetfeni HRT se dnes jiz nepouziva a bylo nahrazeno optickou koheren¢ni tomografii
(OCT). Jedna se o neinvazivni zobrazovaci techniku pouzivanou v oftalmologii a optometrii
k detailnimu zobrazeni nejen vrstev sitnice oka, ale i pfedniho segmentu. OCT vyuziva
nizko koheren¢niho svételného vinéni k ziskani dvou nebo trojrozmérnych obrazii struktur
oka. Svételny paprsek je smérovan do oka, kde se odrazi od riznych vrstev sitnice a dalSich
oCnich struktur. Odrazené svétlo je pak analyzovano dle zpozdéni, coz umoziuje vytvoreni
obrazu struktury sitnice a struktur papily zrakového nervu. Horni a spodni kvadrant terce
zrakového nervu vykazuje vétsi tlouStku nervovych vldken nez nasdlni a temporalni
kvadrant. VétSina komer¢nich zobrazovacich zafizeni ma software pro kvantifikaci
progrese glaukomu, vcetné rychlosti progrese. Tyto vysledky mohou slouzit jako dalsi
nastroje pro hodnoceni progrese glaukomu, ale vyzaduji peclivou interpretaci ve spojeni
s dalsimi testy a stavem pacienta. Vysoce kvalitni zdkladni fotografie jsou dllezité.
Pted zahrnutim vystupu softwaru do hodnoceni pacienta by mél uzivatel zhodnotit testovaci
sérii z hlediska kvality snimki — a softwarové analyzy. Shoda mezi strukturalni progresi a
funk¢énim zhor§enim béhem relativné kratké doby trvani hlaSenych studii je pouze castecna
nebo Spatnd kvuli variabilit¢ méfeni jak strukturdlnich, tak funkc¢nich testti. VétSina

komeréné dostupného softwaru nekompenzuje starnuti, proto statisticky vyznamné sklony
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nemusi nutné¢ znamenat skute¢nou progresi glaukomu. Vysledky ziskané riiznymi pfistroji

nejsou zaménitelné.[ 18]
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Obrazek 2-6 Schéma principu OCT pfistroje
Kombinace angiografie a OCT pfinasi nové moznosti. Optickd koheren¢ni tomograficka
angiografie (OCTA) méfi kvantitu a kvalitu choroiddlnich, sitnicovych cév a vytvari
celkovy obraz papilarniho terce, ktery koleruje s degradaci sitnice postizené zelenym
zékalem. VySetieni je neinvazivni a neni potfeba podavat nitroziln¢ barviva. Metoda dokaze
zobrazit velké cévy i mikrovaskulaturu sitnice, papilu zrakového nervu a nckteré casti
choriokapilaris provedenim vice OCT skent stejné oblasti. Pohybujici se ¢astice, jako jsou
cervené krvinky v krevnich cévach, maji za nasledek vysokou variabilitu signalu OCT mezi
skeny a tato zména signalu OCT se pouziva k identifikaci krevnich cév. Bylo vyvinuto
n¢kolik algoritmi pro interpretaci odchylek v signalech OCT a pro vymezeni krevnich cév

a tyto algoritmy byly zaclenény do riznych komeréné dostupnych zatizeni OCTA [19]

KliCovymi anatomickymi oblastmi pro OCTA u glaukomu jsou oblast hlavy zrakového
nervu vcetn¢ peripapilarni oblasti a makuldrni oblast. Konkrétné¢ vessel density (VD)
povrchové peripapilarni a povrchové makularni mikrovaskulatury je u pacienta
s glaukomem snizena ve srovnani s nepostizenymi subjekty a VD koreluje s funkénim
deficitem méfenym pomoci zorného pole (ZP). Diky tomu méd OCTA podobné diagnostické
schopnosti jako strukturdlni méteni tlousStky vrstvy nervovych vlaken sitnice (RNFL),
zejména u ¢asné¢ho glaukomu. Navic v pfipadech, kdy je méteni tloustky RNFL omezeno

kvuli artefaktu nebo podlahovému efektu, 1ze technologii OCTA pouzit k hodnoceni a
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sledovani glaukomu, naptiklad u o¢i s vysokou myopii a o¢i s pokro¢ilym glaukomem.

[20][21][22]

2.2.4 Ostatni pristrojova technika

kde norma je 10-2ImmHg. ZvySeny nitroo¢ni tlak je rizikovym faktorem, kde je nutné pak
rutinné zméfit tloustku nervovych vlaken a nasledného vySetieni zorného pole. Odumirani
gangliovych bunék se projevi nejvice v perifernich ¢astech sitnice a na perimetru lze pak
vyCist zmensSujici se zorné pole z periferie smérem k centru vidéni. Jedna z nejnovéjsSich
metod méfeni tlaku je za pomoci Ocular Response Analyzer (ORA), ktery dokaze zméfit
biomechanické vlastnosti rohovky tzv. hysterezi a upravit vysledky nitroo¢niho tlaku tak,
aby se pfiblizily skutecné hodnoté. U vySetfeni na perimetru je diilezité instruovat spravné
pacienta. VySetfeni v plném rezimu muze byt az 10 minut pro jedno oko. Neinstruovani
pacienti podléhaji frustraci z neznalosti ptistroje a neprovadi tukon spravné. Novi pacienti
nemusi byt spravné informovani, Ze musi fixovat znacku a pouze perifern¢ sledovat
zamérné znacky. Prvni vySetfeni v drtivé vétSine ptipadi je nevalidni a proto je dobré
predstavit pacientovi kratkou testovaci proceduru, abys mohl vyzkouset na necisto zplisob

vySetieni na perimetru. [23][24]

V posledni fadé se upird zdjem odborné vetejnosti k diagnostice pomoci umélé inteligence.
V poslednich dobé vyvoj umélé inteligence velmi vzrostl a jiz se implementuje
do diagnostickych ptistroji za ucelem rychlejsi diagnostiky zeleného zakalu. Toto pfinasi
bonus i pro screeningova meéfeni na neoftalmologickych oborech, kde muze zéachyt
rizikovych pacientd byt velice ucinnym nastrojem. To ma pfedevSim tu vyhodu, Ze

u zeleného zékalu neni pfesnd biomechanika vzniku. [25]

Veskeré vysSetfovaci metody vyhodnocuji zeleny zékal az pii urcitém stupni progrese
zeleného zékalu. Tato prace ma za cil najit takovou metodu a postup, kdy dojde k ¢asnému

stanoveni diagndzy a tim i zahéjeni 1écby zeleného zakalu.

Glaukom zpusobuje poskozeni zorného pole, pfedev§im v oblasti centralnich 20 °.
Standardni metodou méfeni pro diagnostiku a sledovani glaukomu je standardni
automatizovand perimetrie (SAP). SAP je pocitaCové statické vySetfeni zorné¢ho pole
(perimetrie) zalozené na principech Goldmannovy perimetrie s bilymi podnéty na bilém

pozadi. Statickd perimetrie (podnéty na predem urcenych testovacich mistech) méfici prah

18



v

je citlivéjsi a odhali glaukomat6zni poSkozeni zorného pole diive nez manualni kineticka
perimetrie (s pohyblivymi podnéty - Goldmannova perimetrie), kterd by se proto nemg¢la
pouzivat. Kromé& toho je pocitacova perimetrie méné subjektivni, vysledky jsou ¢iselné a
existuji softwarové programy, které pomahaji pii vyhodnocovani vysledk. Napf.
ve Svédsku je nejbéznéjsim perimetrem Humphreyho perimetr, ale pouziva se také Octopus
a dalsi perimetry. Pokud existuje pouze malé podezieni na glaukom, naptiklad pfi kontrole
pacientli s pozitivni anamnézou glaukomu, mély by byt pouZity screeningové testy,
nadprahové testy, které pouzivaji jasné podnéty, které jsou vysoko nad prahovou trovni.
Tyto testy se snadnéji provadéji u pacientlt bez ptredchozich zkuSenosti s pocitacovou
perimetrii a generuji méné fale$né pozitivnich vysledki. V Humphreyho perimetru se jako
screeningové testy voli predev§im nadprahové testy se vzorem C-40 a dvouzénova strategie.
Dals$i metoda nazvana Frequency Doubling Technology (FDT) ma né€kolik screeningovych
programt. C20-1 ma nejlepsi kombinaci citlivosti a specificnosti, a proto je pro screening

vhodn&jii. [22][26]

Tento vyzkum je zamétfeny na cévni zmény, které pfedbihaji zmény ve vrstvé nervovych
vlaken sitnice, tudiz pomahaji k Casné¢jSimu stanoveni diagnozy a tim 1 1écby zeleného
zékalu. V ndvaznosti i na vySe citovanou praci a doporuceni k vySetfeni perimetru je zde
uvedena kazuistika Zeny (nar. 1976), ktera byla sledovéana na jiném pracovisti pro nitrooc¢ni

hypertenzi od roku 1999.
V rodinné anamnéze je vyskyt glaukomového onemocnéni u matky a jeji babicky.

V:s—-0,75=1,0. NOT se pohybovalo v rozmezi od 20/21 do 21/23 mmHg. Zorné pole (fast
treshold program) vySetfené na pfistroji Medmont neprokazuje patologické zmény.

Temporalné€ bylo vySetteno do 22 a nasaln¢ do 50 stupnid. RNFL je rovnéz v normé.
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Obrazek 2-7 Normalni ZP pravého oka pacientky vySetiené fast treshold programem
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Obriazek 2-8 Normalni ZP levého oka pacientky vySetiené fast treshold programem

Pti vySetfeni na Klinice JL byly zjistény normélni hodnoty RNFL, a to ve vSech
peripapilarnich segmentech. C/d= 0,9! Patologické hodnoty VD jsou jen v segmentu IN (47,

resp. 44). Ve vzdalené nasélni ¢asti zorného pole je deprese k 85 stupndm.
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Obrazek 2-9 Vzdalena nasalni ¢ast zorného pole. Vlevo pravého oka, vpravo levého oka. Oboustranna deprese v horizontale k 85 stupntim
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Obrazek 2-10 OCT vySetieni sitnice pravého oka. RNFL se pohybuje v zeleném pasmu norméalnich
hodnot (vlevo dole). OCT angiografie ma nizkou hodnotu v IN segmentu (vpravo dole)
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Obrazek 2-11 OCT vySetfeni sitnice levého oka. RNFL se pohybuje v zeleném pasmu normalnich
hodnot (vlevo dole). OCT angiografie ma nizkou hodnotu v IN segmentu (vpravo dole)
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Pokud by byly respektovany doporuéené postupy jak Ceské, tak Evropské glaukomové
spolecnosti, tak v pfipad€ této pacientky by se cekalo na prvni zmény v RNFL a také
v zorném poli. Oboji je v predlozené kasuistice v normé¢. Jakmile ale budou tyto hodnoty
patologické, tak ani po snizeni NOT antiglaukomovou 1é¢bou neni Zadna jistota, ze tyto
zmény nebudou progredovat. U nemocné byla nasazena po vySetieni antiglaukomova 1écba

carteolem rano do obou o¢i.
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3 Cile prace

V disledku strukturdlnich zmén sitnice u glaukomového onemocnéni dochézi

ke ztratam subjektivniho rozsahu zorného pole pacienta.

Cilem diserta¢ni prace je vyhodnoceni zavislosti faktort (RNFL, NOT a VD), které¢ maji
potencidl umoznit v€asnou diagnostiku glaukomového onemocnéni jiz v ranné fazi, namisto

konzervativniho ptistupu lécby, kterd nastava az v disledku patologickych projevi.

Zeleny zékal poSkozuje nervova vlakna gangliovych bunék sitnice a prvotni myslenka byla,
zda-1i NOT neovliviiuje cévni fecité. Proto v 1. praci bylo zkoumano, jestli NOT dfive nez
vrstvu nerovych vladken neovliviiuje tloustku cévniho tecisté. Nasledné v navazujici praci
se jemné rozdélil ter¢ zrakového nervu, kde se zkoumaly sektory tloustky cévniho pletence
zvlast. V nasledujici praci se specifikovala presnéji tlouSt’ka cév. Protoze odborna vetejnost
hovofi o vrstvé nervovych vlaken, do které se zapocitava i tloustka cév, byl zaveden pojem
korigovana vrstva nervovych vlaken, kde od hodnoty tloustky vrstvy nervovych vlaken je
odectena vrstva cév. Posledni prace, kterd je v recenznim fizeni, dale specifikuje, zda
nejvyssi korelace NOT je s nekterym ze sektor zrakového nervu nebo je to cévni hustota
celého obrazu (WI-VD), ¢i peripapilarni VD. Pro feSeni problematiky byly stanoveny
nasledujici dil¢i cile, které hodnoti souvislost vySe nitro-ocniho tlaku NOT s dalSimi

sledovanymi parametry.
Dil¢imi cili jsou:

1. Vysetfeni souvislosti vyse NOT s celkovou tloustku RNFL a hustotu peripapilarniho
cévniho systému oka,

2. VysSetfeni souvislosti tloustky vrstvy RNFL v dil¢ich peripapilarnich segmentech,

3. Vysetteni souvislosti tloustky vrstvy RNFL korigovanou o hustotu cév v daném
objemu,

4. Identifikovat parametry pro hodnoceni efektivity diagnostiky glaukomu

v souvislosti se zménou VD a korigované hodnoty RNFL.
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4 Metody

Disertacni prace je pojata jako komentovany soubor publikaci, které se vazi ke stanovenym

cilim diserta¢ni prace. Kazda publikace obsahuje popis pouzitych metod feseni.

