UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Collegium Medicum
im. Ludwika Rydygiera w Bydgoszczy

Bydgoszcz 2023



UNIWERSYTET
MIKOtAJA KOPERNIKA
W TORUNIU

Wydziat Lekarski
Collegium Medicum w Bydgoszczy

Katarzyna Zabel

Uzytecznos¢ kliniczna mikroperymetrii w diagnostyce jaskry

pierwotnie otwartego kata

Rozprawa na stopien doktora nauk medycznych

Promotor:

prof. dr hab. Jakub J. Katuzny

Bydgoszcz 2023



Serdeczne podziekowania kieruje do mojego promotora
Pana prof. dr. hab. Jakuba Katuznego,
ktorego pomoc i wsparcie byto kluczowym

elementem podczas powstawania mojej pracy.



Spis tresci

WYKAZ SKIOTOW ..ceiiiiiiiiiiee et s e e eeees 5
Nota informacyjna i wykaz publikacji stanowigcych rozprawe doktorska......... 6
LT =T o O PP PPPPPPPPRTPPPPPPIRt 8
Cele Pracy dOKEOISKI€] . .uiiiiiiririeei ittt e e e s s saeae s 16
PUblikacje Oryginalne .......coeiiiiiiiiii e 17
Omowienie prac wchodzgcych w sktad pracy doktorski€j......ccceecuvveeeeiinnnneen. 47
WWNTOSKI ettt ettt s e e e s e e 53
Oswiadczenia autordw publikacji.......ueeeeeviiiiieiiiiiiiiie e 54
SEPESZCZENI .. 71
SUIMMIAIY ittt ee ettt e e e e e e e e e eeee et teteeebe b snaa s aeeeeaaeeaeeeseenees 74



Wykaz skrotow

AT (average threshold) — czuto$¢ progowa siatkdwki

AUROC (area under the receiver operating characteristic curve) — pole powierzchni
pod wykresem krzywej

BCEA (bivariate contour ellipse area) — dwuwymiarowa powierzchnia elipsy konturowej
BCVA (best corrected visual acuity) — najlepsza skorygowana ostros¢ wzroku

DVP (deep vascular plexus) — splot naczyniowy gteboki

GCC (ganglion cell complex) — kompleks komdrek zwojowych siatkdwki

MD (mean deviation) — Srednie odchylenie

MP (microperimetry) — mikroperymetria

OCT (optical coherence tomography) — optyczna koherentna tomografia

OCTA (optical coherence tomography angiography) — angiografia optycznej koherentnej
tomografii

ONH (optic nerve head) — tarcza nerwu wzrokowego

POAG (primary open-angle glaucoma) — jaskra pierwotnie otwartego kata

PRNFL (peripapillary retinal nerve fiber layer) — okototarczowa warstwa widkien nerwowych
siatkdwki

RGCs (retinal ganglion cells) — komorki zwojowe siatkowki

PRPC (peripapillary radial peripapillary capillaries) — okototarczowe kapilary radialne

RPC (radial peripapillary capillaries) — warstwa radialna okototarczowych kapilar

SAP (standard automated perimetry) — standardowa automatyczna perymetria

SVP (superficial vascular plexus) — splot naczyniowy powierzchowny

VD (vessel density) — gestos¢ naczyn

VF (visual field) — pole widzenia



Nota informacyjna i wykaz publikacji stanowigcych rozprawe doktorska

Zgodnie z warunkami ubiegania sie o stopief naukowy doktora nauk medycznych,
wyszczegblnionymi w uchwale nr 89 Senatu Uniwersytetu Mikotaja Kopernika w Toruniu
zdnia 25 czerwca 2019 roku ,w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu”, niniejsza rozprawa doktorska: Uzytecznosc¢
kliniczna mikroperymetrii w diagnostyce jaskry pierwotnie otwartego kgta, ma forme
spojnego tematycznie zbioru trzech artykutéw. Dwa znich sg pracami oryginalnymi,
opublikowanymi w czasopismach naukowych wymienionych w aktualnym Wykazie czasopism
naukowych i recenzowanych materiatow z konferencji miedzynarodowych, ogtoszonym przez
ministra nauki i szkolnictwa wyzszego, natomiast jeden jest pracg pogladowa opublikowang
w polskim kwartalniku medycznym. Doktorantka jest pierwszg autorka kazdej ztrzech
publikacji wtgczonych do cyklu. tgczna wartos¢ wspétczynnika Impact Factor dla cyklu wynosi
8,204, a taczna wartos¢ punktéw ministerialnych wedtug wykazu czasopism punktowanych

Ministerstwa Nauki i Szkolnictwa Wyzszego wynosi 245 punktow.

Lista prac wchodzacych w sktad rozprawy doktorskiej:

1. Correlation of retinal sensitivity in microperimetry with vascular density in optical
coherence tomography angiography in primary open-angle glaucoma

»Plos One”, 2020 Jul 6; 15(7)

Katarzyna Zabel, Przemystaw Zabel, Martyna Katuzna, Aleksander Lamkowski, Damian
Jaworski, Magdalena Wietlicka-Piszcz, Jakub J. Katuzny

MNiSW = 100 pkt; IF = 3,240
2. Alterations in Fixation Indices in Primary Open-Angle Glaucoma by Microperimetry

,Journal of Clinical Medicine”, 2022, 11(9), 2368

Katarzyna Zabel, Przemystaw Zabel, Karolina Suwata, Aleksandra Gorczyca, Damian Jaworski,
Martyna Katuzna, Martyna Gebska-Totoczko, Kacper Wnuk, Katarzyna Buszko,

Jakub J. Katuzny

MNiSW = 140 pkt; IF= 4,964



3. Mikroperymetria w diagnostyce jaskry

,Okulistyka. Kwartalnik medyczny”, 2/2022
Katarzyna Zabel, Przemystaw Zabel, Jakub J. Katuzny

MNiSW = 5 pkt



Wstep

Jaskra pierwotnie otwartego kata (primary open-angle glaucoma — POAG) jest
neuropatia nerwu wzrokowego, zaliczang do grupy chordéb neurodegeneracyjnych,
charakteryzujaca sie postepujacg apoptozg komédrek zwojowych siatkéwki (retinal ganglion
cells — RGCs). Cechami POAG s3 typowe zmiany morfologii tarczy nerwu wzrokowego,
zaburzenia grubosci okototarczowej warstwy widkien nerwowych siatkowki (peripapillary
retinal nerve fiber layer — pRNFL), ktdrym towarzyszg korespondujgce ubytki w badaniu pola
widzenia (visual field — VF). Standardowa automatyczna perymetria (SAP) jest uwazana
za ztoty standard w diagnozowaniu i monitorowaniu jaskry, jednak najczesciej stosowane
protokoty w celu wykrycia jaskrowych uszkodzen funkcji siatkdwki oceniajg obszar 24° lub 30°
od centrum, a punkty testowe sg oddalone od siebie 0 6°. W plamce, ktora lezy w centralnych
5-10°, znajduje sie wiekszos¢ RGCs. W aktualnych badaniach sugeruje sie,
ze w konwencjonalnych testach SAP w niewystarczajgcym stopniu badany jest obszar plamki,
w ktérym RGCs sg najbardziej skoncentrowane. Ponadto wynik SAP moze pozostac
prawidtowy przy utracie ponad 25% RGCs. Dodatkowymi ograniczeniami badania
perymetrycznego sg rozbieznosci w wynikach z powodu zmeczenia pacjenta, stabej fiksacji
i ruchu gatek ocznych podczas trwania testu.

Mikroperymetria (MP) jest nowoczesng metodg badania funkcji siatkdwki, ktdra taczy
badanie pola widzenia zobrazowaniem dna oka za pomocg fundus camery badz
wykorzystaniu technologii skaningowego lasera oftalmoskopowego na podczerwien. Dzieki
zastosowaniu systemu eye-tracking, czyli obrazowania dna oka wraz ze sledzeniem punktéw
orientacyjnych siatkdwki, badanie MP umozliwia precyzyjng korelacje anatomii plamki
z czutoscig siatkdwki. MP dostarcza informacje o stanie funkcjonalnym plamki w postaci
czutosci progowej siatkdwki (average threshold — AT). AT jest okreslane jako sredni prog
czutosci ze wszystkich punktow pomiarowych na obszarze +5° wokot plamki, a uzyskany wynik
jest przedstawiony na wydruku w postaci wykresu. Kolory zielony, z6tty i czerwony oznaczajg
odpowiednio prawidtowa, podejrzang badz nieprawidtowg czutos¢ siatkdwki.

Fiksacja w MP jest oceniana na dwa sposoby. W pierwszej metodzie oblicza sie
procent punktéw fiksacji w okregach o promieniu 1° i 2° (zdefiniowanych odpowiednio jako
P1iP2), wysrodkowanych w barycentrum chmury punktéw fiksacji. Gtéwna zaletg tej metody

jest kliniczna klasyfikacja stabilnosci fiksacji, ktorg zaproponowali Fuji i wsp., wedtug ktorej
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oczy z P1 powyzej 75% klasyfikuje sie jako posiadajace stabilng fiksacje. Jesli P1 jest mniejsze
niz 75%, a P2 — wieksze niz 75%, fiksacje klasyfikuje sie jako stosunkowo niestabilng. Jesli
zarowno P1, jak i P2 sg mniejsze niz 75%, wynik jest opisywany jako niestabilna fiksacja. Druga
metoda, zaproponowang przez Crosslanda, jest analiza oparta na wyznaczeniu
dwuwymiarowej powierzchni elipsy konturowej (Bivariate Contour Ellipse Area—BCEA), ktdra
jest obszarem otaczajagcym wszystkie ruchy fiksacyjne w zakresie jednego lub dwdch
odchylen standardowych, w konsekwencji obejmujgcym 95% (BCEA95) i63% (BCEA63)
punktow fiksacji. System eye-tracking zapewnia mozliwos¢ kontroli fiksacji pacjenta
niezaleznie od ruchu gatek ocznych. Ocena wzorca fiksacji jest wartosciowym parametrem
z uwagi na doniesienia o zaburzeniach stabilnosci fiksacji w przebiegu POAG oraz innych
choréb neurodegeneracyjnych.

W badaniach naukowych wykazano nieprawidtowosci strukturalne i czynnosciowe
w centralnej czesci plamki w przebiegu POAG. Nieodzownym elementem diagnozy i kontroli
progresji POAG jest badanie optycznej koherentnej tomografii (optical coherence
tomography — OCT), pozwalajgce na wykonanie pomiaréw grubosci pRNFL oraz kompleksu
komdrek zwojowych siatkowki (ganglion cell complex — GCC). Angiografia optycznej
koherentnej tomografii (optical coherence tomography angiography — OCTA) jest obiektywna
i nieinwazyjng metoda obrazowania naczyn siatkdwki inaczynidowki. OCTA pozwala
na powtarzalng i iloSciowg ocene mikrokrazenia siatkdwki. U pacjentéw z POAG wielokrotnie
potwierdzono zmniejszenie gestosci naczyn (vessel density — VD) w obrebie plamki i okolicy
okototarczowej (radial peripapillary capillaries — RPC). Yarmohammadi i wsp. wykorzystali
OCTA do oceny zaburzen mikrokrazenia w przebiegu jaskry. Wykazali jako pierwsi istotne
zmniejszenie VD w warstwie RPC w oczach zPOAG w porédwnaniu z oczami zdrowymi
i z podejrzeniem jaskry. Takusagawa iwsp. réwniez odnotowali obszary zaniku naczyn
wtosowatych w OCTA w powierzchownym splocie naczyniowym plamki (superficial vascular
plexus — SVP) u pacjentow z POAG.

Przez wiele lat uwazano, ze uszkodzenia jaskrowe dotyczg obwodowej czesci
siatkowki, a obszar plamki nie jest zajety az do zaawansowanego stadium choroby, jednakze
ostatnie badania potwierdzity obecnos$é zmian patologicznych w plamce juz we wczesnych
etapach rozwoju jaskry. Mianowicie dowiedziono zaleznos$ci miedzy uszkodzeniem peczkéw
nerwowych w obszarze plamki ocenionych za pomocg OCT autratg czutosci siatkowki

w centralnej czesci VF w badaniu SAP [Leung CK, Guo PY, Lam AK. Retinal Nerve Fiber Layer
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Optical Texture Analysis (ROTA): Involvement of the Papillomacular Bundle and Papillofoveal
Bundle in Early Glaucoma. Ophthalmology. 2022]. Zatem warto zbada¢, czy obserwowane
zmiany strukturalne korelujg z zaburzeniami funkcji za pomocg bardziej czutego narzedzia,
jakim jest MP, ktéra umozliwia precyzyjng ocene funkcjonalng obszaru plamki na obszarze
+5° wokét punktu fiksacji. Dzieki zastosowaniu systemu eye-tracking dodatkowo mozna
skorelowac pofozenie punktdw o obnizonej czutosci z obszarami zmniejszonej grubosci
warstw siatkdwki. Zaleznos$ci parametréw funkcjonalnych ze zmianami strukturalnymi oraz
analiza stabilnosci fiksacji moga przyczynic sie do lepszego zrozumienia patofizjologii choroby,
a uzyskane wyniki — pomdc w opracowaniu raportow klinicznych pozwalajgcych na dokfadng

i wczesng diagnostyke jaskry, zanim pojawig sie ubytki w polu widzenia.

10



Praca pogladowa

Mikroperymetria w diagnostyce jaskry

Microperimetry in the Management of Glaucoma
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Kierownik: prof. dr hab. n. med. Grazyna Malukiewicz
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Gloucoma is a degenerative optic neuropathy leading fo characteristic optic nerve head features, alternationsin retinal nerve fiber layer thicknesses and visual

field defects. Decrease of refinal sensitivity in the macular area is considered an important sign of glaucomatous damage. Acwrate assessment of the fundion
of the retina in mocular region is possible thanks to microperimetry. Simultaneously, it is possible to evaluate the fixation behavior using the eye-trading
feature independent of eye movement and to corred gaze movements. To date, small number of studies have reported alternations in fixation stability
in glavoma eyes. The microperimetry test is reliable and reproducble. Miaoperimetry allowing for the assessment of changes in the central part of the field
of view, both in qualitative and quantitative lerms. Comparative studies on microperimetry and standard automated perimetry have shown thot there is a good
quantitative correlation between the two devices in gloucoma. The usefulness of microperimetry in the management of glaucoma is cmently the subject
of research. The aim of this article is to review of clinical utility of microperimetry in patients of glaucoma.

Key words:
Stowa kluczowe:  mikroperymetrio, joskro, fiksacjo, aulos siatkowki.

Jaskra to grupa choréb neurodegeneracyjnych, ktérych
wsp6lnymi cechami sa apoptoza komérek zwojowych siatkéwki
(ang. Retinal Ganglion Cells - RGCs) i zwigzany z nig zanik we-
wnetrznych warstw siatkéwki w obszarze plamki. Skutkiem zmian
strukturalnych, w objetych procesem chorobowym warstwach
siatk6wki, g zaburzenia funkcjonalne w postaci obnizenia czuloéci
siatkowki oraz ubytki w polu widzenia (1).