Jednotlivé navazujici kroky dil¢ich cild byly realizovany vzdy na pracovisti
O¢ni kliniky JL, V Harkach 1296/10, Praha 13. Pacienti byli pln¢€ informovani a podepsali
informovany souhlas k vySetieni a ze se data vyuziji ke studii. Po zapsani osobnich udaji
byli ptivedeni k piistroji OCT Avanti RTVue XR (vyrobce Visionix, Francie), kde byly
hodnoceny parametry tlouStky vrstvy nervovych vldken RNFL a hustota cévni pletené
(VD). Méteni nitroo¢niho tlaku (NOT) bylo provedeno pomoci ptistroje Ocular Response
Analyser (vyrobce: Reichert, USA) se zohlednénim hystereze rohovky a vzdy jako primér
alesponn tfi méfeni. Méfeni celkového defektu (OD) se pouzival zaznam z perimetru
Medmont M700 (vyrobce Medmont, Australie) Ze vSech pfistroji byly exportovany udaje,
kter¢ byli nasledné statisticky zpracovany. BIliz§i informace jsou v nasledujicich

4 kapitoléach, kde jednotlivé vysledky navazuji na dal$i feSeni ndsledného cile.

K posouzeni zavislosti mezi vybranymi parametry byl pouzit Pearsoniv korelacni
koeficient r. Zavislost pak byla Skdlovana nasledné: » = 0,00-0,19 velmi slaba, » =0,20—

0,39 slaba, » =0,40-0,59 stiedni, » =0,60-0,79 silna, » =0,80-1,00 velmi silna.

Proces vySetfeni a hodnoceni byl adjustovan k danému dil¢imu cilu, cely proces lze

prezentovat schematicky na obrazku nize.
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« NOT (ORA)
« RNFL (OCT)
« VD (OCT)

oftalmologické/pfristrojové

vySetreni pacientl

hodnoceni souvislosti NOT a VD

stanoveni korelace NOT a RNFL
v jednotlivych segmentech

korelace RNFL a NOT po
kompenzaci cévni hustoty

hodnoceni efektivity pro
v€asnou diagnostiku

Obrazek 4-1 Schéma metodiky a navaznosti jednotlivych dil¢ich cila

Reseni dil¢ich cild &.1-3 je zaloZené na jiz publikovanych impaktovanych publikacich.
Posledni cil prace definovat vystupy pro efektivitu diagnostiky glaukomu v souvislosti

zmény VD a korigované hodnoty RNFL je také naplnén a je v procesu recenzniho fizeni.

Dil¢i cil €. 1: Identifikace souvislosti vyse nitroo¢niho tlaku s celkovou tloustku RNFL a
hustotu peripapilarniho cévniho systému oka je v publikaci OCT angiography, RNFL and

the visual field at different values of intraocular pressure. [27]

Dil¢i cil ¢. 2: VySetieni souvislosti tloustky vrstvy RNFL v dil¢ich peripapilarnich
segmentech je zahrnuto v publikaci The Relationship Between the Thickness of cpRNFL in

Segments and Intraocular Pressure [28]

v

Diléi cil €. 3: VySetieni souvislosti tlouStky vrstvy RNFL korigovanou o hustotu cév
v daném objemu je uvedeno v publikaci Axons of retinal ganglion cells on the optic nerve

disc following vessel density correction at different IOP values. [29]

Diléi cil ¢. 4: Identifikace parametri pro hodnoceni efektivity diagnostiky glaukomu
v souvislosti se zménou VD a korigované hodnoty RNFL prochazi recenznim fizenim,

metodika a vysledky jsou uvedeny v textu
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4.1 Souvislost vySe NOT na cévni systém oka

V ramci daného cile bylo hodnoceno 122 o¢i (61 pacientll) bez dosavadni (ani historické)
antiglaukomatické terapie. Cely soubor byl rozdélen dle vySe NOT na nasledujici
4 podskupiny: <20 mmHg (18 o¢i), 20-22 mmHg (39 oci), 22-24 mmHg (32 oci) a
>24 mmHg (33 oc¢i). Pouzitim Pearsonova korela¢niho koeficientu » byla hodnocena
zéavislost NOT na parametrech: peripapildrni hustoty cévniho zdsobeni (VD), tloustky

vrstvy nervovych vldken RNFL a celkového defektu zorného pole (OD). [27]

4.2 Korelace NOT a RNFL v jednotlivych peripapilarnich
segmentech
Uvedenym dil¢im cilem disertacni prace bylo zjistit, zda je vrstva nervovych vlaken sitnice

v nékterych segmentech ter¢e zrakového nervu pti patologickém nitroocnim tlaku.

Soubor tvofilo 69 osob (122 oc¢i), u kterych byla pfi bézné ambulantni péci namétena
hodnota NOT vys$§i nez 21 mmHg (21-36). Tloustka RNFL byla hodnocena
v 8 anatomickych peripapilarnich segmentech: 1-IT, 2-TI, 3-TS, 4-ST, 5-SN, 6-NS, 7-NI,
8-IN (I-inferior, T-temporal, S-superior, N-nasal) viz Obrazek 4-2. [28]

Obrazek 4-2 RozloZeni a numerické oznaceni peripapilarnich segmenti: IT-1, TI-2, TS-3, ST-4, SN-5,
NS-6, NI-7, IN-8 (I-inferior, T-temporal, S-superior, N-nasal). Je tfeba zdiiraznit, Ze segmenty 1 a 4
byly temporalné posunuty. Segmenty 5 a 8 pak odpovidaly hornimu polu
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4.3 Korelace NOT a vrstvy RNFL po kompenzaci zastoupeni cév ve
sledovaném objemu segmentu
Dal§im zamérem bylo zjistit, jak hustota cév (VD) v jednotlivych segmentech peripapily
ovlivitluje vrstvu nervovych vldken sitnice (RNFL) a vyloudit jeji podil na RNFL
pii patologickém nitroocnim tlaku (IOP). U souboru 69 osob (primérny vék 45 + 6 let)
s neléCenou ocni hypertenzi (celkem 122 o¢i) zatazenych do této studie byl béhem bézné
ambulantni péce méien NOT (pomoci Ocular Response Analyser) v hodnoté >21 (rozmezi
21-36) mmHg u vSech oc¢i. Byl zaveden parametr RNFLc ¢ili korigovana tloustka RNFL

oCisténa o objem cévniho zasobeni sitnice (VD), viz Obrazek 4-3

tloustka RNFL [pum] vessel density [%] RNFLc [um]
Obriazek 4-3 Hodnoty RNFL, VD a korigovana hodnota RNFLc¢

4.4 Efektivita diagnostiky glaukomu v souvislosti se zménou VD a
korigované hodnoty RNFL

Reseni problematiky tohoto dil¢iho cile je aktualné v recenznimu fizeni k publikaci, a to

jako clanek s ndzvem Vessel density and retinal nerve fibre layer association with

intraocular pressure in glaucoma, plné znéni je na konci této kapitoly.

Soubor tvofilo 26 zen primérné¢ho véku 45 (22-70) let a 26 muzh pramérného veku 43 (20-
71) let. Celkem 104 o¢i. NOT byl u vSech o¢i vyssi nez 21 mmHg (21-36 mmHg). NOT byl
meéten piistrojem Ocular Response Analyser (ORA, Reichert) a vysledna hodnota vznikla
z pruméru tii méfeni. Tloustka RNFL a VD byla méfena pomoci Avanti RTVue XR
(Optovue). V pripadé VD celého obrazu i peripapilarné a také peripapilarné v osmi
segmentech. Inferior Temporal - IT; Temporal Inferior - TI; Temporal Superior -TS;
Superior Temporal - ST; Superior Nasal - SN; Nasal Superior - NS; Nasal Inferior - NI a
Inferior Nasal - IN. V ptipad¢ korigované RNFL (RNFLc) byla hodnota VD odectena
od celkové hodnoty RNFL.
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5 Vysledky

Vysledky disertacni prace jsou prezentovany prostiednictvim souhrnu vystupt
publikovanych praci kategorizovanych dle dil¢ich cila. In extenso publikace jsou uvedeny

jako jednotlivé odkazované ptilohy.

5.1 Souvislost vySse NOT na cévni systém oka

Vysledky hodnoceni korelace vyse NOT a cévniho systému oka bylo publikovano v roce
2022 snazvem OCT angiography, RNFL and the visual field at different values of
intraocular pressure. Cela prace je uvedena pod touto kapitolou, v textu je citovéana jako

reference pod Cislem [27]

Mezi parametry RNFL a OD byla nejvyznamnéji stanovena stiedni pozitivni korelace pouze
ve skupiné >24 mmHg (r=0,48), v ostatnich skupindch byla pouze slabd zavislost.
Nejvyznamngj§im pozorovanym vysledkem byl vztah mezi VD a RNFL. Od sttedni az silné
korelace téchto parametra ve skupiné NOT <20 byl pozorovan trend zvySovani koeficientu
dle vyse hodnot NOT. Velmi silna korelace (r =0,80—1,00) byla prokazana ve skupiné
s hodnotami NOT >24 mmHg (r=0,85-0,87). Pfinosem publikovaného ¢lanku je prokazani
statisticky vyznamného vztahu hustoty vessel density a tloustky vrstvy retindlnich

nervovych vldken, ktera se dale umérné zvysuje s hodnotami NOT. [27]

Pfinosem publikovaného clanku je prokazani statisticky vyznamného vztahu hustoty
peripapilarniho cévniho fecisté a tloustky vrstvy retinalnich nervovych vlaken, ktera se déle

umérng zvysuje s hodnotami NOT. [27]
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Abstract. The aim of the present study was to investigate the
relationship between intraocular pressure (IOP), vessel density
(VD), retinal nerve fiber layer (RNFL) parameters and overall
defect (OD) of the visual field in eyes where antiglaucoma
treatment had not yet been initiated. A total of 61 subjects
(122 eyes) who had an IOP of >20 mmHg on several occasions,
in at least one eye, in routine outpatient care were included.
These were subjects who had never been treated for hyperten-
sion glaucoma. The cohort was divided into four subgroups.
In the first group, there were 18 eyes with an IOP value of
<20 mmHg. In the second group, there were 39 eyes with I[OP
values of 20-22 mmHg. The third group consisted of 32 eyes
with IOP values of 22-24 mmHg and the final group consisted
of 33 eyes with IOP values of >24 mmHg. The IOP results
were compared with VD, RNFL and OD using Pearson's
correlation coefficient to assess the relationship between
the selected parameters. RNFL and OD were moderately
correlated only in the group of eyes with an IOP value >24
(r=0.48); in the other groups the correlation was very weak.
However, changes in visual field were already observed in
eyes with IOP 20-22 mmHg (r=-0.27). There was a moderate
correlation in eyes with an IOP value >24 mmHg (r=-0.53).
The most significant result observed was the relationship
between VD and RNFL. In eyes with an IOP value <20, a
moderate to strong correlation between these parameters was
observed. This relationship increased with increasing IOP
values up to a very strong correlation in the group with an IOP
value >24 mmHg. A moderate to strong dependence between
VD and RNFL in eyes with an IOP value <20 mmHg was
observed, and this dependence was very strongly correlated in
the eyes with an IOP value >24 mmHg.
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Introduction

In hypertensive glaucoma (HTG), the ganglion cells of the
retina and subsequently the entire visual pathway, including
the cortical centers in the brain, are damaged, with high intra-
ocular pressure (IOP) playing a major role (1). Early diagnosis
and treatment are important for the preservation of visual
function in this disease. Current detection of HTG is based on
changes in the nerve fiber layer (RNFL), ganglion cell complex
and visual field (VF), in addition to a high IOP. Optical
Coherence Tomography (OCT) angiography has improved
glaucoma diagnosis as well as research on the examination of
vessel density (VD) (2).