Standardowa automatyczna perymetria (ang. Standard Auto-
mated Perymetry —~ SAP) jest uwazana za oty standard w diagnozo-
waniu jaskry i jej monitorowaniu. Najcze$ciej stosowane protokoly
w statycznej perymetrii do wykrywania jaskrowych uszkodzeri funk-
cji siatkdwki oceniajg obszar 24° lub 30° od centrum, a punkty testo-
we s3 oddalone od siebie o 6° stopni. W plamce, ktéra lezy w cen-
tralnych 5-1(°, znajduje si¢ wickszo§¢ RGCs (2-3). W aktualnych
badaniach sugeruje si¢, ze w konwencjonalnych testach SAP w nie-
wystarczajacym stopniu badany jest obszar plamki, w ktérym RGC
s3 najbardziej skoncentrowane. Ponadto wynik SAP moze pozosta¢
prawidlowy, jesli utrata RGC miesci si¢ w przedziale 25-50% (4).
Dodatkowym ograniczeniem badania perymetrycznego sa rozbiez-
noéci w wynikach z powodu zmeczenia pacjenta, slabej fiksacji ga-
lek ocznych i ich ruchu podczas trwania testu. Warto zaznaczy¢,
ze ostro§¢ wzroku, gléwny parametr funkcjonalny uzywany do oce-
ny utraty widzenia centralnego, jest zwykle zachowany u chorych na
jaskre pierwotna otwartego kata (JPOK, ang. Primary Open Angle
Glaucoma -~ POAG), pomimo znacznego zmniejszenia wrazliwosci
siatkdwki. Wrazliwos¢ plamki oraz stabilnoé¢ fiksacji mozna oceni¢
za pomocg mikroperymetrii (ang. Microperimetry — MP).

Uzyteczno$¢ kliniczna MP w przebiegu jaskry jest obecnie
przedmiotem badan. Celem artykulu jest przeglad aktualnych do-
niesiefi naukowych dotyczacych przydatnosci MP w diagnostyce
jaskry i jej monitorowaniu.

N
Mikroperymetria

Mikroperymetria jest szczeglowa metoda badania czulosci
siatkowki, w ktorej dzieki zastosowaniu obrazowania dna oka bo-

microperimetry (MP), glaucoma, fixation stability, refinal sensitivity.

dziec jest wySwietlany bezposrednio na powierzchni siatkowki,
a jego polozenie jest kontrolowane przez system Sledzenia ruchéw
galki ocznej (eye-tracking). System eye-tracking pozwala na bada-
nie stabilnosci fiksacji i dokladnej prezentaciji bodzcow we weze-
$niej okreslonych miejscach na siatkéwee dzigki aktywnej kom-
pensacji ruchéw galek ocznych.

Aktualnie na rynku sa dostepne rézne urzadzenia. Macular In-
tegrity Assesment (MAIA) (CenterVue, Padova, Wlochy) — wpro-
wadzony do praktyki klinicznej w 2009 roku, i Microperimeter-3
(MP-3 Nidek, Gamagori, Japonia), ktéry jest nastepca Microperi-
meter-1 (MP-1). Najnowszym urzadzeniem jest perymetr Com-
pass (CMP, Centervue, Padova, Wlochy), powszechnie dostepny
od 2015 roku. Urzadzenie MP-3 Nidek do obrazowania dna oka
wykorzystuje fundus kamere, natomiast MAIA i CMP - oftalmo-
skopowy laser skaningowy (ang. Ophthalmoscopic Scanning Laser
- SLO). Szczegdlowa specyfikacja techniczna urzadzef znajduje
si¢ w tabeli I. Na poczatku badania obraz dna oka jest rejestro-
wany automatycznie lub manualnie, a takze wybierane s3 odpo-
wiednie punkty odniesienia o wysokim kontrascie (duze naczynia,
margines tarczy nerwu wzrokowego lub zmiany barwnikowe) jako
region zainteresowania (ang. Region of Interest - ROI) w celu ula-
twienia §ledzenia ruchéw oczu. Rozszerzenie Zrenic ani stosowanie
korekeji okularowej nie sa wymagane do przeprowadzenia badania.

Mikroperymetr MAIA dostarcza informacje o stanie funkcjo-
nalnym plamki w postaci unikalnych wskaznikéw takich jak czulos¢
progowa siatkowki (ang. Average Threshold - AT) oraz wskaznik
integralnodci plamki (ang. Macular Integrity — MI), a takze umoz-
liwia oszacowanie stabilnosci fiksacji. Parametr AT stanowi §rednia
czulos¢ punktéw pomiarowych polozonych na obszarze + 5° wokél
plamki, a uzyskany wynik jest przedstawiony na wydruku w posta-
ci wykresu: kolory zielony, Z6lty i czerwony oznaczajy wrazliwo$¢
siatkéwki odpowiednio: prawidiowa, podejrzang badz nieprawidlo-
wa (5). Parametr MI jest zastrzezona wartoscia statystyczna obli-
czang z uzyciem wielowymiarowego modelu sieci neuronowej na
podstawie m.in. wieku, wartosci AT oraz parametréw stabilnosci
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Model mikroperymetru
MAIA MP-3 (¢4
System obrazowania Skaningowy laser oftalmoskopowy Fundus camera Konfokalny system obrazowania TrueColor
Pole widzenia 36° 45° 60°
Zakres bodica 0-36dB 0-34dB 0-50dB
Czas trwania bodica 200ms 200 ms 200 ms
Maksymalna jasnosé 1000 ash 10000 asb 10000 asb
Kontrola fiksacji (eye-tracking) 2 Hz Nk 25 Hz

Tab. I Pordwnanie specyfikadji technicznej mikroperymetrdw.
Tab. L. Comparison of technical spedifications of microperimeters,

fiksacji. Uzyskana warto&¢ liczbowa wskaznika MI opisuje prawdo-
podobiefistwo, czy odpowiedzi pacjenta sa prawidlowe, podejrzane
lub nieprawidlowe w poréwnaniu z danymi normatywnymi skory-
gowanymi wzgledem wicku. Sam wskaznik integralno$ci plamki nie
odzwierciedla cigzko$ci procesu chorobowego, jedynie wskazuje, Ze
wyzsze wartosci sugeruja wicksze prawdopodobiefistwo wystapie-
nia patologicznych zmian, podczas gdy nizsze wartosci wskazuja na
prawidlows funkcje plamki. Nie wykazano bezposredniego zwiazku
miedzy Srednig warto$cig AT a wskaznikiem ML

Fiksacja za pomocg MP jest oceniana na dwa sposoby. Z zasto-
sowaniem pierwszej metody jest obliczany procent punktow fiksacji
w okregach o promieniach 1° i 2° (zdefiniowanych odpowiednio jako
P1i P2) wySrodkowanych w barycentrum chmury punktéw fiksacii.
Gl6wng zaleta tej metody jest kliniczna klasyfikacja stabilnosci fiksa-
cji, ktora zaproponowali Fuji i wsp., wg ktérej oczy z P1 powyzej 75%
klasyfikuje si¢ jako posiadajace stabilng fiksacje. Jesli P1 jest mniejsze
niz 75%, a P2 jest wigksze niz 75%, fiksacje klasyfikuje sig jako sto-
sunkowo niestabilng. Jedli zardwno P1, jak i P2 sa mniejsze niz 75%,
wynik jest opisywany jako niestabilna fiksacja (6). Crossland zasu-
gerowal analiz¢ opartg na wyznaczeniu dwuwymiarowej powierzchni
elipsy konturowej (ang. Bivariate Contour Ellipse Area - BCEA), kto-
ra jest obszarem otaczajagcym wszystkie ruchy fiksacyjne w zakresie 1
lub 2 odchyleri standardowych, w konsekwencji obejmujacym 95%
(BCEA95) i63% (BCEA63) punktéw fiksacii (7).

Mikroperymetria vs. standardowa automatyana
perymetria

Od wielu lat SAP pozostaje zlotym standardem diagnostycz-
nym monitorowania progresji jaskry. W SAP bodzce $wietlne sg
rzutowane na czasze¢ perymetru, podczas gdy w MP bezposrednio
na powierzchni¢ siatkowki. Dzgki systemowi eye-tracking MP
zapewnia lepsza kontrole ruchéw oczu. Przeprowadzono liczne
badania poréwnawcze metod MP i SAP Wyniki pokazaly, ze ist-
nieje dobra korelacja migdzy MP a SAP w wykrywaniu ubytkéw
w centralnej czg$ci pola widzenia u pacjentéw jaskrowych. Analizy
poréwnawcze MP i SAP potwierdzily, ze wyniki sa zgodne réwniez
w zaawansowanych przypadkach choroby (8-10).

W 2018 roku Matsuura i wsp. wykazali bardzo dobrg kore-
lacje wynikéw MP i SAP, analizujac dane uzyskane za pomoca
MP-3 i perymetru Humphrey Field Analyzer (HFA) u chorych na
POAG. Powtarzalnos¢ wynikéw byla podobna, w przypadku MP-3
natomiast udowodniono lepsza niz w przypadku HFA korelacje
czulosci siatkéwki z jej budowa (11).

Lima i wsp. zauwazyli, ze 21% prawidlowych wynikéw, w po-
szezegdlnych kwadrantach, uzyskanych metoda SAP odpowiadalo
nieprawidlowym wynikom uzyskanym za pomoca mikroperyme-
trii. Dodatkowo stwierdzono odpowiadajace topograficznie istot-

ne zmniejszenie calkowitej grubosci plamki w 75% tych kwadran-
téw w spektralnej optycznej koherentnej tomografii (ang. Spectral
Domain Optical Coherence Tomography ~ SD-OCT) (12).

Montesano i wsp. poréwnali CMP i HFA w celu oceny zdolno-
§ci do wykrywania neuropatii jaskrowej. Zdolno§¢ diagnostyczna
tych dwoch urzadzen byla podobna, jednakze czulo$¢ w wykry-
waniu jaskry w przypadku CMP byla minimalnie wicksz, gdy
analizowano parametr §redniego odchylenia (ang. Mean Deviation
- MD). Powtarzalno$¢ wynikow uzyskanych testami CMP i HFA
réwniez byla nieznacznie lepsza w przypadku CMP (13).

W kolejnym badaniu dokonano analizy poréwnawczej ubyt-
kéw pola widzenia z czuloscig siatkéwki u chorych na wezesna
postac jaskry. W SAP wykazano ubytki w nosowych kwadrantach,
analiza czulosci siatkowki za pomocg MP natomiast zobrazowala
rozlegle defekty wrazliwosci siatkowki w skroniowej hemisferze.
Dzigki MP zidentyfikowano nieprawidlowg funkcje siatkéwki na
znacznie wigkszym obszarze oczu niz technikg SAP (14).

Zaleta MP jest wbudowany system eye-tracking, ktory zapew-
nia aktywng kompensacj¢ ruchéw galek ocznych oraz zapobiega
utracie fiksacji, a to ma istotne znaczenie dla wiarygodnosci testu.

Ocena parametrow funkconalnych i strukturalnych
siatkowki w przebiegu jaskry a zastosowanie
mikroperymetrii

Wezesne rozpoznawanie jaskry i jej monitorowanie w praktyce
klinicznej opiera si¢ gléwnie na ocenie parametréw strukturalnych
i czynno$ciowych siatkowki, a analiza grubosci okolotarczowej war-
stwy wlokien nerwowych siatkowki (ang. Peripapillary Retinal Nerve
Fiber Layer - pRNFL) za pomocg SD-OCT i ocena pola widzenia za
pomocg SAP sg jak dotychczas standardem (15). Istniejg jednak pew-
ne ograniczenia ww. metod, na przyklad w przypadku jaskry prepery-
metrycznej, wysokiej krotkowzrocznodei czy trudnosci w utrzymaniu
fiksacji, to przyczynia sie do poszukiwania nowych metod.

Ze wzgledu na umiejscowienie RGC, ktére w znaczacej wigk-
szo§ci znajduja si¢ w plamce, coraz wigksza uwage skupia sie na
ocenie struktury i funkgji siatkowki w biegunie tylnym (16). Sche-
ifer i wsp. jako pierwsi zastosowali perymetri¢ zorientowana na
dno oka na obszarze plamki z indywidualnie skondensowanymi
siatkami testowymi w ocenie zmian czynnosci siatkéwki w oczach
zajetych jaskra. Wykrywalno§¢ zmian w polu widzenia zwigza-
nych z uszkodzeniem jaskrowym byla wigksza, gdy badany obszar
siatkowki byl caly czas widoczny podczas trwania testu, a punkty
testowe znajdowaly si¢ blisko siebie (17). Kolejne badania po-
twierdzily przydatnos¢ MP w ocenie funkgji siatkéwki w oczach
zajetych jaskra i wykazaly istotny zwigzek miedzy zmniejsze-
niem czulosci siatkéwki w badaniu MP a zmniejszeniem grubosci
warstw wewnetrznych siatkowki (11, 18-22).
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Lima i wsp. za pomocg MP potwierdzli u chorych na POAG
zmniejszenie wraziwosci siatkowki na obszarach uszkodzen struk-
turalnych w SD-OCT, nawet jesli wyniki SAP byly prawidlo-
we (12). Sato i wsp. wykorzystujac MP, analizie poddali zaleznos¢
pomi¢dzy zaburzeniem struktury a uszkodzeniem funkcji siatkdw-
ki u chorych na jaskre. Stwierdzli statystycznie istotny zwiazek
analizowanej grubosci warstwy komérek zwojowych siatkowki
(ang. Ganglion Cell Analysis - GCA), oszacowanej za pomoca
Cirrus HD-OCT, z wrazliwoscia centralnego obszaru plamki, oce-
niang za pomoca MAIA MP (19).

Wyniki dalszych badan wykazaly, Ze zmniejszenie parametru
AT w badaniu MP odpowiada obszarom zaniku naczyn wlosowa-
tych w splocie naczyniowym powierzchownym (ang. Superficial
Vascular Plexus — SVP) w badaniu angiografii OCT (ang. angiogra-

ds to the preserved ganglion cells of the retina in the speciral opfical coh

9Py

phy OCT - OCT-A). W poréwnaniu wynikéw korelacji, w przy-
padku oceny strukturalnej plamki, analiza grubo$ci kompleksu
komérek zwojowych siatkéwki (ang. Ganglion Cell Complex
- GCC) oraz gestosci naczyni w SVP pokazala, ze silniejsze za-
leznosci wystepowaly z AT w badaniu MP, okolotarczowa gestosé
naczy oraz grubo§¢ pRNFL natomiast silniej korelowaly ze wskaz-
nikami SAP (23).

Ocena stabilnosci fiksacji

Badanie fiksacji jest obiektywnym testem wykonywanym po-
przez Sledzenie punktéw orientacyjnych siatkéwki, a nastepnie
wykreslenie chmury rozproszenia punktéw fiksacji na mapie od-
niesienia obrazu siatkéwki. Rozmieszczenie przestrzenne punktow
fiksacji jest zwigzane ze stabilno$cia fiksacji: maly obszar fiksacji
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odzwierciedla bardziej stabilng fiksacje niz wigkszy obszar. U zdro-
wych osob stosujacych fiksacje centralng wielkos¢ ruchéw galek
ocznych jest niewielka. Zdolno$¢ do utrzymywania stabilnej fiksa-
Gji jest oslabiona u 0s6b dotknigtych chorobami oczu i chorobami
neurodegeneracyjnymi (24). Zmiany we wzorcu fiksacji w prze-
biegu jaskry nie sg jeszcze dobrze poznane, jednakze aktualne
doniesienia naukowe dowodzy o zaburzeniach stabilnosci fiksacji
w przebiegu tej choroby (25).

Longhin i wsp. wykazali w oczach z POAG obnizong stabilno$¢
fiksacji w poréwnaniu do tego parametru w oczach ze zdrowej
grupy kontrolnej oraz zaprezentowali istotne statystycznie roznice
w BCEA. Autorzy wnioskowali, ze analiza BCEA charakteryaije
si¢ wieksza dokladnoscig w wykrywaniu minimalnych ilosciowych
zmian stabilno$ci fiksacji niz standardowa klasyfikacja klinicz-
na (26).