With increased IOP, a number of biochemical and
morphological processes occur in the visual pathway. Of
the pathological changes, the most important change is the
shrinkage of predominantly retinal ganglion cells (3-6).

Changes in RNFL are likely secondary; Naskar et al (5) found
that ~40% of retinal ganglion cells were lost within 2.5 months
of glaucoma induction. However, they did not observe the initial
changes in the optic nerve target until 2 months later. In experi-
mental glaucoma, retinal ganglion cell axons degenerate first
in their retrolaminar and then in their intraocular regions (7).
As not all ongoing abnormalities have been demonstrated in
early glaucoma (in vivo), whether certain parameters would
be of higher value for determining changes than others should
be determined. In the present study, a focus was placed on the
status of the blood vessels (based on VD), which play a major
role in this disease. In the literature, a large body of research
has shown the influence of the amount of IOP on VD in HTG.
Conversely, work on the relationship between VD and RNFL in
normal IOP is lacking in the ophthalmic literature.

The aim of this study was to investigate the relationship
between IOP and VD, RNFL parameters and total visual field
(VF) defects in eyes with values of IOP ranging from 17-34 mmHg.

Patients and methods

Patients. The cohort consisted of 61 subjects (122 eyes) who
were measured to have an IOP >20 mmHg in at least one eye
in routine outpatient practice. Data was collected between
February and April 2021 at the Ophthalmology Clinic JL
(Prague, Czech Republic). The IOP values obtained and used
were based on the mean of three measurements using an Ocular
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Response Analyzer (ORA, Reichert). The inclusion criteria
were as follows: IOP >20 mmHg in at least one eye, visual
acuity of 1.0 with possible correction of less than +3 diopters,
approximately equal changes in visual fields in all eyes, no
other ocular or neurological diseases, and no previous treat-
ment for hypertensive glaucoma. The cohort consisted of
27 women with a mean age of 45 (22-70) years and 34 men
with a mean age of 53 (20-71) years, this cohort was divided
into four subgroups. The first consisted of 18 eyes with IOP
<20 mmHg, the second consisted of 39 eyes with IOP values
of 20-22 mmHg, the third consisted of 32 eyes with IOP
values of 22-24 mmHg, and the last consisted of 33 eyes with
IOP values of >24 mmHg. The RNFL and VD thickness in the
radial peripapillary capillaries region was measured using the
Avanti RTVue XR (Optovue), and the VF was examined with
a rapid threshold glaucoma program, using the Medmont M
700 instrument (Medmont International Pty, Ltd.), where the
overall defect (OD) parameter was evaluated.

Statistical analysis. To assess the relationship between each
range of intraocular pressure and the values of VD, RNFL,
OD and patient age, Pearson's correlation coefficient r values
were used (r, 0.00-0.19 very weak; 0.20-0.39, weak, 0.40-0.59,
moderate; 0.60-0.79, strong; and 0.80-1.00 very strong). All
analysis was performed using STATISTICA version 13
(StatSoft GmbH) P<0.05 was considered to indicate a
statistically significant difference.

Results

The values of the correlation coefficients of the peripapillary
vessel density of all vessels (PP-VDa), peripapillary vessel
density of small vessels (PP-VDs), vessel density of all vessels
of the whole image (WI-VDa), vessel density of small vessels of
the whole image (WI-VDs), RNFL and OD of all 122 eyes, are
shown in Table I, and for each category divided by the range of
IOP in Tables II-V. For the entire set, a strong correlation was
found between RNFL with PP-VDa and PP-VDs, and a moderate
correlation between RNFL and WI-VDa. In the groups of eyes
where the IOP was between 20-22 and 22-24 mmHg, a strong
positive correlation was found between VD and RNFL, and for
the group with the highest pressure value (>24 mmHg), a very
strong positive correlation was found.

Discussion

Early diagnosis and treatment is very important for preserving
visual function in patients with HTG. The question remains
as to which investigations, other than IOP values, are most
relevant for improving diagnosis.

However, more important for clinical ophthalmology are
the results of the examinations, which can provide clues about
the early diagnosis as well as the pathogenesis of glaucoma.
These undoubtedly include OCTA and RNFL (8-19). Relatively
recently, in the study of glaucoma, special interest has been paid
to VD in glaucoma. In PubMed alone, at the time of writing,
there were 512 papers on this subject. Feher er al (20), using
electron microscopy, demonstrated that increased IOP induced
ultrastructural modifications of the microvessels of the optic
nerve head. The number of B-adrenergic receptors increased

markedly in the eyes of patients with raised IOP values.
Further studies are required to clarify the physiological and
pathological roles of these receptors (20).

A high correlation between VD and RNFL was also
observed by Yu er al (8). Lee et al (9) suggested that the
decrease in VD in glaucoma is a secondary consequence of
RNFL loss, and Triolo et al (10) took a similar view.

As glaucoma progresses, VD decreases (12), whilst RNFL
decreases (10-13). However, Khayrallah et al (14) demonstrated
a lower validity of OCTA than RNFL at different stages
of HTG (15), with other studies having reached similar
conclusions (15,16). Thus, as HTG progresses, VD and RNFL
decrease (17). Rao et al (18) demonstrated a faster progres-
sion of RNFL loss with reduced VD (18). In addition to the
direct effect of IOP on VD, glutamate may have a secondary
effect; with higher levels of glutamate at all levels of the
visual pathway in HTG (21), there is also an ischemic effect
on the surrounding vascular system (22). This may be one
of the reasons why vascular alteration may occur before the
degeneration of RNFL, even with in a patient with a normal
IOP. Conversely, with RNFL atrophy, there is a subsequent
change in VD.

Mansoori et al (19) demonstrated that peripapillary VD
is responsible for RNFL nutrition. A high IOP induced a
significant decrease in vessels per unit area in the laminar
and retrolaminar regions of the optic nerve (23). There was
also a decrease in the capillary length per unit volume. After
the application of timolol and latanoprost, the diameter of the
vessels of the studied area improved, but the density of the
capillaries did not change (23). This is important informa-
tion for understanding the development of HTG. In clinical
ophthalmology, one cannot wait for other significant irre-
versible changes to appear, and it is hypothesized that these
irreversible changes have likely already occurred after an
increase in IOP on the optic nerve vessels.

The present study showed a strong correlation between
VD and RNFL. At normal IOP values, there was a strong
correlation between PP-VDs and RNFL, and between PP-VDa
and RNFL. In eyes where IOP >24 mmHg, there was a strong
correlation between RNFL and all VD values. This is an
important observation, and it should be noted again that the
recruited cohort consisted of patients a higher prevalence of
higher IOP values. Perimetric examination of magnocellular
ganglion cells, which are likely to be damaged (4,5,24) has not
been performed, to the best of our knowledge.

Magnocellular ganglion cells are localized in the periphery
of the retina (24), and thus does not have the same validity
as RNFL examination. Existing VF examination programs
in glaucoma mainly focus on the central region of the VF.
Regarding the choice of the test, Heijl and Patella recommend
the use of a central 30° examination in glaucoma with 54
examination points (Humphrey field analyzer from Carl Zeiss
Meditec SRN) (25). This view is shared by the authors of the
fourth edition of Essential Perimeters (26). The Medmont
device examines the VF in glaucoma from 0-22° temporally,
and 0-50° nasally, for a total of 104 points.

As ganglion cell fibers converge on the optic nerve target,
their examination is also much more accessible and has a higher
sensitivity than VF examination. Therefore, even changes in
ganglion cells that are not detectable by VF examination will
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Table I. Correlation analysis between the measured parameters in the entire cohort.

Parameter PP-VDa PP-VDs WI-VDa WI-VDs RNFL I0P OD Age
PP-VDa 1.00 0.93* 0.81¢ 0.82¢ 0.72¢ -0.41° 0.13 -0.08
PP-VDs 0.93¢ 1.00 0.68* 0.87 0.70* -0.42* 0.09 -0.08
WI-VDa 0.82¢ 0.68* 1.00 0.70* 0.58* -0.36 0.13 -0.57
WI-VDs 0.82° 0.87¢ 0.70* 1.00 0.63* -0.46 0.06 -0.07
RNFL 0.72% 0.70* 0.60* 0.63* 1.00 -0.39° 0.14 -0.06
10P -041* -0.42* -0.36 -0.46° -0.39* 1.00 -0.19* 0.21*
OD 0.14 0.09 0.13 0.06 0.14 -0.19° 1.00 0.23*
Age -0.08 -0.08 -0.06 -0.07 -0.06 0.21* 0.23¢ 1.00

*P<0.05. PP-VDa, peripapillary vessel density of all vessels; PP-VDs, peripapillary vessel density of small vessels; WI-VDa, vessel density
of all vessels of the whole image; WI-VDs, vessel density of small vessels of the whole image; RNFL, retinal nerve fiber layer; OD, overall

defect; IOP, intraocular pressure.

Table II. Correlation between the measured parameters in the 18 eyes with an IOP <20 mmHg.

Parameter PP-VDa PP-VDs WI-VDa WI-VDs RNFL 10P OD Age
PP-VDa 1.00 0.95° 0.94¢ 0.88* 0.73* 0.04 0.01 0.04
PP-VDs 0.95° 1.00 0.89* 0.92¢ 0.62* -0.02 -0.02 0.12
WI-VDa 0.94* 0.89* 1.00 0.95° 0.56 -0.04 0.12 -0.01
WI-VDs 0.88* 0.92* 0.95° 1.00 043 -0.06 0.12 0.08
RNFL 0.73* 0.62* 0.56* 043 1.00 -0.06 -0.05 0.23
10P 0.04 -0.02 -0.04 -0.06 -0.06 1.00 0.29 -0.08
OD 0.01 -0.02 0.12 0.12 -0.05 0.29 1.00 047
Age 0.00 0.12 -0.01 0.8 0.23 -0.08 047 1.00

*P<0.05. PP-VDa, peripapillary vessel density of all vessels; PP-VDs, peripapillary vessel density of small vessels; WI-VDa, vessel density
of all vessels of the whole image; WI-VDs, vessel density of small vessels of the whole image; RNFL, retinal nerve fiber layer; OD, overall

defect; IOP, intraocular pressure.

Table III. Correlation between the measured parameters in the 39 eyes with an IOP of 20-22 mmHg.

Parameter PP-VDa PP-VDs WI-VDa WI-VDs RNFL IOP oD Age
PP-VDa 1.00 0.93 0.80° 0.81° 0.72° 043¢ 0.15 -0.08
PP-VDs 0.93¢ 1.00 0.67° 0.86° 0.71° 045 0.10 -0.10
WI-VDa 0.80° 0.67° 1.00 0.68° 0.59° 034 0.12 0.05
WI-VDs 0.81° 0.86¢ 0.69° 1.00 0.66° -0.48 0.54 -0.08
RNFL 0.72° 0.71° 0.59° 0.66° 1.00 042 0.18 -0.10
IOP 0430 -0.45° -0.342 -0.48 -0.420 1.00 0.27° 021
OD 0.15 0.11 0.13 0.05 0.18 027 1.00 0.18
Age -0.08 -0.10 0.05 -0.08 -0.10 0.21° 0.18 1.00

*P<0.05. PP-VDa, peripapillary vessel density of all vessels; PP-VDs, peripapillary vessel density of small vessels; WI-VDa, vessel density
of all vessels of the whole image; WI-VDs, vessel density of small vessels of the whole image; RNFL, retinal nerve fiber layer; OD, overall

defect; IOP, intraocular pressure.

show up in the RNFL on the optic nerve target (27). When using
the Medmont device to examine the VF, the overall defect and
pattern defect indices are used (28). In our previous study, the
specificity of OD VF for HTG was confirmed (27). Therefore,

this parameter was selected for analysis in the present study. In
the present study, RNFL and OD were moderately correlated
only in the group of eyes with IOP =24 mmHg. In the other
groups, there was a very weak correlation. However, changes
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Table IV. Correlation between the measured parameters in the 32 eyes with an IOP of 22-24 mmHg.