Shi i wsp. poréwnali chorych na POAG w stadiach wezesnym
i umiarkowanym ze zdrowymi osobami i przeanalizowali dane
dotyczace fiksacji uzyskane za pomocg MP-1 (NIDEK, Vigon-
za, Wlochy). Pomiedzy grupami zaobserwowano istotne réznice
w stabilnosci fiksacji oraz potwierdzono zalezno$¢ migdzy stabil-
noscia fiksacji w obrgbie centralnych 2° (odpowiednio P1 w MP
MAIA) a wrazliwoscia progowa siatkéwki (AT). Ta praca nie obej-
mowala analizy BCEA (27).

W kolejnym badaniu przeprowadzono analiz¢ zaburzen stabil-
nosci fiksacji w przebiegu POAG za pomoca MP MAIA oraz okre-
$lono wplyw stopnia zaawansowania POAG na parametry fiksacji.
Stabilno$¢ fiksacji u chorych na POAG ulegla pogorszeniu wraz ze
wzrostem stopnia nasilenia choroby, a warto$¢ wskaznika BCEA93
roznila si¢ istotnie statystycznie mig¢dzy grupami o réznym sta-
dium zaawansowania choroby. Dodatkowo potwierdzono kore-

lacje wskaznikéw fiksacji z nieprawidlowoéciami strukturalnymi
uwidocznionymi technikami SD-OCT i OCT-A oraz zmianami
funkcjonalnymi w badaniach MP i SAP (28).

Podsumowanie

Ocena wrazliwosci siatkéwki w plamce i badanie stabilno$ci
fiksacji moga by¢ wykorzystywane w diagnostyce jaskry i moni-
torowaniu jej przebiegu. Ciagle obrazowanie dna oka ze $ledze-
niem punktéw orientacyjnych siatkéwki w badaniu MP umoz-
liwia nie tylko oceng fiksacji, ale réwniez precyzyjna korelacje
anatomii z czulodciz siatkéwki na badanym obszarze. Dostepne
wyniki badan wskazuja, ze czuloé¢ MP w rozpoznawaniu mrocz-
kow jaskrowych jest podobna jak w przypadku SAP. Mikropery-
metria natomiast okazuje si¢ cennym narz¢dziem diagnostycznym
w przypadku zmian w obrebie RNFL i GCC, kiedy wynik SAP
pozostaje prawidlowy badz niemiarodajny. Potwierdzone korela-
cje parametréw funkcjonalnych uzyskanych w czasie badania MP
z parametrami strukturalnymi uzyskanymi technikami SD-OCT
i OCT-A sa dowodem na wiarygodno§¢ badania mikroperyme-
trycznego w oczach zajetych jaskra.
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Cele pracy doktorskiej

Mikroperymetria jest nowoczesng technologia umozliwiajagcg monitorowanie zmian
funkcjonalnych siatkdwki oraz ocene stabilnosci fiksacji. Do tej pory nie zostaty potwierdzone
zaleznosci miedzy obnizeniem czutosci siatkéwki w MP a uszkodzeniem mikrokrazenia
w badaniu OCTA oraz parametrami stabilnosci fiksacji u pacjentéw z POAG, co skfonito nas
do pogtebienia wiedzy w tym temacie.

Celami prowadzonych badan byty:

1. Ocena zaleznosci miedzy gestoscig naczyn w OCTA a parametrami funkcjonalnymi
siatkowki w MP u pacjentdéw z POAG i 0sob zdrowych.

2. Analiza porownawcza parametréw strukturalnych siatkdwki uzyskanych za pomoca
OCT i OCTA z wynikami testéw funkcjonalnych otrzymanych z MP i SAP.

3. Ocena czutosci siatkdwki w plamce i wskaznikow fiksacji za pomocg MP u pacjentéw
zPOAG io0s6b zdrowych oraz okreslenie wptywu stopnia zaawansowania POAG
na parametry fiksacji.

4. Okreslenie korelacji miedzy wskaznikami fiksacji z parametrami funkcjonalnymi

siatkowki w badaniu MP i SAP oraz strukturalnymi w OCT i OCTA.
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Abstract

Purpose

To evaluate the correlation between retinal sensitivity in microperimetry (MP) with vessel
density (VD) using optical coherence tomography angiography (OCTA) in primary open-
angle glaucoma (POAG).

Methods

We enrolied 30 participants (52 eyes) with POAG and 15 participants (23 eyes) in the
healthy control group. All participants were examined for retinal structure using OCTA to
assess VD and Spectral domain OCT (SD-OCT) to assess ganglion cell complex (GCC)
and peripapillary retinal nerve fiber layer (PRNFL) thickness. Retinal sensitivity was tested
with MP and standard automatic perimetry (SAP).

Results

The VD in moderate/severe POAG was lower than that in mild POAG and healthy control in
the macular superficial vascular plexus (SVP) (38.74+6.3% vs. 42.9£5.2%, 49.74+2.6%
respectively, P<0.001) and peripapillary radial peripapillary capillaries (pPRPC) (36.4+5.7%
vs. 43.646.6%, 49.112.4% respectively, P<0.001). The Pearson's correlations between
function-structure parameters were strongest with MP average sensitivity threshold and
SVP VD in the area of whole macula (r = 0.68); followed by SAP mean deviation (MD) and
pRNFL thickness (r = 0.63); SAP MD and pRPC VD (r = 0.59) and MP average threshold
and GCC thickness (r = 0.54). We found the AUROCS for discriminating between glaucoma-
tous and healthy eyes were highest for structural parameters as follows: pRNFL (0.94),
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macular SVP whole (0.92), pRPC (0.92) and GCC (0.91). Pairwise comparison of the above
parameters showed no difference (P>0.05).

Conclusion

The relationship between microvascular damage in the macular SVP whole and the
decrease of MP average sensitivity threshold is stronger than the pRNFL thickness mea-
surements and SAP parameters. OCTA and MP techniques are valuable methods that
allow clinically monitor structural and functional changes in glaucomatous eyes.

Introduction

Primary open angle-glaucoma (POAG) is a progressive optic neuropathy of the optic nerve
characterized by retinal ganglion cell (RGC) apoptosis [1]. Increasing evidence indicates that
abnormalities in retinal microcirculation and impairment of ocular blood flow have significant
impact on development of POAG, but the exact role of vascular disorders in the pathogenesis
of glaucoma has not been established [2-4].

Optical Coherence Tomography Angiography (OCTA) is an objective and non-invasive
method of imaging the retinal and choroidal vessels. OCTA allows of repeatable, quantitative
assessment of microcirculation in the macula and peripapillary [5, 6]. The reduction of retinal
vascular density (VD) within the macula and optic nerve head (ONH) has been repeatedly
confirmed in patients with POAG [7-11]. Takusagawa et al. observed with the use of projec-
tion-resolved OCTA focal capillary dropout in the macular superficial vascular plexus (SVP),
but not the intermediate and deep vascular plexus (DVP) in glaucomatous eyes. Among the
overall macular parameters, the SVP VD had the best diagnostic accuracy and was highly cor-
related with the corresponding retinal ganglion cell complex (GCC) thickness and visual filed
(VF) sensitivity [12].

Standard automated perimetry (SAP) is most often performed to detect glaucomatous reti-
nal function damage and is still the preferred method for assessing the 24" or 30" area of the
VF center in patients with POAG. The macula, in which is most of the RGC, is located in the
center of 5°-10" VF, which means that using the 24-2 SAP program, you might not notice the
subtle changes in sensitivity in the macula that occur before defects appear in the peripheral
parts of VF [13-16]. Microperimetry (MP) is a newer method of retinal function examination
thanks to the use of eye-tracking system can measure retinal sensitivity at appropriate retinal
points. During a single examination, it combines digital fundus photography and VF examina-
tion, along with an assessment of retinal sensitivity, allowing for the assessment of changes in
the central part of the field of view, both in qualitative and quantitative terms [17].

The aim of our study was to determine whether the disturbances in retinal VD parameters
are associated with the presence of retinal function abnormalities using MP and SAP. While
there have been studies that looked at the relationship between function disorder and damage
to the structure of the retina, to date, to our knowledge, the relationship between macular reti-
nal sensitivity using MP and VD in OCTA has not been evaluated in patients with POAG. We
hypothesized that the sites of reduced VD in the macula of the eyes with POAG have a lower
retinal sensitivity measured by MP.
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Materials and methods

This was an cross-sectional study and included patients with POAG and a healthy control
group. The protocol of the study was approved by the Bioethical Commission of Nicolaus
Copernicus University in Torun, Collegium Medicum in Bydgoszcz. Approval number:600/
2019. Each participant signed a voluntary consent form to participate. The examinations were
conducted in accordance with the principles of the Helsinki Declaration between June 2019
and January 2020 at the Oftalmika Eye Hospital.

All patients included in the study had detailed ophthalmological examinations which
included: best-corrected visual acuity (BCVA), slit-lamp biomicroscopy, dilated fundus exami-
nation, tonometry (Icare TAO1i, USA), pachymetry (Tomey EM-3000, Tomey Corporation,
Japan), gonioscopy and axial length measurement (IOL Master 500, Zeiss Humphrey, Dublin,
CA, USA). The thickness of the peripapillary retinal nerve fiber layer (pRNFL) and GCC were
also measured using Spectral domain optical coherence tomography (SD-OCT), retinal VD
assessment using OCTA, and VF and retinal sensitivity examination using SAP and MP were
performed. These examinations were carried out over the course of one day, by the same
ophthalmologist.

Patients with POAG were enrolled in the study based on the presence of features of glauco-
matous optic neuropathy (diffuse or focal thinning of the neural retinal ring, ONH hemorrha-
gia, abnormal C/D ratio >0.6, C/D asymmetry between two eyes above 0.2), which was
accompanied by a decrease in pRNFL thickness corresponding to the loss of VF in SAP with
an open anterior chamber angle. Glaucoma was confirmed by the presence of repeated abnor-
mal SAP results with a glaucoma hemifield test (GHT) outside normal limits or pattern stan-
dard deviation (PSD) outside the 95% normal limits or a cluster of 3 or more adjacent points
in a typical localization for glaucoma. Patients with POAG were further classified into 2 groups
based on the severity of VF damage in SAP; mild glaucoma was defined as mean deviation
(MD) VF greater than -6dB, and moderate/severe glaucoma when MD was less than -6dB.

Healthy participants had intraocular pressures less than 21lmmHg, normal ONH appear-
ance without asymmetry, pRNFL thickness within normal limits, normal results in VF exami-
nation defined as a PSD within the 95% confidence limits and a GHT result within normal
limits. The healthy control did not present with any ocular disease except for small refractive
errors.

The general exclusion criteria were: age below 50 and above 85, BCVA <0.6, refractive
defect above +3.0Dsph, IOP>23mmHg, ophthalmic surgery, with the exception of uncompli-
cated cataract phacoemulsification and uncomplicated anti-glaucoma surgery, when at least 3
months have passed since the surgery. People with vascular or non-vascular retinopathies, ocu-
lar or systemic di known to impair the VF, non-glaucomatous optic neuropathies and
macular disease were also excluded.

Optical coherence tomography angiography

The study used the Avanti Angiovue system (Optovue, Inc. Fremont, CA, USA), which pro-
vides non-invasive visualization of the retinal vascular network through the split-spectrum
amplitude-decorrelation angiography (SSADA) algorithm. The Avanti RTVue XR device has
the ability to scan at 70,000 A-scans/second and allows measurements with an axial resolution
of 5um using a light source with a wavelength of 840+10um. The software version that was
used, was the latest commercially available version (version 2017.1.0.151). The study was con-
ducted on all of the patients between 12:00 and 16:00 after pupil dilation. The protocol that
was used for macula analysis consisted of B-scans covering a 6x6mm area repeated horizon-
tally and vertically. Each of the B-scans contained 400 A-scans with the center located at the
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fixation point. For peripapillary vessel analysis, a measurement that covered an area of
4.5x4.5mm centered on ONH, was made. The images also consisted of two sets of B-scans
repeated horizontally and vertically, each consisting of 400 A-scans. The data were analyzed
with commercially available software that enabled of automatic segmentation of SVP and DVP
within the macula and the radial peripapillary capillaries (RPC) layer in ONH area. VD was
calculated as the percent area occupied by flowing blood vessels in the selected region. In the
macula, the VD analysis covered the entire test area of 6x6mm (VD whole), the parafoveal area
between the rings Imm and 3mm from the center of the fovea, and the perifoveal area between
the rings 3mm and 6mm from the center of the fovea. The macular SVP was comprised
between the inner limiting membrane (ILM) to outer boundary of the inner plexiform layer
(IPL), while the DVP was comprised between outer boundary of the IPL to outer boundary of
the outer plexiform layer. For the ONH scan, VD was analyzedon the entire surface of the en
face image 4.5x4.5mm and in the peripapillary area—extending outwards from the ONH bor-
der measured in an elliptical area between 2 and 4mm. The RPC layer was defined as extend-
ing from the ILM to the posterior border of RNFL. For further analysis, an experienced
ophthalmologist qualified good technical measurements with a scan quality(SQ) index of 6 or
more on a 10-point scale with which a commercial device was equipped. The SQ index com-
bines the previously used parameter the signal strength index (SSI), as well as an automated
assessment of motion artifacts and defocus measure. Measurements with the presence of
motion artifacts on en face images (irregular vascular patterns or blurred ONH border), and
those with incorrect segmentation of individual plexuses were rejected.

OCTA is a modern imaging technique uses motion contrast for imaging of the vascular net-
work enables qualitative and quantitative measurements of vessels at various retinal depths.

Spectral domain optical coherence tomography

All patients underwent an SD-OCT examination to measure pRNFL thickness using a Spectra-
lis OCT device (Heidelberg Engineering, Germany). The pRNFL was measured on the area of
a circular scan that consisted of 768 A-scans. The scanning circle was 3.46mm in diameter and
centered on the center of ONH. The global value of pRNFL thickness in the 360 degree range
was analyzed. The GCC thickness assessment was carried out using an Avanti RTVue XR
device camera. To measure the thickness of the retinal GCC, the built-in Avanti glaucoma
module was used. The GCC scan was centered Imm temporal from the fovea and covered a
circular macula area of 6mm in diameter.

Microperimetry

Each participant underwent an MP examination using the CenterVue MAIA device (Center-
Vue, Padova, Italy). The system is equipped with a scanning laser ophthalmoscope that pro-
vides accurate tracking and compensation of eye movement in real time. Tests were conducted
prior to administering the mydriatics, in a quiet, dark room, and the lights were turned off
after applying the veil to the untested eye. The target of fixation was a red ring with a diameter
of 2° divided into four segments. The weak white background had a luminance level of 1.27cd/
m2; the maximum stimulus intensity was 317.5cd/m2, which gives a dynamic range of 0-36dB;
the stimulus size was Goldmann I1I; the stimulus duration was 200ms; and the test protocol
was a 4-2 threshold strategy. The observer’s task was to press the button to indicate the pres-
ence of a light spot each time it was detected, while maintaining a central fixation. VF locations
that required brighter stimuli to reach the threshold showed reduced sensitivity, and therefore
lower dB values indicate lower retinal sensitivity, and conversely, higher dB values correspond
to darkening stimuli and represent higher retinal sensitivity. The Expert Exam protocol was

PLOS ONE | https:/doi,org/10,137 1/journal.pone 0235571  July 6, 2020 4/18

20



PLOS ONE

Correlation of retinal sensitivity with vascular density in glaucoma

used in order to assess the average sensitivity threshold at various locations within the macula.
The test grid consisted of 37 light points in a concentric area, 5° from the central fixation
point, which means that a center area of 10” was tested, with 12 points on each concentric ring
(2°,6" and 10°) plus the measurement of one center point. In addition to assessing the sensitiv-
ity threshold of the retina, the device also gives the opportunity of estimating the index of mac-
ular integrity (a numerical value that describes the probability of a patient’s response to a
stimulus to be normal, suspicious or abnormal compared to normative data corrected for age
where higher number suggests greater likehood of abnormal findings) and records the stability
of the fixation.