Parameter PP-VDa PP-VDs WI-VDa WI-VDs RNFL I0P OD Age
PP-VDa 1.00 0.93* 0.80* 0.83* 0.79* -0.48* 0.24 -0.17
PP-VDs 0.93¢ 1.00 0.67* 0.89* 0.80* -0.53¢ 0.18 -0.20
WI-VDa 0.80° 0.67* 1.00 0.67* 0.64* -0.37° 0.22 -0.07
WI-VDs 0.83* 0.89* 0.69* 1.00 0.78* -0.54* 0.16 -0.18
RNFL 0.79* 0.80° 0.64* 0.78* 1.00 -0.54* 0.19 -0.24
10P -0.48* -0.53% -037* -0.54* -0.54* 1.00 -0.33 0.32*
OD 0.24 0.16 0.22 0.16 0.19 -0.33¢ 1.00 0.13
Age -0.17 -0.20 -0.70 -0.18 -0.24 0.32¢ 0.13 1.00

*P<0.05. PP-VDa, peripapillary vessel density of all vessels; PP-VDs, peripapillary vessel density of small vessels; WI-VDa, vessel density
of all vessels of the whole image; WI-VDs, vessel density of small vessels of the whole image; RNFL, retinal nerve fiber layer; OD, overall

defect; IOP, intraocular pressure.

Table V. Correlation between the measured parameters in the 33 eyes with an IOP of =24 mmHg.

Parameter PP-VDa PP-VDs WI-VDa WI-VDs RNFL 10P OD Age
PP-VDa 1.00 0.99* 0.96* 0.96* 0.87* -0.56* 0.35 -0.17
PP-VDs 0.99* 1.00 0.95* 097* 0.85* -0.56* 0.36" -0.17
WI-VDa 0.96* 0.95° 1.00 0.99* 0.87* -0.53* 032 -0.16
WI-VDs 0.96* 097 0.99* 1.00 0.87* -057* 0.35* -0.17
RNFL 0.87¢ 0.85* 0.87¢ 0.87¢ 1.00 -0.59° 0.48* -0.17
I0P -0.56* -0.56* -0.53* -0.57¢ -0.59° 1.00 -0.53¢ 0.35°
OD 0.35 0.36° 0.32 0.35* 0.48* -0.53* 1.00 0.19
Age -0.17 -0.17 -0.17 -0.17 -0.17 0.35* 0.19 1.00

*P<0.05. PP-VDa, peripapillary vessel density of all vessels; PP-VDs, peripapillary vessel density of small vessels; WI-VDa, vessel density
of all vessels of the whole image; WI-VDs, vessel density of small vessels of the whole image; RNFL, retinal nerve fiber layer; OD, overall

defect; IOP, intraocular pressure.

in OD of VF were already observed in eyes where the IOP was
20-22 mmHg. There was a moderate correlation between IOP
and OD in eyes with IOP >24 mmHg. With an increase in IOP,
RNFL changes and damage of the posterior pole vessels was
observed in this study. The most important factor of this study
was the identification of the relationship between VD and
RNFL,; in the eyes with an IOP value <20, a moderate to strong
correlation was observed between these parameters. This
relationship increased as the IOP value increased, with a very
strong correlation in the eyes with an IOP value >24 mmHg).

The clear and most important conclusion of this paper is
the relationship between VD and RNFL. In the eyes with an
IOP value <20, a moderate to strong correlation between these
parameters was observed, and this relationship increased with
increasing IOP, up to a very strong correlation in eyes with
an IOP value >24 mmHg. Optic nerve angiography should
be a useful and integral part of the diagnosis of hypertensive
glaucoma.
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5.2 Korelace NOT a RNFL v jednotlivych peripapilarnich
segmentech

Vysledky hodnoceni korelace NOT a RNFL separovanych do peripapilarnich segmentt

byly publikovany v ¢lanku The Relationship Between the Thickness of cpRNFL in Segments

and Intraocular Pressure, ktery je v nasledujicim textu citovan pod referenénim c¢islem

[28]PIna verze ¢lanku je uvedena za touto kapitolou.

Nejveétsi zavislosti RNFL a NOT byly pozorovany v segmentech 1 (r=-0,23), 4 (r=-0,24),
5 (r=-0,3) a 8 (r=-0,28). Rozdily mezi témito segmenty jsou pomérné malé. Nejvyssi
korelace byla pozorovana u segmentu 5 a zadna korelace u segmentu 2. Zavislost NOT

na OD (r=-0,15, p=0,09) nebyla pozorovana. OD vykazovala velmi slabou zavislost pouze

v segmentu 8 (r=-0,18). [28]

Ptinosem publikované prace je zjiSténi, ze mezi hodnotou NOT a RNFL je vyznamna
korelace jen v segmentech IT, ST, SN a IN. Nejvyssi ale byla v segmentech SN r=-0,31 a
IN r=-0,28. To znamena v segmentech, do kterych vstupuji axony magnocelularnich SGB,

které jsou u glaukomu nejvice poskozeny.
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Purpose: The aim of this study was to investigate whether the retinal nerve fibre layer (RNFL) in some segments of the optic nerve
disc in pathological intraocular pressure is more damaged in eyes without antiglaucoma treatment.

Patients and Methods: The cohort consisted of 69 subjects (122 eyes), 32 males (6x one, 26x both eyes) aged 21 to 76 years and 37
females (4x one and 30x both eyes) aged 22 to 75 years, who were measured to have IOP greater than 21 mmHg (21-36) in routine
ambulatory care. Measurements were performed using the Ocular Response Analyser, taking into account corneal hysteresis. RNFL
thickness was measured using the Avanti RTVue XR and was assessed in 8 segments (1-IT, 2-TI, 3-TS, 4-ST, 5-SN, 6-NS, 7-NI, 8-IN).
The visual field was examined with a fast threshold glaucoma program using the Medmont M700. The overall defect (OD) was
evaluated. Pearson’s correlation coefficient r was used to assess the dependence between the selected parameters.

Results: The largest peripapillary changes in RNFL were observed in segments 1, 4, 5 and 8. It should be emphasized that segments 1
and 4 have been temporarily shifted. Segments 5 and 8 then corresponded to the upper (at no. 12) and lower (at no. 6) sectors.
Conclusion: The most important result of this study is the finding that the greatest changes in the RNFL layer were observed in
pathological IOP at segment 5 (r=—0.3) and 8 (»=—0.28), at the point where the fibres of the magnocellular retinal ganglion cells enter
the retina.

Keywords: IOP, OCTA, RNFL, overall defect of visual field

Introduction

Intraocular pressure (IOP) is a major risk factor for the development and progression of glaucoma.l’2 After an increase in
IOP, the ganglion cells of the retina are altered. Studies of different animal models of glaucoma have revealed a higher
sensitivity of magnocellular ganglion cells.**

Magnocellular ganglion cells of the retina are also referred to in the literature as alpha, M, Y or parasol. Shou et al also showed
in an experiment that the loss of magnocellular cells is greater than that of parvocellular cells. Cell density of all ganglion cell types
in the retina decreased with glaucoma duration, and cell loss was more significant in large ganglion cells than in beta cells
(parvocellular).”

Weber et al described that the first changes after IOP increase occur in ganglion cells themselves (shrinking of the
dendritic tree and the cell’s body) and that their axons only subsequently narrow.® Similarly, Naskar et al showed in an
experiment that changes at the level of ganglion cells occur earlier than changes in their axons.” The retinal axon
interruptions were found localised in a narrow transverse line at the level of the posterior part of the lamina cribrosa and
immediately behind it. Retinal axons in front of this zone were mostly intact.®

This was demonstrated in an experiment by Soto et al, who found in mouse models that retinal ganglion cell degeneration in
glaucoma has two separate stages: the first involves ganglion cell atrophy and the second involves damage to the ganglion cell
axons. The retrolaminar degeneration of axons takes place before the degeneration of their intraretinal parts.” The study by
Quigley et al confirmed that these are predominantly magnocellular fibres. Larger diameter fibres died faster than smaller fibres,
although no fibre size was completely spared at any stage of atrophy.'® Although retinal magnocellular cells die before their axons
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in hypertensive glaucoma, their diagnosis is difficult. Obviously, in the early stages of hypertension glaucoma (HTG), when the
first changes occur in the retinal ganglion cells, we cannot even theoretically detect a decrease in sensitivity in the central part of
the visual field."'

Therefore, it is more appropriate and accessible to examine their axons on the optic nerve disc, where their concentration is
the highest. Since RNFLs are assessed using their average values, we wondered whether their decline would be more
pronounced in some segments. This would also be crucial for early diagnosis and thus early treatment. In our previous study
(where the effect of IOP on RNFL and vessel density was investigated), no correlation was found between IOP and RNFL in
eyes with normal IOP (=—0.06), but a moderate correlation was found for IOP above 20 mmHg (—0.418<7>-0.59).'? For that
reason, the aim of this study was also to define the dependence of RNFL in the individual segments, on the level of IOP.

Materials and Methods

The prospective cohort study consisted of 69 subjects (122 eyes), 32 males (6x one, 26x both eyes) aged 21 to 76 years
and 37 females (4x one and 30x both eyes) aged 22 to 75 years, who were measured to have IOP greater than 21 mmHg
(21-36) in routine ambulatory care. IOP was the result of the average of three measurements with the Ocular Response
Analyser (ORA). The inclusion criteria were as follows: IOP greater than 21 mmHg, visual acuity of 1.0 with possible
correction of less than +3 dioptres, approximately equal changes in visual fields in all eyes, no other ocular or
neurological disease, and no prior treatment for hypertensive glaucoma. RNFL thickness was measured using the
Avanti RTVue XR in the inter-circular range (2—4 mm radius from the centre of the papilla). We evaluated their
thickness in 8 peripapillary segments. Because the segments did not conform to anatomical terminology, we labeled
them with numbers 1-8. The first began with the inferior temporal 1T-1, TI-2, TS-3, ST-4. Similarly, nasal SN-5, NS-6,
NI-7, IN-8 (see Figure 1). Values were adjusted according to the age of the patient. The visual field was examined using
the Medmont M 700 rapid threshold glaucoma program to evaluate the overall defect (OD) parameter. This examination
also served to exclude other influences on the changes in the visual field. To assess the relationship between individual
intraocular pressure ranges and RNFL values, we used Pearson’s correlation coefficient » (» = 0.00-0.19 very weak, r =
0.20-0.39 weak, » = 0.40-0.59 moderate, » = 0.60—0.79 strong, » = 0.80—1.00 very strong).

Figure | Designation of individual segments.
Abbreviations: T, temporal; N, nasal.
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Table | Aggregate Data Mainly on the Relationship Between IOP and RNFL in Each Segment. I-IT, 2-Tl, 3-TS, 4-ST, 5-SN, 6-NS, 7-NlI,

8-in
Age oD IOP RNFL (Analysed Sector)
| 2 3 4 5 6 7 8
Age | 0.13 0.25*% 0.03 0.12 | 0.24* 0.12 —0.01 0.03 | 0.I18* | 0.03
oD 0.13 | —0.15 0.05 0.0l 0.12 | —0.05 0.06 | —0.01 | 0.05 0.18*
IoP 0.25% | —0.15 | —0.23* | —0.02 | —0.04 | —0.24* | —0.31* | —0.14 | —0.06 | —0.28*
RNFL (analysed sector) | 0.03 0.05 | —0.23* | 0.72% | 0.50* | 0.68* 0.39% | 0.44% | 0.34% | 0.34*
2 0.12 0.01 -0.02 | 0.72% | 0.67* | 0.58* | 0.25% | 0.35% | 0.27% | 0.10
3 0.24% | 0.12 | —0.04 | 0.50* | 0.67* | 0.71%* 0.11 0.19% | 0.32* | 0.26*
4 0.12 | -0.05 | —0.24* | 0.68* | 0.58* | 0.71* | 0.30% | 0.38* | 0.35% | 0.28*
5 —0.01 | 006 | —031* | 0.39* | 0.25% | 0.11 0.30% | 0.48*% | 0.40* | 0.57*
6 0.03 | -0.01 | —0.14 | 0.44* | 0.35% | 0.19* | 0.38* 0.48* | 0.63* | 0.37*
7 0.18% | 005 | —0.06 | 0.34* | 0.27% | 0.32*¥ | 0.35% | 0.40* | 0.63* | 0.52%
8 0.03 | 0.18* | —0.28* | 0.34* | 0.10 | 0.26* | 0.28* 0.57* | 0.37% | 0.52* |

Note: *Marked correlations are significant at p > 0.05.

Results

The values of correlation coefficients of RNFL (retinal nerve fibre layer) parameters in each evaluated segment are

shown in Table 1. Result shows that the largest changes in RNFL were observed in segments 1 (=—0.23), 4 (r=—0.24), 5

(r=—0.3) and 8 (»=—0.28). The differences between these segments are rather small. The highest correlation was observed
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Figure 3 RNFL dependence on IOP in segment number 2.

for segment 5 (see Figure 2) and no correlation for segment 2 (Figure 3). Dependence of IOP on OD (=-0.15, p=0.09)
was not observed. OD showed very weak dependence only in segment 8 (r=—0.18), IOP increased with increasing age
(r=0.24, p=0.000).