MP, also known as fundus related perimetry, includes a system to image the retina and an
eye tracker to compensate eye movements during visual field testing. The device allows to pre-
cisely create a retinal sensitivity map of the quantity of light perceived in designated parts of
the retina.

Standard automated perimetry

SAP examination was performed using a Humphrey Field Analyzer I (Carl Zeiss Meditec,
Dublin, CA, USA). Visual fields were acquired using the Swedish Interactive Threshold Algo-
rithm (SITA) standard 24-2 strategies. Only reliable tests (<33% fixation losses, <10% false-
positives, and <10% false-negatives) VF without rim and eyelid artifacts; and cases with no
evidence that the abnormal results were caused by diseases other than glaucoma were
included. The severity of glaucoma was recorded as the MD value.

Statistical analysis

The summary statistics for normally distributed continuous variables are presented as mean
and standard deviation (SD) and as a median with interquartile range (IQR) for non-normally
distributed variables. Categorical variables are presented as frequencies. Differences between
continuous normally distributed variables were analyzed by the t test or by ANOVA together
with the Bonferroni-type adjustment for multiple testing. In the case the data were not nor-
mally distributed, differences were tested by the Wilcoxon or Kruskal-Wallis test. When multi-
ple patient groups were compared, multiple testing corrections were also applied. Differences
for categorical variables were tested using the chi-square or Fisher exact test for independence.
To compare the distributions of functional and structural parameters of eyes in various groups
of patients, the Linear Mixed Effects model (LMM), which takes into account the correlation
between repeated observations from the same individual, was used (with application of the
inter-eye correlation). The models were also adjusted for age and SQ (where applicable). To
study the association between the functional and structural parameters the LMM has also been
used. The functional parameters were included in the models as the dependent variables, while
the structural parameters, as well as the age of patients, were included as independent vari-
ables. The results were reported by the coefficient of determination (R?), which evaluates the
proportion of variance in the dependent variable explained by the model. To assess the
strength of the association between the structural and functional parameters, the Pearson’s
correlation coefficient was calculated. Area under receiver operating characteristic curve
(AUROC) was used to assess the diagnostic accuracy of considered variables to differentiate
between healthy control and POAG eyes. The deLong’s or bootstrap test was used to compare
the AUROC curves. The results were considered as statistically significant when the p-value
was less than 0.05. The statistical analysis was performed with the use of the R-software, ver-
sion 3.6.2 (packages Ime4, gls, r2glmm and pROC).
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Initially, 58 eyes of 30 participants with POAG, and 27 eyes of 15 participants from the healthy
group who met the outlined inclusion and exclusion criteria, qualified for the study. However,
of these, 52 eyes with POAG and 23 eyes from the healthy group were subjected to final analy-
sis. 8 eyes were excluded due to poor image quality (motion artifacts, vitreous floaters, incor-
rect segmentation) in OCTA and SD-OCT examinations, and 2 eyes were excluded due to
unreliable MP and SAP results. When both eyes of the same patient were included in the
study, the correlation between the eyes was controlled in our analyses. Based on the degree of
VF loss in SAP, 30 eyes of patients with POAG were assigned to the group with mild POAG
(MD -2.6%1.6 dB) and 22 eyes were included in the group with moderate/severe POAG (MD
-13.4+7.1dB). There was no significant difference in age, sex, hypertension, diabetes, central
corneal thickness, or intraocular pressure between the POAG and healthy groups (Table 1).
Among patients with POAG, at least one type of anti-glaucoma drops was used in 47 eyes
(90.4%). In the mild POAG group, anti-glaucoma surgery was performed in 2 (6.7%) eyes, and
in the group with moderate/severe POAG, in 3 (13.6%) eyes. We also assessed whether any of
the drug classes was associated with any OCTA parameter by controlling the age and severity
of the disease, however we did not find such impact.

Healthy eyes with normal pRNFL and GCC thickness had a clearly visible microvessel net-
work in pRPC and SVP in the macula compared to eyes with POAG. As the disease progresses,
the tendency to have a less frequent retinal microvessel network, and the appearance of sites
where vascular flows are completely invisible, can be demonstrated (Fig 1). Comparing the
results obtained in the angiograms of the macula with MP, it can be seen that the places where
the density of the microvessels network in SVP was reduced, corresponded exactly to the areas

Table 1. Demographic data and clinical characteristics of patients.

P: Healthy POAG P Value#
Mild Moderate/Severe
Number of eyes (p ) 23(15) 30(20) 22(16)
Age (years) 6915.2 70.218.3 71.918.2 0573
Gender (Male/Female) 6/9 8/12 9/6 0.429
Self-Reported History of Hypertension (patients) 8(533) 1 9(45t 9(60) 1 0.674
Self-Reported History of Diab (pati ) 4(26.7) t 4(20) t 2(13.3) t 0.622
Number of G Medicati 0 1.520.9 2.1%1.1 0.049
Eyes on Timolol 0 13(43.3) 13(59.1) 0.401
Eyes on Brymonidi 0 3(10) t 8(36.4) t 0037
Eyes on ProstaglandinAnalogs 0 20(66.7) t 8(36.4) t 0.048
Eyes on Carbonic Anhyd: Inhibi 0 10(33.3) t 16(72.7) t 0.011
History of Gl. Surgery (eyes) 0 2(67) 3(136) t 0.639
BCVA (Snellen) 1(1-1)* 1(1-1)" 1(1-1)* 0.270
CCT (microns) 540(532-549)" 537.5(497.5-564.5)" 517(486-540)" 0.485
10P (mmHg) 17.842.1 18.3£2.1 17.6£25 0.552
AxialLength (mm) 22.9:0.7 23.2£1.0 23.37:0.8 0.296
Mean (standard deviation).
*Median (interquartilerange).
n (%).
Statistical significance tested by ANOVA or Kruskal-Wallis test (for continuous variables) and by chi-square or Fisher exact test (for categorical variables).
Abbreviations: POAG = primary open-angle glaucoma; BCVA = best corrected visual acuity; CCT = central corneal thickness; IOP = intraocular pressure.
hitps://doi.org/10.1371/journal. pone.0235571.1001
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Fig 1. Optical coherence tomography angiography (OCTA) of vessel density (VD) map in healthy, mild and severe glaucoma. Top row and second
row show the macular superficial | vascular plexus (SVP) (scan 6x6mm) and radial peripapillary capillaries (RPC), respectively. Bottom row:
Peripapillary retinal nerve fiber layer (pPRNFL) analysis from Spectral domain optical coherence tomography (SD-OCT) and standard automated
perimetry (SAP) visual field (VF). The first column shows the healthy patient with normal VD. The second column: patient with mild glaucoma.
Notable VD reduction at the inferonasal region of peripapillary RPC (pRPC) and perifoveal retina was observed (red arrows). pRNFL defects at the
inferotemporal sector were noted on SD-OCT. pRNFL defects and capillary dropout area were compatible with superior VF scotomas observed in the
SAP. Third column: In patient with severe glaucoma the superior arcuate scotoma and defects in inferotemporal quadrant are consistent with capillary
dropout at the inferior and superior region of the pRPC and parafoveal and perifoveal retina (red arrows). The pRNFL evaluation shows abnormalities
in the temporal and inferior quadrants.

https://doi.org/10.1371/journal pone.0235571.9001

where the retinal sensitivity threshold was decreased. Moreover, the capillary dropout places

in the macular SVP corresponded to deep scotoma points (0dB) in the MP (Fig 2).
Quantitative analysis confirmed that the severity of POAG was significantly associated with

deterioration of parameters of retinal function and structure. The evaluation of images

obtained with OCTA showed significant reduction in retinal VD in pRPC and macular SVP

whole in eyes with POAG. The moderate/severe POAG had significantly less VD in both

the pRPC (36.4+5.7%) and macular SVP whole (38.7+6.3%) compared to the mild POAG
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Fig 2. Relationship between itivity threshold points in the microperimetric (MP) examination of the retina
and en face angiogram of superficial retinal vascular plexus (SVP) in the macula using optical coherence
tomography angiography (OCTA). Top row: Right eye of female with primary open-angle glaucoma (POAG).
Bottom row: Left eye of male with POAG. First column: The OCTA colour-coded vascular map of macular SVP. Cold
colours on angiograms indicate capillary dropout areas. Second column: on the Scanning Laser Ophthalmoscope
image with sensitivity threshold points in the MP ination, en face angiogram of macular SVP was superimposed
to show the relationship between function and structure of the retina. Points at which sensitivity threshold was
reduced or where there were deep scotoma points (black dots) in the MP, corresponded exactly to capillary dropout
areas in OCTA.

https://doi.org/10.1371/journal pone.0235571.9002

(43.616.6%, 42.9+5.2%, respectively) and healthy group (49.1+2.4%, 49.742.6%, respectively)
(P<0.001 for all pairwise comparisons, except VD comparison in macular SVP whole in eyes
with mild POAG and moderate/severe POAG (P = 0.002)). Differences in VD in macular
DVP between groups were not statistically significant. The DVP/SVP whole ratio in the
healthy group was 1+0.1 and was significantly different from the mild POAG group (1.140.1),
and the moderate/severe POAG group (1.240.1) (P<0.001). The SD-OCT study confirmed a
significant reduction in pRNFL and GCC thickness in the eyes of POAG, and the fact that the
degree of damage to the retinal structure increases with the severity of the disease (Table 2).
Assessment of retinal sensitivity in the MP showed that eyes with moderate/severe POAG
had significantly worse parameters: average sensitivity threshold (20.2+5.4 dB) compared to
eyes with mild POAG (25.3+2.3 dB) and the healthy group (26.7+1.4 dB) (P<0.001). Despite
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Table 2. Structural characteristics of the studied groups.

P Healthy Mild POAG | Mod: POAG P Valuest
Mild vs Healthy I“ d / Severe vs Healthy | Mod / Severe vs Mild
Optical CoherenceTomography Angiography
SVP whole VD (%) 49.742.6) | 42.9+52 38.746.3 0.001 <0.001 0.002
SVP superior-hemi VD (%) | 50.213 43.3£5.3 39.116.1 0.001 <0.001 0.003
SVP interior-hemi VD (%) | 49.6£2.7 42.5£5.2 38.426.6 <0.001 <0.001 0.003
SVP paraf VD (%) 52.414.1 46.9£5.9 43.626.1 0.015 <0.001 0.018
DVP whole VD (%) 49.3£3.4 47.845.7 46.945.5 0.976 0.571 0.504
DVP/SVP VD index 1.£0.1 1.120.1 1.220.1 0.001 <0.001 0.011
$Q Macula index 8(7-8)" 7(7-8)" 7(7-8)" 0.208 0.162 0.782
pRPC VD (%) 51.242.9 | 43.6(6.6) 36.247.2 0.001 <0.001 <0.001
RPC whole VD (%) 49.1£2.4 42.7£5.6 36.4£5.7 0.001 <0.001 <0.001
RPC superior-hemi VD (%) | 51.4£32 | 44.126.6 37.2¢7.1 0.001 <0.001 0.001
RPC inferior-hemi VD (%) | 51.1£2.9 43.136.9 35.1£8.1 0.001 <0.001 <0.001
SQ OpticDisc index 9(8-9)" 8(7-9) 8(8-9) 0.124 0.401 0.521
S I Domain Optical Coh: Tomography

GCC average (pm) 98.2+9.8 82.3+10.9 7016113 <0.001 <0.001 0.001
GCC superior (um) 97.4x1 82.7£11 71.6£10.8 <0.001 <0.001 0.001
GCC inferior (um) 99.1£9.8 82.2411.2 7162122 <0.001 <0.001 0.001
PRNFLglobal (um) 101.8+10.3 | 78.8£13.9 61.4x14.2 <0.001 <0.001 <0.001
PRNFL superior (um) 122.4%122 | 97.4+179 74.6£20.2 <0.001 <0.001 <0.001
pRNFLinferior (um) 131z18.1 98.7+22.2 69.2£25.1 <0.001 <0.001 <0.001
pPRNFLtemporal (pm) 72.4£17.6 | 574159 49.4£11.9 0.003 <0.001 0.094
pRNFLnasal (pum) 81.6x11.7 |62.1x152 52.2x15.6 <0.001 <0.001 0.027
Mean (standard deviation).

*Median (interquartilerange).

'P Values adjusted for age, inter-eye correlation and SQ (in OCTA), based on Linear Mixed Effects Model.
Abbreviations: POAG = primary open-angle glaucoma; SQ = scan quality; SVP = superficial vascular plexus; DVP = deep vascular plexus; p- = peripapillary;
RPC = radial peripapillary capillaries; VD = vessel density; GCC = ganglion cell complex; RNFL = retinal nerve fiber layer; OCTA = optical coherence tomography

angiography.

5

httpsJ//doi.org/10.1371/journal. pone.0235571.1002

the fact that patients with mild POAG had lower average sensitivity threshold than healthy,
the difference was not significant (P = 0.134). For the macular integrity index, a significant
difference was only between moderate/severe POAG (92.2+15.4) and healthy (71.6+20.2)

(P =0.005). In the 24-2 SAP, VF testing in eyes with moderate/severe POAG showed signifi-
cant differences in VFI (62.1£27%) and MD (-13.4+7.3dB), and the group with mild POAG
(95.843.6%, -2.6+1.5dB) and healthy (98+1.5%, -1.8+1.5 dB, respectively) (P<0.001). There
were no significant differences in retinal function parameters between eyes with mild POAG
and healthy control (Table 3).

In order to examine the correlation between retinal function assessed in MP and SAP, and
retinal structure analyzed using OCTA and SD-OCT, the values of partial correlations cor-
rected for age, inter-eye correlation and SQ (in OCTA) were determined. The analysis showed
that the strongest correlation occurs between SVP whole VD in the macula and average sensi-
tivity threshold (Pearson’s r = 0.68, P<0.001). Strong correlations also existed between pRNFL
thickness and MD, pRNFL thickness and VFI (Pearson’s r = 0.63, r = 0.61, P<0.001, respec-
tively), while there were moderately strong correlations between pRPC VD and MD (Pearson’s
r=0.59, P<0.001), pRPC VD and VFI (Pearson’s r = 0.58, P<0.001), pRPC VD and PSD,
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Table 3. Functional ch ristics of the studied groups.
P Healthy | Mild POAG  Mod IS POAG | P Valuest
Mild vs Healthy  Mod. / Severe vs Healthy | Mod, [ Severe vs Mild

Average sensitivity thershold 26.7x14 |25.3£2.3 20.2154 0.134 <0.001 <0.001
(dB)
Macular integrity index 716 80.2£21.5 92.2£154 0.173 0.005 0.07

220.2
VFI (%) 98+1.5 95.8+3.6 62.1£27 0.573 <0.001 <0.001
MD (dB) -1.8£15 | -2.6£1.5 -13.4£7.3 0.431 <0.001 <0.001
PSD (dB) 24206 | 2.8+1.6 8.6+3.7 0.221 0.023 0.187

'P Values adjusted for age and inter-eye correlation based on Linear Mixed Effects Model.
Abbreviations: POAG = primary open-angle glaucoma; VFI = visual field index; MD = mean deviation; PSD = pattern standard deviation.

https://doi.org/10.1371/journal. pone.0235571.1003

GCC thickness and average sensitivity threshold (Pearson’s r = 0.59, r = -0.55 r = (.54, respec-
tively, P<0.001) (Table 4). The dependence between the functional and structural parameters
has also been studied with LMM (Fig 3). The highest values of the coefficient of determination
have been obtained for the model displaying the dependence between SVP whole VD in the
macula and MP average sensitivity threshold:R? = 0.67 for the linear- and R, = 0.73 for the
curvilinear dependence, which indicates that about 67% and 73% respectively, of variation in
average sensitivity threshold is explained by the model.

The AUROC was used to reflect the diagnostic accuracy of structural parameters of the ret-
ina obtained using OCTA and SD-OCT imaging (Table 5). To distinguish healthy eyes from
eyes with POAG, the highest diagnostic accuracy was obtained for pRNFL, macular SVP
whole, pRPC, GCC (AUROC 0.94, 0.92, 0.92, 0.91, respectively). The pRPC VD, pRNFL thick-
ness and macular SVP whole VD showed the highest sensitivity at 95% specificity (0.79, 0.77,
0.74, respectively). Pairwise comparisons showed that diagnostic accuracy among all structural
parameters did not differ significantly.

Discussion

The results of this study confirmed our hypothesis showing a significant relationship between
the assessment of retinal sensitivity using MP and the loss of retinal microvascular network in

Table 4. Pearson lation coefficient b structure and function of the retina.

P Average sensitivity threshold Macular integrity index VFI MD PSD

SVP whole VD 0.68 (<0.001) -0.33 (0.004) 0.47 (<0.001) 0.42 (<0.001) -0.44 (<0.001)
DVP whole VD 0.34(0.003) 0.16 (0.166) 0.2 (0.082) 0.166 (0.156) -0.03 (0.766)
DVP/SVP VD index -0.44 (<0.001) 0.27 (0.021) -0.33 (0.004) -0.31 (0.007) 0.45 (<0.001)
PRPCVD 0.48 (<0.001) -0.31 (0.008) 0.58 (<0.001) 0.59 (<0.001) -0.55 (<0.001)
GCC average 0.54 (<0.001) -0.25 (0.029) 0.47 (<0.001) 0.47 (<0.001) -0.3 (0.009)
PRNFLglobal 0.47 (<0.001) -0.26 (0.024) 0.61 (<0.001) 0.63 (<0.001) -0.38 (0.001)

Pearson’s r (P Value) adjusted for age, inter-eye correlation and scan quality (in OCTA).

Abbreviations: VFI = visual field index; MD = mean deviation; PSD = pattern standard deviation; SVP = superficial vascular plexus; DVP = deep vascular plexus;

pRPC = peripapillary radial peripapillary capillaries; VD = vessel density; GCC = ganglion cell complex; pRNFL = peripapillary retinal nerve fiber layer; OCTA = optical
coherence tomography angiography.

https//dol.org/10.1371/journal. pone.0235571.1004
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Fig 3. Scatter plots ill ng the lation b I and functional p with linear and quadratic
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hreshold and ganglion cell complex (GCC), average sensitivity threshold and peripapillary retinal nerve fiber layer (PRNFL). The

second column illustrates correlation between visual field index (VFI) and macular SVP whole, VFI and pRPC, VFI and GCC, VFI
and pRNFL. The third column shows dependence between mean deviation (MD) and macular SVP whole, MD and pRPC, MD and
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applicable) are shown.

https://doi.org/10.1371/4ournal pone.0235571.9003
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Table 5. Area under the

h

ricti

di
curve and diag

tic sensitivity of the structural to diagnose primary open-angle glaucoma.

P AUROC (95% CI) Sensitivity (95%specificity) P Value for pairwise AUROC compari

SVP whole VD DVP/SVP index pRPC VD GCC average
SVP whole VD 092 (0.85-0.98) 0.74 - - -
DVP/SVP VDindex 0.89 (0.81-0.96) 0.65 0.526 - - -
pRPCVD 0.92 (0.86-0.98) 0.79 0.827 0.353 -
GCC average 0.91 (0.83-0.98) 0.5 0.8 0.658 0.645 -
PRNFLglobal 0.94 (0.9-0.99) 0.77 0.4 0.079 0.299 0.147

Sensitivities at 95% specificity were evaluated.

* DeLong's or bootstrap test.

Abbreviations: AUROC = area under the receiver operating characteristic curve; CI = confidence interval; VFI = visual field index; MD = mean deviation;

PSD = pattern standard deviation; SVP = superficial vascular plexus; DVP = deep vascular plexus; pRPC = peripapillary radial peripapillary capillaries; VD = vessel
density; GCC = ganglion cell complex; pRNFL = peripapillary retinal nerve fiber layer.

hitps//doi.org/10.1371/journal. pone.0235571.1005

the OCTA examination. The strongest correlation was between average sensitivity threshold
decrease and loss of microvascular density in macular SVP whole.

Diagnosis and monitoring of glaucoma in clinical practice is based on the assessment of
functional and structural parameters of the retina, and pRNFL thickness analysis using
SD-OCT and VF assessment using SAP has been the standard so far [18]. However, there are
some limitations to these methods, which results in the search for new diagnostic markers. Jia
et al. were the first to prove that OCTA could be useful in glaucoma diagnosis. They found that
eyes with an early form of glaucoma in relation to a healthy group have a lower ONH VD and
a reduced disc flow index [19, 20]. Since then, many scientific reports have confirmed the use-
fulness of OCTA imaging in the diagnosis of glaucoma, and have shown that the reduction of
VD in patients with glaucoma also occurs in the peripapillary area and macula [21-24]. Liu
et al. found that the peripapillary flow index and peripapillary VD are significantly lower in
glaucomatous eyes and showed a correlation with SAP. Moreover, the disc flow index proved
to be an unreliable parameter because of the absence of an OCT signal in segments of major
blood vessels [25].

The development of OCTA software has enabled the quantification of angiograms, along
with more accurate segmentation. The microcirculation assessment in RNFL has become pos-
sible, which reflects the RPC plexus formed by a unique network of capillary microvessels that
are playing a key role in meeting the nutritional requirements of RGC axons [26]. Yarmoham-
madi et al. used OCTA to assess VD in the RPC layer in glaucomatous eyes. They were the first
to demonstrate that circumpapillary VD and whole en face image VD in the RPC layer were
significantly lower in eyes with POAG compared to healthy and glaucoma suspected [24]. Sub-
sequent reports confirmed that patients with POAG have a decrease of VD in RPC, which may
correlate with the loss of retinal function in SAP [27-32].

We showed that the correlation of structural parameters in the peripapillary area (pPRNFL
thickness and pRPC VD had a stronger relationship with SAP parameters than with MP
parameters. This is probably due to the function of RGC axons and the associated microvessel
network, which in the peripapillary area, come from different regions of the retina where the
cell bodies of RGCs are located. Therefore the observed changes of pRNFL thickness reduction
may result in damage to retinal function in the remote area. In view of this, it seems that a
larger area used to test retinal function in 24-2 SAP corresponds better with structural peripa-
pillary indicators in glaucoma than MP does. The functional parameters that correlated best
with pRNFL thickness and pRPC VD, in our study, were MD and VFI, while MP average
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sensitivity threshold showed weaker correlation. Yarmohammadi et al. were the first to evalu-
ate the correlation between the severity of retinal function damage in the 24-2 SAP examina-
tion and the loss of RPC VD using OCTA in POAG patients. They showed that linear
associations between SAP MD with RPC VD was significantly stronger than the relationship
between SAP MD and RNFL thickness [33]. The results of our research also showed linear
associations between loss of pRPC VD and SAP MD damage, which did not differ significantly
from the correlation between SAP MD and pRNFL thickness. The reason for the difference in
the obtained results may be the use of a different device to assess the thickness of the pRNFL.

Contrary to peripapillary parameters, structural indicators of the retina in the macula (SVP
whole VD, GCC thickness) had a higher correlation with the study of retinal function tested
by MP. This is because MP focuses only on the central macular area where most of the RGC is
located, and mostly coincides with the analyzed area in the SVP whole. We showed that VD in
macular SVP whole compared to GCC thickness has a higher correlation with MP average sen-
sitivity threshold, which may indicate the special role of vascular mechanisms in the pathogen-
esis of glaucoma. Our research also showed that peripapillary parameters show a stronger
correlation with SAP than macular parameters, as confirmed by other authors [34]. This may
be because the macula, in which most of the RGC is located, is represented in the center of 5°-
10° VF, whereas the standard 24-2 SAP program is tested only by 8-16 points (out of 54). Test
points spaced 6° apart in 24-2 SAP may be an inaccurate test when assessing macular sensitiv-
ity [13-15]. In SAP, in addition to programs 30-2 and 24-2, it is also possible to examine a 10°
VF center with a higher resolution, i.e. with 64 test points spaced 2° apart. It is suggested that
using 24-2 SAP, you might not see the changes in the macula before defects appear in the
peripheral parts of VF. Therefore, for this purpose, the VF test can be used, which assesses the
central 10" VF better than the 24-2 SAP program [16, 35]. Penteado et al. found that the rela-
tionship between 10-2 SAP mean sensitivity and GCC thickness was stronger than with macu-
lar SVP VD [36]. In contrast, our results showed a higher correlation between SVP whole VD
and MP average sensitivity threshold, which could be due to the difference in the size of angio-
grams. The small scanning area they used (3x3mm, which is unlike our study where the scan-
ning area was 6x6mm) could result in the overlooking of significant microvascular pathology
in glaucoma, located peripherally outside the scan area. Additionally, the obtained angiograms
were smaller than the area covered by the 10-2 SAP program, which might have influenced
the strength of the structure-function relationship that was found.

A new method of assessing visual function fundus-driven perimeters has emerged in recent
years, known as microperimetry. Previously, Scheifer et al. used fundus-oriented perimeters
using individually condensed test grids and found increased detection of VF glaucoma lesions
in morphologically visible areas of the retina in the macula and when test points are located
close to each other, compared to conventional automated perimetry [37]. Studies have con-
firmed the usefulness of MP in assessing retinal function in eyes with glaucoma, and showed a
significant relationship between the reduction in retinal sensitivity in the MP examination and
the decrease in GCIPL thickness [38-43]. Lima et al. showed that retinal sensitivity in MP
examination not only significantly correlated with retinal sensitivity in the 10-2 SAP study,
but also detected retinal areas with reduced sensitivity in quadrants where normal results were
obtained in 10-2 SAP. The reduced retinal sensitivity in these areas corresponded to a reduc-
tion of up to 75% in spot thickness in the OCT imaging [44]. We found no reports assessing
the relationship between retinal sensitivity using MP and vessel density in OCT-A
examination.

Based on the AUROC interpretation, we have shown that structural parameters obtained
using OCTA (VD in macular SVP whole and in pRPC and using SD-OCT (thickness of
pRNFL and GCC) have high diagnostic ability (AUROC>0.9 for all parameters), and pairwise
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comparison revealed that they have the same diagnostic power performance, which was con-
firmed in numerous studies [25, 27-34]. In the current study patients with mild glaucoma
have lower VF parameters than healthy, however we believe that due to the early stage of the
disease these changes were not statistically significant. Defects in VF appear only when about
30% of RGC is damaged, and retinal structural changes precede the occurrence of functional
abnormalities in patients with glaucoma [45, 46). In studies where the diagnostic capabilities
of functional parameters were compared using MP with structural parameters, the advantage
of structural assessment in glaucoma diagnostics was also demonstrated [47-49]. Contrary to
our results and other reports, a study by Rao et al. showed that the diagnostic ability to distin-
guish healthy eyes from glaucoma eyes was much stronger for structural parameters obtained
using SD-OCT such as pRNFL and GCC thickness than for VD measurements of the ONH,
pRPC and SVP on OCTA [50]. The reason for which they obtained poor results of diagnostic
accuracy of VD parameters in ONH and pRPC may be because of lower SSI of the analyzed
angiograms. Images with a higher SSI value give better clarity and segmentation, which results
in better repeatability, and additionally this may affect the quantitative indicators [51]. In the
macular density analysis, low AUROC value for SVP could be due to the 3x3mm scanning
area, which may result in overlooking significant RGC pathology and peripheral microvessels
outside the scanning area. Similar results of AUROC analysis were obtained by Penteado et al.
who also used the OCTA scan size 3x3mm. Diagnostic accuracy of structural parameters in
SD-OCT and OCTA was higher for GCC thickness than VD to distinguish between glaucoma
and healthy eyes. They obtained the opposite results when distinguishing between glaucoma
suspect eyes and healthy eyes. The diagnostic accuracy of the VD was better than the GCC
thickness suggesting that detectable changes in the form of a reduction in VD within macula
may precede the loss of RGC in glaucoma [36].

We found no significant difference in VD in macular DVP whole between the healthy and
POAG groups as confirmed by other reports [12]. Glaucoma primarily affects RNFL, GCL and
partly IPL layers that are supplied by SVP, while DVP supplies blood to the middle layers of
the retina that do not contain RGCs [52, 53]. When analyzing DVP, there are concerns of pro-
jection artifacts caused by superficial vessels casting shadows on the deeper layers of the retina,
which may affect the obtained results. Despite the fact that we are using the latest version of
the software equipped with the AngioVue three-dimensional Projection Artifact Removal (3D
PAR) algorithm, projection artifacts in the deeper layers of the retina are still noticeable, which
can affect the results obtained in each group. Due to this and the lack of normative values for
OCTA results, we calculated the DVP/SVP whole ratio. We have shown that as the glaucoma
progresses, the DVP/SVP whole ratio increases, as in HC it was 1, in mild POAG it was 1.1,
and in moderate/severe POAG it was 1.2. The results of this analysis are consistent with our
previous study where the DVP/SVP whole ratio in patients with Alzheimer’s disease (AD) was
the lowest and differed significantly from the healthy and POAG groups [54]. In our opinion,
this can be a useful parameter in the event of an unexplained reason for decreased pRNFL
thickness. The results suggest a different vascular phenotype in POAG than in AD where
microvascular damage was noticeable in macular DVP and differed from that in POAG.

Several limitations of the current study should be considered. The first limitation was the
relatively small number of subjects. The second was the inclusion of both eyes of subjects for
the analysis. However, we accounted for the correlation between the two eyes of subjects using
validated statistical methods. The severity of glaucoma was determined on the basis of the
severity of VF damage in SAP, which could have an impact on the diagnostic accuracy of the
other parameters. In addition to glaucoma, VF parameters are also affected by refractive errors
or lens opacities. Another limitation was the lack of a normative database for MP to recognize
and determine the severity of glaucoma. Due to the lack of a normative database, we were not
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able to classify patients with glaucoma and assess clinically significant dark spots in MP and
compare the results with SAP. Additionally, the possible effects of various systemic diseases

or drugs, blood pressure and perfusion pressure on retinal VD have not been determined.
Patients in the POAG group used anti-glaucoma drugs that were not discontinued, but we
found that none of the drug classes was related to the OCTA parameter that was analyzed. The
cross-sectional nature of the study limits the determination of the temporal relationship
between loss of vessel density in OCTA and glaucomatous structural and functional damage to
the retina.