Discussion
As mentioned in the Introduction, early changes in retinal magnocellular cells occur after pathological IOP elevation.
Perimetric examination of magnocellular ganglion cells, which are localised in the periphery of the retina, does not have
the same validity as RNFL examination. Because the ganglion cell fibres converge to the optic disc, their examination is
much more accessible and has a higher sensitivity than examination of the visual field.

It was already confirmed in the last century that changes in the RNFL outpace changes in the perimeter.'>'¢ The
present studies are consistent with this conclusion.'” The current issue is to diagnose early the magnocellular cell fibres,

which are more damaged in HTG.

Retinal Ganglion Cells
Magnocellular retinal cells are morphologically characterised not only by large somata and dendritic tree, but also by
thicker axons.'®

Of the total number of ganglion cells in the human fovea, there are midget cells (about 90%), parasol cells (about 5%)
and small bistratified cells (about 1%). In the periphery, midget cells make up about 40-45% of the total, parasol cells
about 20% and small bistratified cells about 10%. Thus, from the periphery to the central retina, the number of midget
ganglion cells gradually increases compared to the parasol and small bistratified types.'

In both young and old adults, the magnocellular cells are regularly distributed in a Gaussian fashion along radii that
extend from the perimacula toward the far periphery. Dawson et al did not find these cells in the central retina.
Magnocellular cells may be particularly susceptible to damage in the early stages of inner retinal disease.?’

The dendritic fields of both parasol and midget ganglion cells are smaller in the nasal retina than in the temporal
retina, which is equidistant from the fovea.?'

https:
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Because the number of ganglion cells is smaller in the temporal retinal periphery, their dendritic tree must also be
larger to cover the retina than in the nasal periphery.

This is consistent with the study by Gurcio and Allen, who found in the peripheral retina that the densities in the nasal
retina exceeded those in the corresponding eccentricities in the temporal retina by more than 300%; the superior
exceeded the inferior by 60%.*

Retinal Ganglion Cell Axons
The location of nerve fibres from the periphery of the temporal parts of the retina, by avoiding the macular fibres, to the
upper and lower sectors of the optic nerve disc have been described for almost a century.®

This was confirmed by Hunter et al, who followed the in vivo course of myelinated nerve fibres in the retina of 47 eyes.**

Analysis by Drenhaus et al revealed distinct groups of axon diameters, with the following mean axon diameters and
proportions. The group of small axons with a diameter of 0.55 micrometres accounted for 70%. The group of medium-
sized axons with a diameter of 1.39 microns is 10%.%

Inferior and/or nasal RGC axons were on average larger than superior and/or temporal axons. The inferior retina
contained some very large axons. Foveal axons were on average smaller than non-foveal axons. Peripheral axons were
significantly larger, in contrast to inferior temporal retinal samples or samples nasal to the optic disc.*®

Pathology of Nerve Fibres

Post-mortem examinations have shown that the most susceptible fibres of the optic papilla appear to fall within an
hourglass-shaped zone, with the two widest portions located at the position of 12 o’clock and 6 o’clock.'***” Visual field
defects associated with glaucoma usually initially occur in the upper visual field (corresponding to defects at the lower
pole of the disc).”®>° Optic nerve fibres of larger than average diameter died more rapidly than smaller fibres, although
no fibre size was completely spared at any stage of atrophy.'’

Another study by Quigley et al also demonstrated significant thinning of the RNFL in the lower quadrant in eyes with
intraocular hypertension (OHT) compared to healthy eyes. The finding that initial RNFL thinning occurs in the lower quadrant
of eyes with OHT is particularly interesting. Optic nerve defects associated with glaucoma often occur initially at the lower
pole.*'** RNFL defects measured by OCT in the lower quadrant show the closest association with glaucoma status.*

Glaucomatous neuroretinal rim loss occurred in a sequence of sectors. It generally started in the inferotemporal region
of the disc and then progressed to the superotemporal, temporal horizontal, inferior nasal and finally superior nasal
sectors. This finding may be important for “early” diagnosis of glaucoma.*

RNFL thinning associated with increased IOP in monkeys was observed around the optic nerve disc from the
positions of 6 o’clock to 9 o’clock after laser treatment, and the degree of RNFL thickness reduction varied between
peripapillary sectors. Correlations between cumulative IOP increase and RNFL thickness reduction were statistically
significant for the temporal-superior (p=0.024), nasal-inferior (p=0.044), and temporal (p=0.049) sectors.>”

Tu et al worked on a similar model. They found that the most sensitive quadrants to IOP increase were the lower and
upper quadrants of the RNFL, with the rate of RNFL change almost parallel to the IOP level.*

Similar conclusions in humans were reached by Bowd et al. The mean RNFL was significantly thinner in ocular
hypertension than in normal eyes, at 72.8 micrometres (66.4—78.1 micrometres) and 85.8 micrometres (80.2-91.7
micrometres), respectively. More specifically, the RNFL was significantly thinner in ocular hypertension than in normal
eyes in the inferior quadrant, 84.8 micrometres (75.6-94.0 micrometres) vs 107.6 micrometres (99.3—115.9 micrometres);
and in the nasal quadrant, 44.1 micrometres (37.5-51.7 micrometres) vs 61.8 micrometres (53.0-65.6 micrometres). The
retinal nerve fibre layer was significantly thinner in glaucoma eyes than in ocular hypertension and normal eyes
throughout 360 degrees and in all quadrants.®’

The basis is not known for these observations as described by Bowd et al. It is possible that RNFL thinning in the
lower quadrant of eyes with OHT is an early form of glaucoma that precedes detectable optic nerve and/or visual field
defects. Another possibility is that the RNFL in eyes with OHT may initially be thin in the lower quadrant, making these
eyes particularly susceptible to the effects of elevated IOP.*’
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This review shows the most common RNFL changes in the vertical quadrants of the optic nerve disc. This study can
also be used to specify precisely the individual segment.

It is clear from Gurcio’s study that the lowest number of ganglion cells in the periphery of the human retina is found
in the inferior temporal quadrant, followed by the superior temporal quadrant. This corresponds to the inputs to the optic
nerve disc in the inferior temporal and superior temporal sectors. Even the results of our study are consistent with this
fact. Taking into account the fact that magnocellular cells in HTG do not die selectively, but to a lesser extent also with
parvocellular cells, their loss is more noticeable due to the thickness of their axons.

We have shown that with increasing IOP, there are changes in RNFL in segments 1, 4, 5 and 8. It is highest for no. 5, which
corresponds to the upper segment (r=—0.3, p=0.0006) and no. 8, which corresponds to the lower segment (r=—0.2785,
p=0.002). That is, just at the point where the fibres of the magnocellular ganglion cells enter the optic nerve disc. The loss of
these axons relative to their thickness gives us a great chance to diagnose their early damage.

Conclusion
The unequivocal conclusion of this study is the finding of significant RNFL damage in the lower and upper segments.
These are axons of predominantly magnocellular cells.
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5.3 Korelace NOT a vrstvy RNFL po kompenzaci zastoupeni cév ve
sledovaném objemu segmentu

Aby bylo mozné zjistit skutecnou (¢istou) hodnotu RNFL byla odec¢tena pomoci parcidlniho

korelaéniho koeficientu hodnota VD od RNFL. Regeni bylo publikovano v &lanku Axons of

retinal ganglion cells on the optic nerve disc following vessel density correction at different

IOP values, uvedenym pod referen¢nim ¢islem [29] a v pIném znéni na konci této kapitoly.

Piinosem prace je zjiSténi, ze statisticky vyznamna korelace byla mezi NOT a RNFL
v peripapilarnich segmentech IT, ST, SN a IN. Po odecteni hodnot VD od RNFL se korelace
snizila do dvou segmentl, a to SN (r=-0,32) a IN (r=-0,39). Nejvyssi korelace byla
v segmentu IN. To znamena v mistech, kde do ter¢e zrakového nervu vstupuji axony

magnocelularnich gangliovych bunck z dolni temporalni periferie sitnice.
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Abstract. The present study aimed to determine how the
vascular density (VD) in each segment peripapillary influ-
ences the retinal nerve fiber layer (RNFL) and to eliminate
its contribution to RNFL in pathological intraocular pressure
(IOP). In a cohort of 69 subjects (mean age, 45+6 years old)
with untreated ocular hypertension (122 eyes in total) enrolled
in this study, Ocular Response Analyser IOP was measured
during routine outpatient care. Its value was >21 (range, 21-36)
mmHg in all eyes. Furthermore, peripapillary VD and RNFL
were measured using optical coherence tomography in the
following eight segments: Inferior temporal (segment 1);
temporal inferior (segment 2); temporal superior (segment 3);
superior temporal (segment 4); superior nasal (segment 5);
nasal superior (segment 6); nasal inferior (segment 7); and
inferior nasal (segment 8). The visual field examination was
performed with the fast threshold glaucoma program using the
Medmont M 700. The overall defect was evaluated. Person's
correlation coefficient was used to assess the correlation
between VD and IOP. The largest changes were observed in
peripapillary segments 1,4,5,6,7 and 8. The second part of the
work was to eliminate the contribution of VD to RNFL. The
partial correlation coefficient r was used to adjust RNFL from
VD to assess the dependence between the selected parameters.
The largest changes in RNFL were in segments 5 and 8 after
they had been ‘cleaned’ of peripapillary VD. In conclusion, the
present study revealed that the largest changes in RNFL after
VD adjustment were observed for the incipient hypertensive
glaucoma in segments 5 and 8.
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Introduction

Hypertensive glaucoma (HTG) is a progressive disease, there-
fore early diagnosis and thus initiation of treatment is very
important for preserving visual function (1). At present, HTG
can be detected by measuring changes in the nerve fiber layer
(RNFL), ganglion cell complex and visual field, in addition
to the observation of high intraocular pressure (IOP) (1). The
introduction of optical coherence tomography angiography
(OCTA) has brought new possibilities to the field of glau-
coma over the past decade, by allowing the examination of
peripapillary vessel density (VD) (1).

Our previous study investigating the relationship between
IOP, RNFL and VD revealed no correlations between the
variables assessed in eyes with normal IOP (<20 mmHg). In
healthy eyes, a moderate correlation was observed between
VD and RNFL (-0.43<r<-0.73). In pathological IOP, there was
a moderate correlation between VD and IOP (-0.34<r<0.59)
and a moderate correlation between IOP and RNFL
(-0.42<r<0.59). The correlation between VD and RNFL in eyes
with IOP >20 mmHg showed a moderate to strong correlation
(0.59<r<0.87) (2).

In another previous study that examined the relationship
between pathological IOP and RNFL in individual peripapil-
lary segments, the highest correlation was found in segments 1,
4,5 and 8. This is where the axons of the predominantly
damaged retinal ganglion cells (magnocellular) enter (3).

As not only the nerve fiber layer itself but also the vascular
component contributes to the overall RNFL, the aim of the
present study was to determine how VD in each segment
peripapillary correlated with pathological IOP. Another aim
was to exclude the contribution of the vascular component to
RNFL at high IOP values.

Patients and methods

The study consisted of 69 individuals (122 eyes) with untreated
ocular hypertension that were recruited between January
to May 2022 at Ophthalmology Clinic JL (Prague, Czech
Republic), including 32 males (6 with one eye examined and
26 with both eyes examined; age range, 21-76 years; mean age,
55+13 years) and 37 females (4 with one eye examined and
30 with both eyes examined; age range, 22-75 years; mean age,
52+14 years). Their [OP was measured to be >21 (21-36) mmHg
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during routine ambulatory care and were not diagnosed with
pseudoexfoliative or pigmentary glaucoma and had the same
stage of POAG. The inclusion criteria were set as follows:
Visual acuity of 1.0 with a possible correction of <3 dioptres;
approximately equal changes in the visual fields [in the overall
defect (OD) parameter] in all patients compared with the phys-
iological range and no other ocular or neurological diseases
and no prior treatment for hypertensive glaucoma.

IOP was measured using a non-contact Ocular Response
Analyser II device (Reichert, Inc.), which was averaged
from three measurements in the same eye. VD in the radial
peripapillary capillaries region was measured using the
in-built software of the Avanti RTVue XR instrument
(version 2018.0.018; Optovue, Inc.) in eight peripapillary
segments. As presented in Fig. 1, the firstimage was divided and
marked to show the inferior temporal (IT; segment 1) followed
by the temporal inferior (TI; segment 2), temporal superior
(TS; segment 3), superior temporal (ST; segment 4), superior
nasal (SN; segment 5), nasal superior (NS; segment 6), nasal
inferior (NI; segment 7) and inferior nasal (IN; segment 8)
segments. Examination of all segments was performed
simultaneously in a single measurement. As presented in
Fig. 2, similar peripapillary RNFL measurements in identical
segments were performed with the same instrument (OCT
Avanti RTVue XR instrument).