In summary, the quantitative and qualitative angiograms analysis of the SVP in the macula
and pRPC layer showed decline VD in patients with more severe POAG, and the reduction in
MP average sensitivity threshold corresponds to the capillary dropout areas in SVP. The links
between microvessel damage in macular SVP and average sensitivity threshold decrease in MP
are stronger than standard analyses, such as pRNFL thickness and VF assessment in SAP.
Comparing the correlation results, in the case of structural assessment of the macula (GCC
thickness, SVP whole VD), stronger relationships occur with MP average sensitivity threshold,
while peripapillary parameters (pRNFL thickness, pRPC VD) correlate stronger with SAP.
This is because testing retinal function in the macula using MP involves testing a larger num-
ber of points in the central 10° area, as well as real-time eye movement compensation, which
means that the test points are located at pre-determined retinal locations. For these reasons,
OCTA and MP are promising technologies that enable us to clinically monitor structural and
functional changes in glaucoma. These methods can also potentially contribute to a better
understanding of the pathophysiology of this disease, but require further research in this
direction.
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Abstract: The aim of this study was to determine whether primary open-angle glaucoma (POAG)
is associated with changes in fixation stability parameters assessed by microperimetry (MP) and
whether the severity of glaucoma is related to a deterioration in these indicators. This study analyzed
fixation stability using MP macular analyzer integrity assessment (MAIA) in patients with mild
and moderate/severe POAG and healthy controls. The resulting fixation indices were correlated
with parameters used to assess retinal function with MP and standard automated perimetry (SAP)
and retinal structure with optical coherence tomography (OCT) and OCT angiography (OCTA). We
enrolled 54 eyes in the POAG groups (32 eyes with mild POAG and 22 eyes with moderate/severe
POAG) and 24 eyes in the healthy group. It was shown that fixation stability in POAG eyes deterio-
rated with increasing disease severity, and significant differences in bivariate contour ellipse area
(BCEA) including 95% of fixation points were observed among groups (p = 0.042). Quantitative
analysis of structural and functional retinal parameters also showed significant deterioration with
the progression of glaucoma (p < 0.001). Correlations among fixation parameters and abnormalities
in the retinal structure and function were confirmed. We concluded that POAG is associated with
disturbances in the fixation pattern, which worsen as the disease progresses and can be effectively
assessed by performing a MP test.

Keywords: primary open-angle glaucoma (POAG); fixation stability; microperimetry (MP); retinal
function; retinal structure

1. Introduction

Primary open-angle glaucoma (POAG) is a chronic progressive optic neuropathy, lead-
ing to the degeneration of retinal ganglion cells, typical changes in optic disc morphology,
and characteristic visual field (VF) defects [1]. Although the first signs of the disease are
associated with retinal nerve fiber layer (RNFL) damage in the peripheral part of the retina,
previous studies have revealed structural and functional abnormalities in the central part of
the macula [2]. Best-corrected visual acuity (BCVA), the main functional parameter used to
assess central vision loss, is usually preserved in patients with POAG, despite a significant
reduction in retinal sensitivity [3]. To better understand this discrepancy, fixation behavior
should be examined as an additional parameter for assessing central macular function [4].

The macular sensitivity of the retina and fixation behavior can be assessed using
microperimetry (MP). The MP technique uses continuous infrared scanning laser ophthal-
moscope (SLO) imaging to track the retina and assess macular function. Fundus imaging
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with retinal landmark tracking enables precise correlation of macular anatomy with light
sensitivity in MP. In addition, it is possible to control a patient’s fixation independent
of eye movement and to correct gaze movements. Fixation stability is an objective test
performed by tracking retinal landmarks then plotting the scatter of a cloud of fixations
points (CFP) on a retinal image reference map. A normal emmetropic subject fixating on a
point at optical infinity will exhibit some retinal movement. This is due to involuntary eye
movements such as physiological nystagmus, drift, as well as microsaccades as corrective
movements to compensate for involuntary head movements [5]. Fixational eye movements
have a large influence on visual perception. Ocular drift transforms visual stimuli in a way
that increases spatial acuity. Microsaccades improve vision by displacing the fovea and
stimulating many photoreceptors. The spatial distribution of these fixation points is related
to the stability of fixation: a small fixation area is associated with a more stable fixation
compared with a larger area. In healthy subjects using central fixation, the size of these
eye movements is small, and all fixations fall within a few minutes of the arc of the target
center. This ability to maintain stable fixation is impaired in people with eye diseases and
diseases affecting the central nervous system [6-10].

Alterations in fixation pattern in glaucoma are not well understood. Only a small
number of studies have been reported; however, the results indicate the possibility of
disturbances in the stability of fixations in eyes with glaucoma [11-13]. To the authors’
knowledge, no studies have compared the fixation patterns in patients with POAG at
different stages of disease advancement with those of a healthy control group. Moreover,
correlations among disturbances in the structure/function of the retina and changes in
fixation stability have not been analyzed. Information on the fixation pattern could make
a significant contribution by not only deepening the knowledge of the pathophysiology
of POAG, but, in the future, may also become a biomarker used in diagnosis and for
monitoring the severity of glaucoma.

The aim of this study was to determine whether POAG is associated with changes
in fixation stability parameters assessed by MP and whether the severity of glaucoma is
related to the deterioration in these indicators. Additionally, we analyzed correlations
among fixation indices and retinal function/structure parameters assessed by MP, standard
automated perimetry (SAP), optical coherence tomography (OCT), and OCT angiography
(OCTA) in eyes with mild and moderate/severe POAG and healthy controls.

2. Materials and Methods
2.1. Study Design and Patient Recruitment

In this cross-sectional study, all subjects were recruited and assessed at the Oftalmika
Eye Hospital (Bydgoszcz, Poland) between 2019 and 2020. The study was performed
according to the tenets of the Declaration of Helsinki. All participants provided written
informed consent prior to their inclusion in the study. The study protocol was approved
by the Bioethical Commission of Nicolaus Copernicus University in Torun, Collegium
Medicum in Bydgoszcz (approval number 600/2019).

All participants underwent a detailed ophthalmological examination, including mea-
surement of the following parameters: refractive error (Topcon KR-890, Tokyo, Japan),
BCVA, slit-lamp biomicroscopy with gonioscopy and dilated fundus examination using a
Volk lens, intraocular pressure (IOP; Icare TAO1 i, Finland Oy, Vantaa, Finland), pachymetry
(Tomey EM-3000, Tomey Corporation, Nagoya, Japan), and axial length measurement (IOL
Master 500, Zeiss Humphrey, Dublin, CA, USA). In addition, patients were examined using
a Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany), OCTA (Optovue, Inc.,
Fremont, CA, USA), Humphrey Field Analyzer II (HFA; Carl Zeiss Meditec, Dublin, CA,
USA), and macular analyzer integrity assessment (MAIA) MP (Centervue, Padova, Italy).
All examinations were performed in one day by the same ophthalmologist.

Patients treated for perimetric glaucoma for at least 6 months were included in the
study. All participants were required to have POAG and meet the following criteria: the
presence of features of glaucomatous optic neuropathy accompanied by a decrease in peri-

36



J. Clin. Med. 2022, 11, 2368

30f12

papillary RNFL (pRNFL) thickness corresponding to VF loss in SAP with a normal anterior
chamber and open angle based on slit-lamp and gonioscopic examinations, respectively.
Glaucomatous disc changes were defined as a vertical cup-to-disc ratio greater than 0.7,
asymmetry greater than 0.2 between the two eyes, optic disc hemorrhage, and neuroretinal
rim changes consisting of pallor or localized notching in the absence of any other ocular or
neurological pathology. Glaucomatous VF losses were identified by static perimetry using
a threshold approach. One of the following changes observed in two consecutive visual
field tests were used as a criterion for glaucomatous damage: a cluster of three or more
adjacent points in a typical localization for glaucoma with a p-value less than 0.05 in pattern
standard deviation (PSD) and one point with a p-value less than 0.01 in PSD, a glaucoma
hemifield test result outside normal limits, and /or an average PSD value calculated for
the entire tested area in less than 5% of healthy eyes. Patients with POAG were further
classified into two groups based on the severity of VF damage in SAP: mild glaucoma was
defined as a VF mean deviation (MD) greater than —6 dB; moderate/severe glaucoma was
defined as an MD less than —6 dB.

Age- and sex-matched subjects with no ocular or neurological pathology and normal
VF in SAP were taken as controls.

The general exclusion criteria were: BCVA less than 0.6, refractive error above +3.0
Dsph, IOP less than 23 mmHg, any media opacity, ophthalmic surgery, except for uncompli-
cated phacoemulsification cataract and uncomplicated anti-glaucoma surgery if at least six
months had passed since the surgery. People with vascular or nonvascular retinopathies,
ocular or systemic diseases known to impair VF, nonglaucomatous optic neuropathies, and
macular pathology were also excluded.

2.2. Microperimetry

The MAIA MP technique combines SLO, static perimetry, and fundus imaging. The
mechanism of observation is an infrared superluminescent diode with a wavelength of
850 nm, which provides high-quality images, even with pupil diameters of 2.5 mm. The
maximum level of illumination is 318.47 cd/m?. The light appears in ranges of attenuation
from 0 to 36 dB in 1 dB steps. The background luminance is 1.27 cd/m?. Goldmann-type
size III stimuli were presented for a duration of 200 ms. MP delivers information in the
form of retinal threshold sensitivity and fixation stability. The average sensitivity threshold
(average threshold—AT) in dB was measured using the expert exam option with a MAIA
standard macular grid pattern (37 stimulus points) over 10 retinal degrees (+5 degrees
around the macula). The standard 4-2 projection strategy was used, and all measurements
were performed monocularly in a darkened room. During the examination, patients were
instructed to look at the center of the fixation target with correct operation of the response
button when stimuli was shown. Eye movements were registered by an integrated eye-
tracker system with a frequency of 25 Hz, with the dual purpose of correcting ocular
misalignment and registering the subjects’ fixation pattern. The MP system can describe
fixation stability in two ways. The first method calculates the percentage of fixation points
(PFP) within a circle of 1° and 2° radii (defined as P1 and P2, respectively) centered in
the barycenter of the CFP. The second method measures the bivariate contour ellipse
area (BCEA), which is the macular area surrounding all fixation movements within 1 or
2 standard deviations, consequently including 95% (BCEA95) and 63% (BCEA63) of fixation
points. This analysis also considers the major and minor axes, which are two orthogonal
diameters describing the range of fixation points. The BCEA orientation is the angle
between the ellipse major axis (EMA) and the horizontal axis (HA) of the visual meridian,
with values between 0° and +90° corresponding to angles measured counterclockwise
between the HA and EMA; values between 0° and —90° corresponding to angles measured
clockwise between the HA and EMA; 0° corresponding to a horizontal orientation and 90°
corresponding to a vertical orientation.

Currently, the clinical interpretation of the MAIA results is based on the manufacturer’s
analysis printout. The printout reports the measured retinal sensitivity at each test loci

37



J. Clin. Med. 2022, 11, 2368

40f12

(pointwise sensitivity), as well as the mean sensitivity across all test loci. Retinal sensitivity
indexes AT and Macular Integrity are shown in a color chart where green, yellow, and
red, respectively, represent normal, suspect, or abnormal sensitivity. The analysis printout
also includes a “histogram of thresholds frequencies”, which shows the distribution of
retinal sensitivity compared to the Gaussian distribution of a “normal reference” of healthy
eyes between 20 and 80 years of age. Furthermore, the analysis printout reports a fixation
plot with numerical values for BCEA63 and BCEA95 expressed as the ratio of the EMA
and HA, their area in square degrees, and angle. On the printout, there is also a scale of
fixation stability based on P1 and P2 values, where green, yellow, and red mean stable,
relatively stable, and unstable fixation, respectively. A graph with the duration of the test is
also displayed.

2.3. Optical Coherence Tomography

All patients underwent OCT imaging with the objective of measuring the thickness of
the pRNFL and ganglion cell complex (GCC). The pRNFL thickness in pum mean globally
(G), and the defined quadrants, superior (S), inferior (I), temporal (T), nasal (N), were
analyzed over 360° using a Spectralis OCT device (Heidelberg Engineering, Heidelberg,
Germany). Each circular scan consisted of 768 A-scans. The scanned circle was 3.46 mm in
diameter and cocentered with the optic nerve head (ONH). A built-in Avanti RTVue XR
(Optovue, Inc., Fremont, CA, USA) glaucoma module was used to measure the thickness
of the retinal GCC. The GCC scan was centered 1 mm temporal to the fovea and covered a
circular macular area of 6 mm in diameter. The global GCC thickness and the thickness of
the superior and inferior hemifields in um was assessed. Furthermore, all scans had to fulfil
consensus criteria for retinal OCT quality assessment (OSCAR-IB) to ensure comparability
and quality of OCT images [14].

2.4. Standard Automated Perimetry

VF examinations were performed with a 24-2 VF test grid using an HFA II with a
standard Swedish interactive threshold algorithm (SITA). The 24-2 VF test measured retinal
sensitivity thresholds at 24 degrees temporally and 30 degrees nasally, including 52 test
points separated by 6 degrees (excluding two blind spot locations). A Goldmann-type
size III stimulus with a background luminance of 31.5 asb was used. Near correction was
provided as needed. Only reliable VF tests (fixation loss less than 33%, false-positive and
false-negative rates less than 10%) without artifacts and cases with no evidence that the
abnormal results were caused by diseases other than glaucoma were included. Global in-
dices to assess glaucomatous defects MD, PSD, and visual field index (VFI) were evaluated
for the statistical analysis. MD (in dB) is the average of the differences from the mean of
age-adjusted normal values of all visual field locations tested. The severity of glaucoma
was recorded as a MD value. PSD (in dB) is an indication of any local abnormalities in an
individual’s visual field calculated by the device. The VFI is a trend analysis that scales the
overall visual field status from 100% (normal) to 0% (end-stage glaucoma).

2.5. Optical Coherence Tomography Angiography

OCTA imaging was carried out using an Avanti RTVue XR with AngioVue software
(version 2017.1.0.151), which provides noninvasive qualitative visualization and quan-
titative assessment of the retinal vascular network using the split-spectrum amplitude-
decorrelation angiography (SSADA) algorithm. We considered the obtained OCTA results
as a structural parameter due to the fact that, after appropriate segmentation, only the
density of the microvessel network is analyzed, not the blood flow. The OCTA device can
perform 70,000 A-scans per second and achieves measurements with an axial resolution of
5 um using a light source with a wavelength of 840 + 10 nm and a bandwidth of 45 nm.
To correct for motion artifacts, the device is equipped with DualTrac Motion Correction
technology, and orthogonal fast-scan directions (horizontal and vertical) are combined.
The AngioVue software is equipped with three-dimensional Projection Artifact Removal
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(3D PAR), which reduces projection artifacts in deeper retinal layers while maintaining
their authentic layout. The macula was analyzed using B-scans covering an area of , on an
area of 4.5 x 4.5 mm? centered on the ONH, and peripapillary vessels were analyzed. The
images consisted of two sets of B-scans repeated horizontally and vertically, each consisting
of 400 A-scans. Data analyses including automatic segmentation of the superficial vascular
plexus (SVP) and deep vascular plexus (DVP) of the macula and the peripapillary radial
peripapillary capillary (pRPC) layer in the ONH area were performed on commercially
available software and expressed in %. The en face OCTA image is a grayscale image
composed of a range of pixels from black with a value of 0 to white with a value of 255.
Each of the thresholding strategies uses a different approach to define the level above
which pixels are white and below which pixels are black. Using these tools, images are
converted from grayscale images to binary images, and vessel density is calculated as the
ratio of the area occupied by the vessels divided by the total area. In ONH scans, vessel
density was analyzed in the peripapillary area, which extends outward from the ONH
border with an elliptical area between 2-4 mm. The RPC layer was defined as extending
from the inner limiting membrane (ILM) to the posterior border of the RNFL. In the macula,
vessel density was analyzed on the entire surface of the 6 x 6 mm? en face images. The SVP
is comprised of the area between the ILM and the outer boundary of the inner plexiform
layer (IPL), whereas the DVP is comprised of the area between the outer boundary of
the IPL and the outer boundary of the outer plexiform layer (OPL). Both eyes of each
patient were examined after pupil dilation on the same day between 1:00 and 4:00 PM.
Only measurements of good technical quality with a signal quality (SQ) of 6 or more on a
10-degree scale, with which the commercial camera was equipped, qualified for further
analysis. Measurements with motion artifacts on the en face images (irregular patterns of
vessels or a blurred ONH boundary of the) were rejected.