The visual field was examined using a fast threshold
glaucoma strategy that measured the visual field in range 50°
in nasal direction and 22° in temporal direction (Medmont
M 700 automated perimeter; Medmont International Pty Ltd.).
Therefore, visual field OD was assessed, which also served as
an identifier for the study of unsuitable patients with visual
field abnormalities potentially affecting outcomes.

The statistics were calculated using the software
STATISTICA 13 (version 13.3.721.1; StatSoft). All quantitative
data were expressed as mean + SD. Box-plots were used for
visual comparison of the samples. Relationships between IOP
and RNFL and IOP and VD were measured using Pearson's
coefficient of correlation. The partial correlation coefficient
was used to ‘adjust” RNFL from VD to assess the dependence
between the selected parameters and tells how the IOP value
would correlate with the thickness of nerve fibers in a given
segment if all patients in that segment had the same VD.
P<0.05 was considered to indicate a statistically significant
difference.

The present study was performed according to the
Declaration of Helsinki and was approved by the internal
ethics committee of the Ophthalmology Clinic JL (approval
no. OKJL/220606/13; Prague, Czech Republic). Written
informed consent for participation was obtained from all
patients.

Results

The mean values of age, IOP, OD, VD and RNFL of the
whole population used the in present study are presented
in Table I. The correlation results between IOP and VD of
all 122 eyes are included in Table II. No correlation was
revealed between IOP and OD (r=-0.08, data not shown) (3).
Furthermore, the correlation matrix showed that IOP was
significantly but weakly correlated with VD in segments 1

Figure 1. Designation of each peripapillary segment in which RNFL and
VD were evaluated. 1=Inferior temporal; 2=temporal inferior; 3=temporal
superior; 4=superior temporal; 5=superior nasal; 6=nasal superior; 7=nasal
inferior; 8=inferior nasal. T-temporal, N, nasal area.

(r=-0.29), 4 (r=-0.33), 5 (r=-0.29), 6 (r=-0.37), 7 (r=-0.32)
and 8 (r=-0.23). The strongest correlation was revealed
in segment 6, although the strength of the correlation was
medium (r=-0.37). However, the differences of correlation
coefficients among these segments were relatively small.
For all segments, the correlation with IOP was negative.
Therefore, it appeared that the higher the IOP value, the
lower the VD value in each segment.

Values of correlation coefficients of the RNFL and VD
parameters in each evaluated segment are presented in Table
II. The values for the first were obtained from the same set
of a previous study (3). The relationship between IOP and
the observed nerve fiber segments after VD ‘cleaning’ were
assessed using partial correlation coefficients. The partial
correlation coefficient suggests how the IOP value would corre-
late with the thickness of nerve fibers in a given segment if all
patients had the same VD in that segment. The partial corre-
lation coefficient always takes values between -1 and 1. If r
comes out close to -1, it indicates an inverse linear dependence
between the variables (the larger one variable is, the smaller
the other is); if r comes out close to +1, it indicates a direct
linear dependence (the larger one variable is, the larger the
other is). If » comes out close to 0, it indicates that the vari-
ables are linearly independent. One is unrelated to the other
and vice versa. According to the value of the partial correla-
tion coefficient it is possible to distinguish: Weak (lrl<0.3),
medium (0.3<Ir1<0.8) and strong (I7I>0.8) linear dependence
(correlation).

Table II reveals that significant correlations between IOP
and RNFL were found in segments 1 (r=-0.23), 4 (r=-0.24),
5 (r=-0.31) and 8 (-0.28). As aforementioned, the highest corre-
lations between VD and IOP were revealed in segments 1, 4,
5,6 .7 and 8. After VD-adjustment, significant correlations of
medium strength between IOP vs. RNFL-VD were revealed in
segments 5 (r=-0.32) and 8 (r=-0.39).
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Figure 2. Optical coherence tomography angiography report: Retinal nerve fiber layer thickness values (left image) and vessel density in each segment (right
image). ILM, internal limiting membrane; NFL, neuro fibre layer; RPC, radial peripapillary capillaries.

Discussion

For the early diagnosis of changes in the nerve fiber layer,
which segment in the peripapillary region of the retina to focus
on is important. Since the vascular component contributes
non-negligibly to its total thickness, the present study sought
to determine its ‘true’ value after elimination of the VD.
(2) Our previous work has demonstrated that as IOP increases,
VD decreases and the relationship between VD and RNFL
increases (2).

Accumulating evidence suggests that abnormalities in the
retinal microcirculation and ocular blood flow disturbances
contribute to the development of primary open angle glau-
coma (4-6). However, the precise role of vascular abnormalities
in the pathogenesis of glaucoma remain poorly understood (7).
The significant effect of VD on visual field changes in HTG
was also demonstrated in a previous study (8).

Chen et al (9) previously investigated the effect of latano-
prost (a drug that lowers IOP) on VD. This study found
statistically significant increases of VD in the IT, TS, ST,
SN, NI and IN segments This corresponds to segments 1,
3,4,5,7 and 8 in the current study. Moreover, the present
study similarly revealed the greatest effect of pathological
IOP on VD in segments 1, 4, 5, 6, 7 and 8. Similar findings
were also observed by Shin ef al (10), where peripapillary
microvascular improvement was observed in 61.3% eyes at
3 months after anti-glaucomatous surgery. Improvements in
VD after anti-glaucomatous surgery have also been observed
by Park er al (11). By contrast, Zeboulon et al (12) revealed
no significant changes in the peripapillary VD of their cases,
with a mean baseline IOP of 23.7+9.5 mmHg and a mean IOP
of 12.2+3.5 mmHg (=40% reduction) at 1 month after the
operation. Diaz et al (13) previously reported that high IOP
significantly reduces the VD per unit area in the laminar and
retrolaminar regions of the optic nerve. It should be noted that
after the application of latanoprost and timolol for glaucoma,
neither the capillary density nor the capillary volume fraction

in the cribriform disc region returned to their original values.
Wang et al (14) previously found an immediate change in VD
values when IOP was experimentally increased using OCTA.
Therefore, this may be one of the reasons why vascular
alterations may occur before the degeneration of RNFL, even
in patients with normal IOP. Conversely, following RNFL
atrophy, changes in VD also occur (15). Glutamate, as the
main neurotransmitter in the visual pathway, may play a major
role, by not only acting excitotoxically on the visual analyzer
cells (16,17) but by also affecting the vascular system (15).

In the present study, a weak correlation was found
between IOP and VD, specifically in segments 1, 4, 5, 6,7
and 8, where the highest degree of correlation was found in
segment 6 (r=-0.37).

This is probably due to the larger number of retinal vessels
that nourish the inner retinal layers, as the upper nasal quadrant
of the retina contains the largest number of ganglion cells (18).
These results only partially correlate with the results of our
previous study (3), where pathological IOP values were shown
to be inversely proportional to RNFL in segments 1, 4, 5, and
8. Therefore, the role of VD in RNFL loss is probably not
direct, yet the highest correlation between these parameters
has been previously observed in segment 5 (r=-0.31) according
to a review study (3).

IOP is a major risk factor for the development of glaucoma
and its progression (9,10). After an increase in IOP, the ganglion
cells of the retina are altered, which is demonstrated by studies
of different animal models of glaucoma revealing a higher
sensitivity (compared with other parvocellular ganglion cells)
to IOP in magnocellular ganglion cells (19-21). As described
by Weber er al (22) and Naskar et al (23), the first changes after
IOP elevation begin in the ganglion cells themselves, and their
axons change later. The notion that these are predominantly
magnocellular fibers has been confirmed by Quigley er al (24),
where larger diameter fibers died faster compared with smaller
fibers, although no fibre size was completely spared at any
stage of atrophy. Retinal magnocellular cells die before their
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Table I. Values of dataset age, RNFL, VD and OD and their standard deviations.

Parameter

Value + standard deviation

No. of eyes (male/female)
Mean age, years
Mean intraocular pressure, mmhg
Mean OD (-)
VD, %

1-IT

2-TI

3-TS

4-ST

5-SN

6-NS

7-NI

8-IN
RNFL thickness, pm

1-IT

2-TI

3-TS

4-ST

5-SN

6-NS

7-NI

8-IN

122.00 (32.00/37.00)
45.00+6.00
23.65+2.70

1.93+1.19

56.44+6.33
52.85+4.02
55.80+3.58
54.44+6.00
49.36+8.38
48.30+5.13
46.81+5.34
50.66+13.43

139.64+24 .85
69.49+12.02
72.93+12.15
123.07+£22.02
127.33+23.33
103.07+16.72
85.69+15.74
129.94+21.99

IT, inferior temporal segment; TI, temporal-inferior; TS, temporal-superior; ST, superior temporal; SN, superior nasal; NS, nasal-superior;
NI, nasal-inferior; IN, inferior-nasal; RNFL, retinal nerve fiber layer; OD, overall defect of visual field; VD, vessel density.

Table II. Pearson correlation coefficients between IOP and RNFL, IOP and VD in each segment and partial correlation coefficient

between IOP and RNFL adjusted by VD.

Pearson's correlation coefficient (n=122)

IOP vs. VD IOP vs. RNFL-VD

Segments IOP vs. RNFL

I-IT -0.23* (P=0.010)
2-TI -0.02 (P=0.790)
3-TS -0.04 (P=0.670)
4-ST -0.24* (P=0.007)
5-SN -0.31* (P=0.001)
6-NS -0.14 (P=0.117)
7-NI -0.06 (P=0.532)
8-IN -0.28* (P=0.002)

-0.29* (P=0.001)
-0.17 (P=0.060)
-0.10 (P=0.259)
-0.33* (P=0.000)
-0.29* (P=0.006)
-0.37% (P=0.000)
-0.32* (P=0.000)
-0.23* (P=0.010)

-0.13 (P=0.192)
-0.03 (P=0.876)
-0.05 (P=0.613)
-0.13 (P=0.189)
-0.32* (P=0.002)
-0.11 (P=0.252)
-0.01 (P=0.971)
-0.39* (P=0.001)

*P<0.05.1IT, inferior temporal segment; TI, temporal-inferior; TS ,temporal-superior; ST, superior temporal; SN, superior nasal; NS, nasal-superior;

NI, nasal-inferior; IN, inferior-nasal; RNFL, retinal nerve fiber layer; VD, vessel density; IOP, intraocular pressure.

axons in hypertensive glaucoma, therefore, our previous study
investigated RNFLs in different peripapillary segments, which
revealed that their greatest atrophy is where magnocellular
fibers enter the optic disc (3). To refine their reduction, the
present study decided to ‘clean’ them from VD. Hood et al (25)
demonstrated that VDs play a significant role in RNFL

thickness, and that ~13% of the total peripapillary RNFL
thickness in healthy subjects is attributable to blood vessels.
Patel et al (26) similarly revealed that blood vessels account for
9.3% of the total RNFL thickness or area, but vary by retinal
location. On average, 17.6% of the upper and 14.2% of the lower
RNFL are vascular, whereas blood vessels comprise only 2.3%
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of the areas of the temporal and nasal RNFL. Pereira er al (27)
reported that, according to their model, the circumpapillary
distribution of retinal vessels is affected by VD in up to 70%
of RNFL thickness. In addition, Allegrini et al (28) revealed
a vascular contribution to RNFL thickness of 29.07+3.945%.

The present study also demonstrated that the greatest effect
of pathological IOP is on VD in segments 1,4, 5,6,7 and §, and
for RNFL in segments 1, 4, 5 and 8. After ‘cleaning’ VD for
RNFL thickness, the current study observed the highest IOP
correlations in segments 5 and 8; that is, at the points where the
strongest axons of ganglion cells, which correspond to magno-
cellular cells, enter the optic disc. Therefore, in early stages of
hypertensive glaucoma, the present study recommends focusing
on RNFL assessment in the upper and lower segments of the
optic nerve disc peripapillary region. In conclusion, the present
study revealed the most significant RNFL damage in the lower
and upper segments after ‘cleaning’ from VD, which is the
location where the magnocellular fibers are found.
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5.4 Efektivita diagnostiky glaukomu v souvislosti se zménou VD a
korigované hodnoty RNFL

Reseni problematiky tohoto dil¢iho cile je aktualné v recenznimu fizeni k publikaci, a to

jako c¢lanek s nazvem Vessel density and retinal nerve fibre layer association with

intraocular pressure in glaucoma, plné znéni je na konci této kapitoly.