2.6. Statistical Analysis

All statistical analyses were performed in R (version 3.6.2.). Prior to the study, our
goal was to determine the sample size required to compare BCEA95 values (parameter
considered as primary endpoint) between healthy and POAG patients with a test power
of >80% and « = 0.05; however, there are no data available regarding the mean and
variance of BCEA95 for POAG patients. Therefore, we decided to conduct a small pilot
study (n1 = n2 = 15 for both healthy and POAG patients) in order to determine the sample
size. The mean value of BCEA95 for healthy patients in the pilot study was 2.10, and
for POAG patients—4.31. The standard deviation was 3.05. We determined the sample
size based on pilot study results in order to obtain >80% power of a test with a = 0.05, a
sample size of at least 25 for each group was required + additional 20% to take account
for possible dropouts. In the end, 77 eyes were included in the study. Due to absence of
a normal distribution (as assessed by Shapiro-Wilk test), all continuous variables were
analyzed using nonparametric tests. Differences between group means were assessed using
the Kruskal-Wallis test or x2 test for continuous and categorical variables, respectively.
Spearman'’s rank correlation coefficient was calculated to determine the correlation among
fixation indices and retinal function parameters. A two-sided p-value less than 0.05 was
considered statistically significant.

3. Results

Initially, 56 eyes of 32 POAG patients and 24 eyes of the 16 participants of the healthy
group who met the outlined inclusion and exclusion criteria qualified for the study. Of
these eyes, 2 with POAG (3.5%) and 1 healthy eye (2.4%) were subsequently excluded due
to poor-quality imaging tests or unreliable VF test results. A total of 54 eyes from 31 POAG
subjects were included in the final analysis. Based on the degree of VF loss in SAP, 32 eyes
of patients with POAG were assigned to the mild POAG group (MD —2.57 & 1.54 dB)
and 22 eyes were included in the moderate/severe POAG group (MD —12.77 + 7.67 dB).
The studied groups did not differ in age (p = 0.522) or sex (p = 0.932). There were no

39



J. Clin. Med. 2022, 11, 2368

60f 12

significant differences among groups in terms of BCVA, IOP, AL, CCT, and MP examination
time (p > 0.05). Demographic and clinical characteristics of the study participants are
summarized in Table 1.

Table 1. Demographic data and clinical characteristics of patients.

Health = Val
Fammater _— Mild Moderate/Severe RV
Number of eyes 23 31 23

Male:female ratio 5:11 7:13 6:10 0.932
Age, year 67.88 + 7.61 69.05 + 8.70 71.06 + 8.50 0.522
BCVA, Snellen 1.00 + 0.02 0.99 + 0.02 0.96 + 0.08 0.085
IOP, mmHg 18.13 + 2.07 18.25 + 2.02 17.66 + 2.47 0.764
AL, mm 2332+ 1.11 234 + 1.06 2337 +0.73 0.965
CCT, um 5329 + 27.20 527.2 + 40.07 527 + 55.83 0.574
MP examination time, s 320.84 + 74.14 307.61 + 62.79 313.83 + 78.26 0.387

Data are presented as mean =+ one standard deviation or number. Differences among groups were assessed using
the x? test for categorical variables and Kruskal-Wallis test for continuous variables. Abbreviations: POAG,
primary open-angle glaucoma; BCVA, best-corrected visual acuity; IOP, intraocular pressure; AL, axial length;
CCT, central corneal thickness; MP, microperimetry.

3.1. Structural and Functional Data

Quantitative analysis of structural (GCC and pRNFL thickness, SVP and pRPC vessel
density) and functional (VFI, MD, PSD, AT) retinal parameters showed significant deterio-
ration with the progression of glaucoma (p < 0.001). Although eyes with glaucoma showed
reduced vessel density at DVP, these differences were not significant among study groups
(p = 0.1641). The ratio of DVP to SVP whole density was 0.99 in the healthy group, which
differed significantly from values obtained in the mild and moderate/severe POAG groups,
with index increases of 1.11 and 1.21, respectively (p < 0.001). Comparisons of structural
and functional characteristics are presented in Table 2.

Table 2. Differences in structural and functional characteristics between study groups.

Health 1088 Val
Fepeiete e Mild Moderate/Severe s

GCC average, um 98.17 +9.89 83.32 4 10.02 7222 £ 11.38 <0.001
PRNFL global, um 101.74 + 10.06 79.42 + 13.82 61.87 + 14.12 <0.001
SVP whole VD, % 50.09 + 2.50 4347 £ 511 39.01 + 6.32 <0.001
DVP whole VD, % 50.17 +3.71 4794 + 5.64 47.06 + 545 0.164
DVP/SVP whole VD ratio 0.99 + 0.08 1.11 £ 013 1.21 £0.13 <0.001
pRPC VD, % 51.73 + 2.56 4448 +6.71 36.60 + 7.36 <0.001
VFI, % 98.30 + 1.56 95.81 + 3.53 63.74 + 27.52 <0.001
MD, dB -1.52 + 1.62 —2.57 + 1.54 -12.77 + 7.67 <0.001
PSD, dB 2.25 + 0.66 2.89 + 1.61 8.26 + 3.88 <0.001
AT, dB 26.77 +1.34 2532 +2.26 20.15 + 5.38 <0.001

Data are presented as mean = one standard deviation. Statistically significant differences (p < 0.05) are indicated in

bold. The Kruskal-Wallis test was used to compare groups. Abbreviations: POAG, primary open-angle glaucoma;

GCC, ganglion cell complex; pRNFL, peripapillary retinal nerve fiber layer; VD, vessel density; SVP, superficial
vascular plexus; DVF, deep vascular plexus; pRPC, peripapillary radial peripapillary capillaries; VFI, visual field
index; MD, mean deviation; PSD, pattern standard deviation; AT, average threshold.

3.2. Fixation Indices

Fixation parameters were analyzed in each group. Although the P1 and P2 indices de-
teriorated with increasing POAG severity, differences between groups were not statistically
significant (p > 0.05). Both BCEA63 and BCEA95 values increased with the degree of POAG.
However, of the fixation indices analyzed, only BCEA95 was statistically significantly
different between study groups (p = 0.042). The difference in BCEA63 values was almost
statistically significant (p = 0.051). The diameters describing the extent of the fixation area
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along the horizontal and vertical axes (H95 and V95) increased with severity of the disease
(Figure 1). However, the analysis revealed no statistically significant differences among
study groups (p> 0.05). In the POAG and healthy groups, the ratio of H95 to V95 was close
to one and the fixation ellipse was close to a circle. Results of the comparative analysis are
presented in Table 3.

A

F FIXA! PLOT

1 Uivariate Cortour EBpse Ares: Brariate Contour ENipse Area
%3.3°, Ara = 0.1%, angle = $6.7° 63% BCEA 0.6°%0 6%, Area = 0.3%, angle = 529* BI% BCEA 1.5°31.3°, Arwa = 157, anghe = -22.7°

Bvariate Contour Ellgse Area
3% BCEA: 3
5% DCEA 050 6

0.3%
Arwa = 0%, angle = 54 7 95% BCEA 1.0%%1 1%, Area = 0.9, anghe = 329° O9% BCEA 2 6°52 2, Area = 457 angle = -227*

Figure 1. The figures show changes in the visual field and fixation pattern in a healthy control
eye (A,B), respectively, in the eye with mild POAG (C,D), respectively, and in the eye with moder-
ate/severe POAG (E,F), respectively. As the severity of glaucoma progresses, the fixation parameters
deteriorate, as shown in the figure.

Table 3. Differences in fixation indices among study groups.

Health FOAG Val

Elvagie: S Mild T ——
BCEA63, °2 0.74 %+ 0.60 0.97 + 0.90 1.64 + 1.57 0.051
BCEA95, °2 220 4 1.80 293 +272 451 +4.12 0.042
H95, ° 149 +0.72 1.89 + 0.91 215+ 1.07 0.135
V95, © 154 +0.88 1.63 + 0.93 2144129 0.091
P1,% 95.39 + 4.72 92,97 + 8.40 89.52 + 13.02 0.127
P2, % 98.65 + 2.08 98.84 + 1.57 97.26 + 3.52 0.196
Angle, °© -11.37 + 393 1.54 + 33.82 ~8.23 +46.28 0.480
H95/V95 ratio 1.16 + 0.59 1.25 +0.38 1.05 + 0.30 0.198

Data are presented as mean = one standard deviation. Statistically significant differences (p < 0.05) are indicated in
bold. The Kruskal-Wallis test was used to compare groups. Abbreviations: POAG, primary open-angle glaucoma;
BCEA, bivariate contour ellipse area; H, horizontal; V, vertical.

When analyzing the relationships between fixation indices and global structural
parameters, we found a significant correlation of P1, BCEA63, BCEA95, and H95 only
with global GCC thickness and SVP vessel density. In analyzing the relationship between
fixation indices and regional structural parameters, the strongest correlations were found
with pRNFL thickness in the temporal and superior quadrants, and GCC thickness in the
superior and inferior hemifields. The results are presented in Table 4.
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Table 4. Spearman’s rank correlation coefficient measuring the relationship between fixation indices
and retinal structural parameters (GCC and pRNFL thickness, pRPC and SVP vessel density) of

study groups.

Paameter GCC  GCCS  GeCl PRNFL - oRNFIS  pRNFLI  pRNFLT — pRNFLN  pRPC  pRPCS  pRPCI  SVP
= 0247 0255 0216 0.149 0231 0.091 0.333 ~0.008 0153 0169 0119 0299
©0031) (0025  (0059)  (019%)  (0.043)  (0.43) 0.003) 0946)  (0184)  (0142)  (0302)  (0.008)

5 0111 0114 0099 0043 0113 0.005 0.234 —0.128 0.07 009 0031 0471
033%6) (0325 (03%2)  (071)  (0328)  (0966) 0.04) 0267)  (054)  (0.393)  (078)  (0136)

BCEA63 —0.256 —0.255 -0.239 ~0.172 —~0.265 ~0.116 -0.325 ~0.029 ~0.174 ~0.193 ~0.141 -0.323
©0.025) (0025 (0.036) (0133  (0.02)  (0.316) 0.003) ©0802)  (0.431)  (0.092)  (0221)  (0.004)

BCEA9s 0273 —0269 0255 0183  —0278 0.3 —0327 0028 -0.187  —0204 0156  —0337
(0.016) (0.018) (0.025) (0.111) (0.014) (0239) (0.004) (0.807) (0.103) (0.075) (0.175) (0.003)

" 0232 0222 022 013 0221 0085  —0325 0003 0119 0137 0098 —0309
©0043)  (0053) (0056)  (0249)  (0055)  (0.466) 0.003) ©0978) (0305  (0.236)  (04)  (0.007)

5 02 02 0181 0139 —0242 0107 —0208 —0.006  —0201 0213 0166 —0251
(0.084) (0.084) (0.118) (0.23) (0.035) (0.359) (0.071) (0.956) (0.082) (0.064) (0.152) (0.029)

Statistically significant (p < 0.05) coefficient values are indicated in bold. p-values are presented in brackets.
Abbreviations: BCEA, bivariate contour ellipse area; H, horizontal; V, vertical; GCC, ganglion cell complex;
PRNFL, peripapillary retinal nerve fiber layer; pRPC, peripapillary radial peripapillary capillaries; SV, superficial
vascular plexus; G, global; S, superior; I, inferior; T, temporal; N, nasal.

In 77 eyes, analysis of the relationships between fixation indices and retinal function
parameters showed significant correlations between all fixation parameters and AT, as-
sessed by MP. There was also a weak but significant correlation between BCEA (95 and 63)
and VFI, assessed by SAP, and between BCEA63 and BCVA. The fixation index BCEA95
exhibited the strongest correlations with both structural and functional parameters of the
retina. The results are reported in Table 5.

Table 5. Spearman’s rank correlation coefficient measuring the relationship between fixation indices
and retinal function parameters of study groups.

Parameter AT VFI MD PSD BCVA
- 0.339 0203 0.076 20097 0.191
(0.003) (0.083) (0.52) (0.411) 0.09)
o 0.226 0.101 0.036 ~0.022 0.09
0.049) (0.393) (0.76) (0.849) (0.436)
—0.370 —0.247 -0.131 0.127 —0.233
BCEAG (0.001) (0.034) (0.267) 0.282) 0.041)
—0.384 —0.248 0126 0.134 ~0213
HCEASD 0.001) 0.033) (0.283) (0.255) (0.063)
=8 Z0302 Z021 Z0.092 0.105 Z0178
(0.008) (0.075) (0.438) 0.376) (0.125)
= 0287 Z021 ~0.101 0.084 20163
0.012) 0.075) (0.393) (0.482) ©0.161)

Statistically significant (p < 0.05) coefficients are indicated in bold. p-values are presented in brackets. Abbrevi-
ations: BCEA, bivariate contour ellipse area; H, horizontal; V, vertical; AT, average threshold; VFI, visual field
index; MD, mean deviation; PSD, pattern standard deviation; BCVA, best-corrected visual acuity.

4. Discussion

This study analyzed fixation stability using MP MAIA in patients with mild and
moderate/severe glaucoma and healthy controls. The resulting fixation indices were
correlated with parameters used to assess retinal function with MP and SAP and retinal
structure with OCT and OCTA. Fixation stability in glaucoma patients deteriorated with
increasing disease severity and significant differences in BCEA95 were observed among
groups. The correlation among fixation parameters and abnormalities in retinal structure
and function were also confirmed.

42



J. Clin. Med. 2022, 11, 2368

9of 12

MP is a modern method that allows detailed analysis of the macular function based
on direct correlation with anatomical aspects of the retina observed using an eye tracker.
Recently, fixation pattern analysis has attracted increasing interest from researchers as an
objective method for studying the function of the visual system. Fixation is recorded during
standard MP tests (dynamic fixation) performed to assess retinal threshold sensitivity but
can also be recorded as an isolated fixation task (static fixation) [15,16]. In our study, we
evaluated dynamic fixation during retinal sensitivity testing. The MP software automati-
cally analyzed the fixation stability using two different methods: the clinical classification
proposed by Fuijii et al. and BCEA analysis [17,18]. The main advantage of the method
of Fuijii et al. is the clinically relevant classification of fixation stability: Eyes with a P1
value greater than 75% are classified as having stable fixation. If P1 is less than 75% and
P2 is greater than 75%, fixation is classified as relatively unstable; if both P1 and P2 are
less than 75%, the pattern is described as unstable fixation [17]. However, this method has
come under scrutiny in the literature due to the arbitrarily selected fixed circular area of
1% and 27 in radius used to determine the stability index [19]. The BCEA analysis method
for evaluating fixation stability in MP proposed by Crossland et al. calculates the area and
orientation of an ellipse encompassing a specific portion of the fixation point dataset. The
advantage of the BCEA calculation is that it is based on a mathematical model used to
describe the movement of variables in statistics; however, the BCEA is not associated with
any clinical classification in MP [20,21].