U oc¢i s NOT <20 mmHg nebyla zjisténa zadna korelace pro PP-VD, WI-VD nebo RNFL.
Nejvyssi korelace byla zjisténa u WI-VD; u o¢i s NOT > 20 mmHg, r=-0,48; u o¢i s NOT
>22 mmHg, r=-0,54; au o¢i s NOT > 24 mmHg, r=-0,57. Korelace mezi NOT a RNFL byla
stiedni, zatimco korelace mezi NOT a WI-VD (r=-0,57) byla piekroCena pouze u o¢i s NOT
> 24 mmHg (r=-0,59). Nejvétsi korelace byla zaznamendna u WI-VDs (r=-0,48) a VD v
segmentu IT (r=-0,48). Podobna korelace byla i u RNFL (r=-0,42). U RNFLc, kde nebyla

zaznamenan zadn4 statisticky vyznamna kolerace.

Vysledky ukazuji, Ze hodnoty VD jsou vyznamné pro casnou diagnostiku glaukomu,

konkrétné WI-VDs a hlavné peripapilarni VD v segmentu IT.
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SOUHRN

Cilem prace bylo zjistit, zda se méni cévni parametry sitnice a RNFL u o¢i se zvySenym
nitroo¢nim tlakem (NOT) a pokud ano, keré jsou pro ¢asnou diagnostiku glaukomu
vyznamnéj$i?

Soubor tvotilo 26 zen priimérného véku 45 (22-70) let a 26 muza pramérn¢ho véku 43 (20-
71) let. Celkem 104 oc¢i. NOT byl u vSech o¢i vys$si nez 21 mmHg (21-36 mmHg). NOT byl
méften pristrojem Ocular Response Analyser (ORA, Reichert) a vysledna hodnota vznikla z
priméru tfi méteni. TlouStka RNFL a VD byla méfena pomoci Avanti RTVue XR (Optovue).
V ptipad¢ VD celého obrazu i peripapilarné a také peripapilarné€ v osmi segmentech: Inferior
Temporal - IT; Temporal Inferior - TI; Temporal Superior -TS; Superior Temporal - ST;
Superior Nasal - SN; Nasal Superior - NS; Nasal Inferior - NI a Inferior Nasal - IN. V ptipadé
korigované RNFL (RNFLc) byla hodnota VD odectena od celkové hodnoty RNFL.

Pomoci Pearsonova korelacniho koeficientu byly vysledky NOT porovnany s VD a RNFL.
Podobné i vysledky NOT s VD a RNFLc¢ v jednotlivych peripapilarnich segmentech.
Vysledky: Nejvétsi korelace byla zaznamenana u WI-VDs (r=-0,48) a VD v segmentu IT (r=-
0,48). Podobna korelace byla i u RNFL (r=-0,42). U RNFLc jsme nezaznamenali zddnou
statisticky vyznamnou korelaci.

Zaver: Prokazali jsme, ze pro v¢éasnou diagnostiku glaukomu jsou dulezité hodnoty VD a to
WI-VDs a peripapilarni VD v segmentu IT.

Kli¢ové slova: vessel density, retinal nerve fiber layer, intraocular pressure

UvVoD

Glaukom je progresivni onemocnéni, u kterého hraje pro zachovani zrakovych funkci, v€asné

stanoveni diagndzy a zahajeni 1écby zasadni roli.



Vzhledem k jeho asymptomatické povaze je v€asné odhaleni onemocnéni pied jeho
zavaznymi stadii naro¢né a pocet diagnostikovanych pacientl s glaukomem je mensi nez
nediagnostikovanych pacientt.

[1,2]. Naptiklad v Ciné mira diagnostiky primarniho glaukomu s otevienym tthlem &ini pouze
10 % [3].

Pro v€asnou diagnostiku glaukomu ma velky vyznam algoritmus poskozeni jednotlivych
struktur sitnice a zrakového nervu. Soto se spolupracovniky na mysich modelech zjistili, Ze
degenerace sitnicovych gangliovych bun¢k (SGB) u glaukomu ma dvé separatni stadia: prvni
zahrnuje atrofii gangliovych bunék a druhé poskozeni jejich axonti. Retrolaminéarni
degenerace axonl probihd pfed degeneraci jejich intraretindlni ¢asti [4].

Vzhledem k témto zjiSténim nas zaujala experimentalni prace Tao a spol., ktefi po
piechodném zvyseni nitroo¢niho tlaku (NOT) u mysi, zjistili vaskularni remodelaci sitnice;
pocet kapilarnich vétvi byl snizen v povrchovém a intermedidlnim vaskuldrnim plexu. Pocet
SGB, primér centralni retinalni arterioly a hluboké vétveni kapildrniho plexu nebyly
ovlivnény. Tyto dfive nedocenéné nalezy naznacuji, ze piechodné zvyseni NOT muize
zpusobit nerozpoznanou a potencialné dlouhodobou patologii SGB a souvisejicich
neurovaskularnich jednotek [5]. Podobné zmény zjistila 1 Pitale a spol., ktefi po prechodném
zvySeni NOT po dobu 2 tydnli v podobném experimentu u mysi, zjistili normalni pocet SGB,
ale vyznamné snizeni poctu kapilarnich spojeni/mm?2 v intermedidlnim retindlnim kapilarnim
plexu, ktery uSettil ostatni plexi. Hustota kapilarniho spojeni, délka cév a vaskularni plocha
byly vyznamné sniZzeny a pocet acelularnich kapilar se dramaticky zvysil [6].

I my jsme v piedchozi praci prokazali stfedni korelaci mezi vessel density (VD), vrstvou
retinalnich nervovych vlaken (RNFL) a NOT u o¢i, kde byl NOT vyssi nez 20 mmHg [7].
ProtozZe se na celkové hodnot€¢ RNFL vyznamné podili i hodnota VD, provedli jsme
“ocisténi” RNFL od VD (RNFLc) v jednotlivych peripapilarnich segmentech. Vysledkem
bylo zjisténi, Ze zvySovani NOT se vyznamnéji podili na VD nez na korigované RNFL
[8.9.10].

To je pro ¢asnou diagnostiku glaukomového onemocnéni dilezitd informace, nebot’ zmény v
RNFL nasledu;ji az po alternaci SGB. Jak je uvedeno v experimentalnich pracich Tao a spol
[5] a Pitale a spol.[6], cévni zmény sitnice pfedbihaji zménam v SGB.

Proto bylo i cilem této prace zjistit, zda k vyznamnéj§im zménam u o¢i s patologickym NOT
dochazi v sitnicovém cévnim systému nebo ve vrstvé sitnicovych nervovych vldknech
(RNFL). Pokud to bude sitnicovy cévni systém, zda jsou vyznamnéjsi zmény ve vessel

density (VD) peripapilarné€ nebo celého obrazu (WI)?



Na zakladé vyse korelace pak stanovit diilezitost jednotlivych prametrti pro ¢asnou

diagnostiku glaukomu.
Soubor a metodika

Soubor tvotilo 26 Zen primérného veku 45 (22-70) let a 26 muzi primérného véku 43 (20-
71) let. Celkem 104 oc¢i. NOT byl u vSech o¢i vyssi nez 21 mmHg (21-36 mmHg). Data byla
sbirana od inora do dubna 2021 na O¢ni klinice JL (Praha, Ceska republika). Hodnoty NOT
byly vysledkem praméru tfi méfeni za pouziti Ocular Response Analyser (ORA, Reichert).
Kritéria pro zatazeni byla nasledujici: zrakova ostrost 1,0 s moznou korekci méné nez +3
dioptrie, beze zmén v zornych polich, zddné jind o¢ni nebo neurologickd onemocnéni a zadna
piedchozi 1é¢ba hypertenzniho glaukomu.

Tloustka RNFL a VD byla méfena pomoci Avanti RTVue XR (Optovue). V ptipadé¢ VD
celého obrazu i peripapilarné a také peripapilarné v osmi segmentech: Inferior Temporal - IT
(1); Temporal Inferior - TI (2); Temporal Superior -TS (3); Superior Temporal - ST (4);
Superior Nasal - SN (5); Nasal Superior - NS (6); Nasal Inferior - NI (7) a Inferior Nasal - IN
(8). Obrazek 1.

V ptipadé¢ RNFLc byla hodnota VD (%) odectena od celkové hodnoty RNFL. Obrazek 2.
Pomoci Pearsonova korela¢niho koeficientu byly vysledky NOT porovnany s VD a RNFL k
posouzeni vztahu mezi vybranymi parametry. Podobné i vysledky NOT s VD a RNFLc v
jednotlivych peripapilarnich segmentech.

Obrazek 1. Oznaceni jednotlivych peripapilarnich segmentii, v nichz byly hodnoceny RNFL a
VD. 1=Inferior Temporal; 2=Temporal Inferior; 3=Temporal Superior; 4=Superior Temporal;
5=Superior Nasal; 6=Nasal Superior; 7=Nasal Inferior; 8=Inferior Nasal. T-temporal, N -

Nasal area.



Vysledky

Pii porovnani RNFL s NOT jsme zjistili stfedni zavislost (r=-0,42). Po odecteni VD od
hodnot RNFL (RNFLc) v jednotlivych segmentech jsme nezjistili Zddnou zavislost.

Stiedni zavislost jsme zaznamenali 1 mezi PP-VD a PP-WI. Nejvyssi hodnoty byly u WI-VDs
(r=-0,48).

U VD v jednotlivych segmentech byla slaba zévislost v segmentu 2, sttedni v segmentech 1,
4,5,6,7a8. Zadna v segmentu 3. Nejvyssi hodnotu jsme zaznamenali v segment IT (r=-

0,48). Tabulka 1.

a) b)
RNFLc |RNFLc
r P Segmenty | VD r VD P . P
PP-VDa |-0,43 |0,00 1-IT -0,48 0,00 -0,18 0,08
PP-VDs |-0,45 0,00 2-TI -0,23 0,04 -0,03 0,81
WI-VDa |-0,34 |0,00 3-TS -0,12 0,23 -0,05 0,65
WI-VDs |-0,48 0,00 4-ST -0,37 0,00 -0,18 0,08
RNFL -0,42 10,00 5-SN -0,31 0,00 -0,17 0,09
6-NS -0,42 0,00 -0,05 0,64
7-NI -0,35 0,00 -0,02 0,84
8-IN -0,32 0,00 -0,06 0,53

Tabulka: Korelace mezi PP-VDa, PP-VDs, WI-VDa, WI-VDs, RNFL a NOT (a). Korelace
mezi VD a RNFLc v jedotlivych segmentech (b). Cervené jsou oznadeny statisticky

vyznamné zavislosti.



RNFL thickness image [pum] VD image [%] RNFLc thickness image [um]
Obrazek 2. RNFL (a), VD (b), RNFLc (c).

Diskuse

Vaskulatura sitnice je tfivrstva sit’ sestavajici z povrchového retinalniho kapilarniho plexu
(SRCP), intermedialniho retindlniho kapilarniho plexu (IRCP) a hlubokého retinalniho
kapilarniho plexu (DRCP). SRCP vyzivuje RNFL, SGB a dendrity ON-SGB ve vnitini
plexiformni vrstvé (IPL). IRCP pak dendrity OFF-SGB v IPL a amakrinni buiiky ve vnitini
nuklearni vrstvé (INL). DRCP vyzivuje bipolarni bunky (BP) a horizontalni buiiky (HC) ve
vnéjsi plexiformni vrstvé (OPL) [11,12]

OFF-SGB a zejména jejich dendrity, jsou nachylnéjsi ke zvySeni NOT nez ON-SGB
[13,14,15,16].

Vzhledem k tomu, ze primarnim krevnim zasobenim pro OFF-SGB a vrstvu IPL (dendrity
OFF-SGB) je IRCP [11.12], snizeny lokalni prutok krve ocekavany u kapilar IRCP
indukované vysokym NOT ma vérohodné anatomické vysvétleni [17].

Jak jsme uvedli v tvodu Tao a spol. a Pitale a spol. prokazali v experimetu cévni zmény v
sitnicovycch kapilarnich plexich po pfechodném zvyseni NOT aniz by doslo k poskozeni
SGB [5,6].

Glaukomatozni cévni zmény byly nalezeny i v humanni medicine. Chen a spol. zjistili u
glaukomovych o¢i snizenou hustotu cév v makularni i peripapilarni oblasti i v celém obraze
[18].

Kromé toho klinické studie u pacientd s glaukomem vyuzivajici optickou koheren¢ni

tomografickou angiografii (OCTA) uvadéji, ze pfechodné fluktuace NOT mohou zpisobit



hypoxické poskozeni, které vede k mikrovaskularnim zménéam jak v sitnici, tak v v hlavé
zrakového nervu [19,20,21].

My jsme v této praci prokazali korelaci mezi patologickymi hodnotami NOT a VD (PP i WI)
a celkovymi hodnotami RNFL. U RNFLc jsme nezaznamenali zadnou zévislost.

Nase vysledky jsou ve shoddé¢ s Akil a spol., ktefi prokézali statisticky vyznamné zmény v
PP-VD u glaukomatikl preperimetrického stadia ve srovnani s kontrolni skupinou [22].
Vysokou korelaci mezi VD a RNFL pozorovali také Yu et al [23] a Lee et al [24] a navrhli, ze
pokles VD u glaukomu je sekundarnim diisledkem ztraty RNFL.

Triolo et al zaujali podobny ndzor [25].

Nase prace prokézala, ze cévni zmény piedbihaji zmény ve vrstvé nervovych vldken sitnice.
Myslime si, ze primarni jsou zmény ve VD a sekundarni v RNFL.

Tomu by odpovidaly i histologické nélezy v experiment [4].

Podobné i Feher a spol. zjistili, Ze zvySeny NOT zpocatku stla¢uje mikrocévy hlavy
zrakového nervu a tim dochdzi k ischemizaci dané tkané€. V ocich se zvysenym NOT se
vyrazné zvysil pocet beta-adrenergnich receptort [26].

Chen a spol. prokazali u glaukomovych o¢i, Ze hustota cév v celém obraze (WI-VD) u
glaukomatickych oc¢i byla niz§i nez u zdravych o¢i v makularni (38,5 % + 2,2 % vs. 43,2 % +
2,3 %) a peripapilarni oblasti (43,8 % £ 5,7 % vs. 53,3 % + 3,0 %). Hustota
cirkumkapilarnich cév (cpVD) byla u glaukomatickych o¢i rovnéz nizsi (53,3 % + 7,0 % vs.
61,5 % + 3,2 %) [27].

Podobné vysledky VD jsme zaznamenali 1 v této praci.

Oztiirk a spol. prokazali s progresi glaukomu rovnéz klesajici hodnoty VD. Vétsina
peripapilarnich a makularnich VD parametrti skupin preperimetrického glaukomu a ¢asného
glaukomu byla nizsi nez u zdravych kontrol (P<0,001). Mezi skupinami preperimetrického a
casného glaukomu nebyl zadny vyznamny rozdil v RNFL, ale bylo zjiSténo, ze vétsSina
peripapilarnich a makularnich VD byla niz§i ve skupiné€ pocinajiciho glaukomu nez ve
skupiné preperimetrického (P<0,05) [28].

K podobnym vysledkiim dospéli i Yarmohammadi a kol. Pomoci OCTA zjistili, Ze hustota
cév, ma podobnou diagnostickou piesnost jako méfeni tloustky RNFL [19].Nase vysledky
nekorigované RNFL prokézali podobny zavér. Po odecteni hodnot VD od celkové RNFL
(RNFLc) se vysledky ale vyznamné li§i. Podobnou préci, kde by autofi zjistovali vztah mezi
NOT a RNFL po korekei VD jsme v literature nenasli.

Mansoori T. a spol. piedlozili studii srovnani hustoty radidlnich peripapilarnich kapilar (RPC)

mezi zdravymi ofima a pacienty s primarnim glaukomem otevieného uhlu pomoci OCTA.



Zjistili, ze hustota RPC byla nizsi v inferotemporalnich (p=0,002) a superotemporalnich
(p=0,008) sektorech ve skupiné POAG ve srovnani se zdravymi kontrolami [29].

Nase vysledky ukazaly na nejvyssi korelaci v segmentu IT (r=-0,48).

Zavér

Pro glaukomové onemocnéni je kardinalni v€asné stanoveni diagnozy a zahdjeni 1€¢by.
Prokazali jsme, Ze vessel density malych cév celého obrazu (WI-VDs) nejvice koreluje se
zvySujicim se NOT. Podobnou korelaci jsme zaznamenali i u VD v IT peripapildrnim
segmentu. Proto lze tato vySetfeni doporucit, v komplexu dalSich glaukomovych testl, na

jedno z prvnich mist.
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6 Diskuze

Hlavni zjisténi prace je, ze pfed progresi zeleného zakalu, u kterého dochazi k degradaci
vrstvy nervovych vlaken, které ovliviiuji zorné pole ¢ili vidéni, predchazi sektorovité

zmenSeni vrstvy cévnatky v inferior-temporalni pepripapilarni ¢asti sitnice.

Tato prace si kladla za cil v€asnou diagnostiku zelené¢ho zakalu, kde se v klinické praxi ¢eka
na zmény (degradace) v nervovych vldknech a nasledné vypadky vidéni v zorném poli.
Prvni prace prokdzala souvislost zmény ve vrstvé nervovych vladken a/nebo v zorném poli
na rozdilnych hodnotach tlaku, kde doslo k silné koleraci mezi vrstvou nervovych vlédken
v zavislosti na velkosti nitroo¢niho tlaku nad 24 mmHg. Podobnd prace od autora
Alessandro A Jammal. et al., kde hledali souvislost rychlosti progresese na tloustce
nerovovych vldken v zavislosti na nitroo¢nim tlaku. Zjistili, Ze pii zvySeni tlaku o I mmHg
dochazi k ztenceni nervovych vlaken o 0,05 pm/rok a nelze stanovit ,,bezpe¢nou* hodnotu
tlaku. I pfi niz§im tlaku pod 18 mmHg dochédzelo v 33 % pfipadi k rychlé progresi

onemocnéni.[30]

Dalsi otazka, kterd se nabizi je, jestli dochazi k ubytku nervovych vladken stejné ve vSech
segmentech peripapilarni oblasti. Zde bylo zjisténé, ze ke zméné tloustky nervovych vladken
dochazi v sektorech inferior-nasal a superior-nasal sektorech pii zménach nitroo¢niho tlaku.
Podobné problematice se vénoval K Subrahmanya Bhat et al., kde vSak byly porovnavany
zmény v zorném poli v zévislosti na tloust'ce nervovych vldken. Ve vyzkumu této prace
bylo zjiSténo, ze dochazi k nejvyssi zmeéné v sektoru temporal-inferior a nasledné v nasal-
inferior, ale nezjiStovali zmény v raznych hodnotach tlaku, ale redlné zméné
z perimetrickych vysledki, tzn. Ze jiz dochazi k pokrocilé degradaci nerovovych vldken

na rozdil od vyzkumu této prace, kde je vyzkum zaméten na rané stadium. [31]

Pozornost se nasledn¢ ubrala na velikost hustoty cév v riznych sektorech, které zasobuji
nervova vlakna v peripapildrni €asti. Problém je, Ze OCT pftistroje meii RNFL, jejiz soucasti
je 1 cévnatka. Otazka znéla, jestli tloustka cévnatky ve vSech sektorech stejna. Vystupem
prace bylo zjiSténi, Ze neni a nejvyssi procento hustoty cév je v superior-nasal a inferior-
nasal, protoze v této ¢asti vystupuji ze zrakového nervu hlavni vétve cév. Tato myslenka je

revoluéni a neexistuje prace, kterd by se zabyvala touto problematikou.

Z ¢lanku Hood et al. prokazali, Ze VD hraji vyznamnou roli v tloustce RNFL a ze ~13 %

celkové tloustky peripapilarni RNFL u zdravych osob piipadd na cévy. [32] Patel et al.
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podobné odhalili, Ze cévy predstavuji 9,3 % celkové tloustky nebo plochy RNFL, ale lisi
se podle umisténi peripapilarni oblasti terce zrakového nervu. V priméru 17,6 % horniho a
14,2 % dolniho RNFL tvofi cévy, zatimco krevni cévy tvoti pouze 2,3 % ploch temporélniho
a nazalniho RNFL. [33] Pereira et al uvad¢ji, ze podle jejich modelu je cirkumkapilarni
distribuce cév sitnice ovlivnéna VD az v 70 % tloustky RNFL. [34] Allegrini et al. odhalili
podil cév na tloustce RNFL ve vysi 29,07+3,945 %.[35] Piistroj OCT méfi vrstvu
nervovych vladken jako soucet nervovych vldken a cév. Proto bylo nutné rozlisit tyto vrstvy
od sebe. OCT ma funkci méteni zvlast’ vrstvu cévnatky na principu vice snimka v Case, kdy
pristroj rozezna odezvu od proudéni erytrocytit v krevnim fteciSti a odecCist od vrstvy
nerovovych vlaken, takZe zbude hodnota pouze Cisté nervova vldkna. Dal$im zjisténim bylo,
ze procentudlni tlouStka nervovych vldken neni v riznych Ccastech sitnice stejna.
Jiyun et al. zjistovali korelaci hustoty cév s riiznymi stupni zeleného zakalu, avSak bylo
pocitdno s RNFL jako cely obraz [36]. Hlavni mySlenka byla rozdélit peripapilarni limec
do jednotlivych segmentii, jak bylo feCeno v minul¢ praci v kapitole Korelace NOT a vrstvy
RNFL po kompenzaci zastoupeni cév ve sledovaném objemu segmentu a dle hodnoty
nitroo¢niho tlaku sledovat zmény hustoty cév v case. Zjisténim bylo, ze pfi tlaku
nad 24 torrti byla silna korelace ubytku cév v sektoru inferior-temporal, kde je korelace
vys$8i nez, pti méfeni celého prufezu vrstvy nervovych vldken véetné cévnatky, jaky je zvyk

v klinické praxi.

6.1 Pfinos pro biomedicinské inzenyrstvi

Glaukom v soucasné dob¢ patii mezi nejcastéj$i onemocnéni, které ireverzibilné poSkozuje
zrakovy analyzator. Je daleko vice nediagnostikovanych nez I1éCenych pacienti

s glaukomem. Jakmile se jednou onemocnéni odstartuje, ani samotna lé€ba nezastavi jeho

vvvvvv

3

,kolapsu®“ magnocelularnich gangliovych bunék sitnice bylo verifikovdno v humanni
mediciné v nékolika publikacich. Tento kolaps souvisi s vaskularnimi zménami sitnice a
zrakového nervu, které ptichézeji jako prvni po zvySeni nitroo¢niho tlaku. Tato préace
pfedkladd moznost diagnostiky vaskularnich zmén v dobé&, kdy nemusi byt ireversibilni
zmény gangliovych bunék ¢i jinych sitnicovych struktur po zvyseni nitroo¢niho tlaku. Proto
je 1 pfinos této prace v moznostech ¢asné diagnostiky pomoci OCT angiografie, ktera patii

do oblasti biomediciny. Bude ale nutné provést méteni na velké skupiné zdravych jedincii

a vytvofit normativni data pro srovnani s patologickymi hodnotami v riiznych vékovych
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skupinach. Proto ma tato prace nejen vyzkumny, ale i socioekonomicky vyznam, protoze

vewvr

1 naklady na socialni zabezpeceni zrakové postizenych ¢i slepych glaukomatikd budou

pro dany stat mit velkou ekonomickou zatéz.
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7 Zavér

Diagnostika glaukomu je stanovena az po nevratné apoptéze gangliovych bunék, které
se projevi jako koncetrické ziizeni zorného pole. Diilezitym pilifem pro stanoveni diagnozy
je vySetfeni na perimetru, ktery prokaze zmenseniho zorného pole. Lécba je nasledné

zahajena prili§ pozdé¢, kdy pacientovi se jiz nezvratné poskodil zrak.

Dosavadni vyzkumy i navrhy European Glaucoma Society jsou zastaralé a zamétuji se
na vySetfeni zrakového nervu a nervii vystupujici z papily zrakového terce. Vyzkumna cast
prace vysvétluje, ze diive jsou zasazeny drobné cévy oka, kde se jejich hustota sektorovité
méni. Toto je revolucni pristup, ktery mize vcasnymi preventivnimi prohlidkami zah4jit

1é¢bu zeleného zakalu veas a tak zvysit kvalitu zivota pacienta.

Tato prace poukazuje na moznost v€asné diagnozy, kterd tkvi ve vySetfeni hustoty malych
cév za pouziti OCT se spojenim s angriografii, kde nejvétsi diraz by mélo byt sledovani

v segmentu inferior-temporal od papily zrakového nervu.
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