Our results support previous reports on the suitability of MP for assessing fixation
behavior, especially when the BCEA is analyzed. In 2016, Morales et al. published a
study in which a clinical reference database for fixation stability metrics measured by MP
MAIA was established, based on measurements obtained from 358 healthy volunteers.
Average values of 0.80°2 for the BCEA63 index and 2.40°? for the BCEA95 index were
obtained. The mean values of P1 and P2 were 95% and 99%, respectively [19]. These values
are consistent with the fixation indices measured in our healthy group. Importantly, our
analysis showed significant differences in fixation stability among study groups when
described by BCEA95. Despite deterioration in the 1 and P2 indices with increasing
severity of glaucoma, we did not show any statistical significance. Our results confirm
those of Longhin et al., which concluded that BCEA analysis results in a greater accuracy
in detecting minimal quantitative changes in fixation stability, compared with the standard
clinical classification [22]. Moreover, a strong relationship was previously demonstrated
between fixation stability, as measured by BCEA, and a very weak correlation between
P1 and P2 and many reading ability parameters used to assess visually impaired patients,
which demonstrates the advantage of the fixation stability based on BCEA rather than the
Fujii classification system [23].

In our study, we demonstrated the usefulness of fixation stability assessment, con-
firmed by correlations among the disruption of retinal structure/function and changes in
fixation stability parameters in the study groups. The strongest correlation was observed
between AT of the retina and BCEA indices. In a previous study, Shi et al. compared
patients with early and moderate stages of glaucoma to healthy controls and analyzed
fixation data from microperimetric tests using MP-1 (NIDEK Technologies, Vigonza, Italy).
Significant differences in fixation stability were observed among groups if the PFP was
maintained within the central 2° circle. A relationship between fixation stability within
the central 2° (P1 in MAIA microperimeter, respectively) and AT of the retina was also
observed in the POAG group. However, in this work, the assessment of fixation indicators
did not include BCEA analysis [12]. The reduced retinal sensitivity in MP associated with
alterations in microcirculation in glaucomatous eyes was previously investigated. The
correlation between decreasing AT in MP and microvascular network damage in macular
SVP in all patients with POAG was demonstrated. This relationship was stronger than
the correlation between pRNFL thickness measurements and VF parameters in SAP [3].
Additionally, our current study showed a significant correlation between fixation indices
and vessel density in SVP assessed by OCTA.
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Montesano et al. also reported differences in fixation patterns in patients with glau-
coma and the healthy control group. Fixation stability was measured as BCEA using two
novel metrics: mean Euclidean distance (MED) and sequential Euclidean distance (SED).
These measures were designed to capture the spread of fixation points and the frequency
of position changes during fixation, respectively. The authors reported subtle changes in
fixation more accurately described by features of the temporal sequence displacements
(SED), rather than measures of fixation spread such as BCEA. They suggest that glaucoma
patients try to enhance perception of the fixation target by frequent shifting between differ-
ent positions. Moreover, it was observed that SED has a significant association with MD,
but neither BCEA nor MED were significantly correlated [11].

We found that the horizontal (H95) and vertical (V95) axes increased with the severity
of glaucoma in relation to the healthy group. However, despite the larger area, the BCEA
remained circular in all POAG groups. An analysis of major BCEA axis values was per-
formed by Gil-Casas et al. using MP in subjects with multiple sclerosis (MS), with and
without previous optic neuritis (ON). They found that the shape and size of the fixation
ellipse differed among groups. The sizes of the axes (H95 and V95) were similar in the
control group, and the BCEA was circular in shape. In the MS group without a history of
ON, the size of both axes increased compared with the control group. In the MS group with
previous ON and contralateral eyes without ON, values of BCEA increased more on the
vertical axis than on the horizontal axis, resulting in a vertical ellipse [24]. Changes in fixa-
tion pattern, including the ellipse shape and size, described in neurodegenerative diseases
may be different, which may have prognostic and diagnostic significance. Post-mortem and
in vivo studies conducted to date have shown that neurodegenerative disorders are charac-
terized by a loss of specific neuron populations. In glaucoma, vision loss and dysfunction
are the result of retinal ganglion cell death, atrophy, and axon degeneration extending
to central visual targets in the brain [25,26]. Glaucomatous damage has an impact on
vision and oculomotor structures in the brain, including the lateral geniculate nucleus and
visual cortex [27]. Dysfunction in oculomotor control has also been described in various
neurodegenerative disorders (e.g., Alzheimer’s disease, parkinsonian disorders, MS) [28].
Fixation is a dynamic process that is actively controlled by neuronal mechanisms localized
in the cerebrum, brainstem, and cerebellum. During fixation, eyes continue to move with a
combination of microsaccades, smooth ocular drifts, and tremors. Microsaccades are the
largest of these fixational eye movements. Abnormal eye movement, fixation instability,
and foveation are likely a sign of inflammatory and neurodegenerative effects on the optic
nerve and the widespread network of central afferent and efferent visual and oculomotor
control pathways that are necessary for normal fixation [5,28,29]. These theories are sup-
ported by our results that in glaucoma, as in other neurodegenerative diseases, fixation
disorders occur.

There are several limitations to this study. Due to relatively small sample size, the
results might not be completely representative of the general population. For this reason,
both eyes were included in the analyses when the study criteria were met. To our advantage,
the evaluation of the results showed that in such cases, when eyes were at different stages
of glaucoma advancement, fixation parameters also differed and were worse in the eye
with more advanced glaucoma, based on the VF in SAP. Patients with POAG did not
discontinue ocular hypotensive eye drops, which might affect ocular blood flow. The
effect of antihypertensive eye drops is likely to persist for 1-4 weeks from the time of
withdrawal; therefore, for ethical and medical reasons, patients with POAG involved in
the present study did not stop using them. For the same reasons, when patients from both
study groups were taking systemic drugs, their use was not discontinued during the study.
Nevertheless, it seems that these topical and systemic drugs should not affect the obtained
fixation parameters [30-32].
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5. Conclusions

In summary, this was the first study to analyze fixation parameters obtained using MP
MAIA and to correlate them with structural and functional changes in the retina in patients
with mild POAG, moderate/severe POAG, and healthy controls. The results show that
POAG is associated with disturbances in the fixation pattern, which worsen as the disease
progresses and can be effectively assessed by performing a MP test. We demonstrated that
changes in fixation indices correlate with structural changes in OCT and OCTA, as well as
functional changes in MP and SAP. The observed alterations in fixation are probably a way
of adapting visual perception to operating under conditions of reduced RGC. Due to the
stimulation of photoreceptors in a larger area of the retina and, therefore, more RGCs, the
deficit of damaged RGCs in glaucomatous eyes is likely to be compensated for. This would
explain why visual acuity in glaucoma patients is normal despite the decrease in macular
sensitivity. We believe that assessing fixation stability offers an advantage as an objective
method that is relatively easy for patients to perform, compared with perimetric tests.
The results are promising, and further research is warranted to determine whether this
approach could become a useful method for diagnosing and monitoring not only glaucoma
but also other neurodegenerative diseases, as suggested in previous studies.
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Omdwienie prac wchodzgcych w sktad pracy doktorskiej

Celem pracy Correlation of retinal sensitivity in microperimetry with vascular density
in optical coherence tomography angiography in primary open-angle glaucoma byto
okreslenie zaleznosci miedzy czutoscig siatkowki w MP a gestosciag mikronaczyn siatkdwki
za pomocg OCTA u pacjentéw z POAG.

Wszyscy pacjenci mieli wykonane szczegdétowe badanie okulistyczne, ktore
obejmowato: najlepszg skorygowang ostro$¢ wzroku (BCVA), biomikroskopie w lampie
szczelinowej, badanie dna oka, tonometrie, pachymetrie, gonioskopie oraz pomiar dtugosci
osiowej gatki ocznej. Wykonano badanie czutosci siatkdwki za pomocg SAP i MP oraz pomiary
grubosci pRNFL i GCC za pomocg OCT, atakie ocene VD siatkowki z wykorzystaniem
OCTA. Pacjentéw z POAG zakwalifikowano do badania na podstawie obecnosci cech
jaskrowej neuropatii nerwu wzrokowego, czemu towarzyszyto obnizenie grubosci pRNFL
odpowiadajgce utracie VF w SAP. Podzielono ich na dwie grupy w oparciu o ciezkos¢
uszkodzenia VF w SAP: jaskre tagodna zdefiniowano jako srednie odchylenie (mean deviation
— MD) VF wieksze niz -6dB, a jaskre umiarkowana/ciezkg — jako MD mniejsze niz -6dB.

Zdrowi uczestnicy mieli cisnienie srédgatkowe ponizej 21 mmHg, prawidtowy wyglad
tarczy nerwu wzrokowego bez asymetrii, grubos¢ pRNFL w granicach normy, prawidtowe
wyniki w VF zdefiniowane jako PSD w granicach 95% i wynik GHT w granicach normy. Zdrowa
grupa kontrolna nie wykazywata zadnej choroby oczu poza niewielkimi wadami refrakcji.
Ogdlnymi kryteriami wykluczenia byty: wiek ponizej 50 i powyzej 85 lat, BCVA < 0,6, wada
refrakcji powyzej +3,0 Dsph, IOP>23 mmHg, operacja okulistyczna, z wyjgtkiem
niepowiktanej fakoemulsyfikacji za¢my i niepowiktanej operacji przeciwjaskrowej, gdy
od operacji minety co najmniej trzy miesiace.

Badanie OCTA wykonano urzadzeniem Avanti RTVue XR. Protokdt zastosowany
do analizy plamki sktadat sie ze skanéw B obejmujgcych obszar o wymiarach 6 x 6 mm?,
powtdrzonych w pozycji poziomej i pionowej, natomiast do analizy naczyn okototarczowych
wykonano pomiar obejmujacy obszar 4,5x 4,5 mm? wysrodkowany na tarcze nerwu
wzrokowego (optic nerve head — ONH). Dane analizowano za pomoca dostepnego na rynku
oprogramowania, ktére umozliwiato automatyczng segmentacje SVP isplotu gtebokiego
(deep vascular plexus — DVP) w obrebie plamki i warstwie RPC. W plamce analizowano

gesto$¢ naczyrn na obszarze o wymiarach 6 x 6 mm? (VD whole) oraz w wyodrebnionych
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obszarach: przydotkowym (parafoveal) miedzy pierscieniami 1 mm i 3 mm od $rodka dotka
oraz okotodotkowym (perifoveal) miedzy pierscieniami 3 mmi 6 mm od centrum dotka. Skany
obejmujgce ONH wykorzystano do pomiaru VD w warstwie RPC na catym obrazie en face
o wymiarach 4,5 x 4,5 mm? oraz w obszarze okototarczowym (peripapillary RPC — pRPC),
rozciggajgcym sie pomiedzy eliptycznymi liniami konturowymi o $rednicy 2 i4 mm wokot
krawedzi tarczy.

Grubo$¢ pRNFL zmierzono za pomocg urzadzenia Spectralis OCT (Heidelberg
Engineering, Heidelberg, Niemcy). Do tego celu zastosowano skan kotowy o $rednicy
3,46 mm, sktadajgcy sie z 768 A-skandow, wysrodkowany na ONH. Ocene grubosci GCC
przeprowadzono za pomocg kamery urzadzenia Avanti RTVue XR. Skan GCC byt
wysrodkowany 1 mm skroniowo od dotka i obejmowat okragty obszar plamki o srednicy
6 mm.

Badanie mikroperymetryczne przeprowadzono za pomocg urzadzenia MAIA
(CenterVue, Padova, Wtochy). System wyposazony jest w skaningowy oftalmoskop laserowy,
ktory zapewnia doktadne Sledzenie i kompensacje ruchu oka w czasie rzeczywistym. Do oceny
Sredniego progu czutosci w réznych miejscach w obrebie plamki wykorzystano protokot
Expert Exam. Siatka testowa skfada sie z37 punktéw swietlnych, oddalonych o5°
od centralnego punktu fiksacji. W czasie testu badany byt obszar z 12 punktami na kazdym

o

koncentrycznym pierscieniu (2°, 6° i 10°) oraz pomiar jednego punktu srodkowego. Poza
oceng progu czutosci siatkéwki (average threshold — AT), urzadzenie umozliwia réwniez
oszacowanie wskaznika integralnosci plamki (macular integrity — Ml). Jest to liczbowa wartos¢
opisujgca prawdopodobienstwo, ze reakcja pacjenta na bodziec bedzie prawidtowa,
podejrzana lub nieprawidtowa w porédwnaniu z danymi normatywnymi skorygowanymi
o wiek; wyzsza liczba wskazuje na wieksze prawdopodobienstwo nieprawidtowych wynikéw.

Badanie SAP wykonano za pomocg Humphrey Field Analyzer Il (Carl Zeiss Meditec,
Dublin, CA, USA), przy uzyciu standardowej strategii SITA 24-2.

Do badania zakwalifikowano 52 oczu 30 o0sdb z POAG oraz 23 oczu 15 oséb z grupy
kontrolnej, ktore spetnity okreslone kryteria wtgczenia i wytaczenia. Nie byto istotnej roznicy
w wieku, ptci, centralnej grubosci rogéwki i cisnieniu wewnatrzgatkowym miedzy badanymi
grupami. Na podstawie stopnia utraty VF w SAP 30 oczu przydzielono do grupy z tagodna
postacig POAG (MD -2,611,6 dB), a 22 oczu — do grupy z umiarkowana/ciezka postacig POAG

(MD -13,4+ 7,1dB).
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Zdrowe oczy z prawidtowg gruboscig pRNFL i GCC na angiogramach miaty wyraznie
widoczng sie¢ mikronaczyn w pRPC i SVP w plamce w poréwnaniu z oczami z POAG. Wraz
z progresjg choroby mozna wykazaé tendencje do rozrzedzenia sieci mikronaczyn siatkdwki
i pojawiania sie miejsc, w ktérych przeptywy naczyniowe s3 catkowicie niewidoczne.
Poréwnujgc wyniki uzyskane na angiogramach plamki z badaniem MP, mozna zauwazy¢,
ze obszary o zmniejszonej gestosci mikronaczyn w SVP korespondowaty z obszarami
o obnizonym progu czutosci siatkdwki. Ponadto miejsca bez widocznych naczyn wtosowatych
w SVP odpowiadaty punktom gtebokich mroczkéw (0dB) w MP.

Analiza ilosciowa potwierdzita zwigzek miedzy stopniem zaawansowania POAG
a pogorszeniem parametréw funkcji i struktury siatkowki. Ocena angiogramoéw wykazata
istotng redukcje VD siatkéwki w pRPC iobszarze SVP whole woczach zPOAG.
W umiarkowanej/ciezkiej postaci POAG wykazano istotnie obnizong VD zaréwno w pRPC
(36,4 £5,7%), jak iSVP whole (38,7+6,3%) w poréwnaniu zgrupg tagodng POAG
(odpowiednio 43,6 +6,6%, 42,9+5,2%) igrupg zdrowa (odpowiednio 49,1+ 2,4%,
49,7 + 2,6%). Réznice w VD w DVP plamki pomiedzy grupami nie byly istotne statystycznie.
Catkowity stosunek DVP/SVP w grupie oséb zdrowych wynosit 1 +0,1 irdznit sie istotnie
od grupy tagodnej POAG (1,1+0,1) oraz grupy umiarkowanej/ciezkiej POAG (1,2+0,1)
(p <0,001). Badanie OCT potwierdzito istotne zmniejszenie grubosci pRNFL i GCC w oczach
POAG oraz fakt, ze stopief uszkodzenia struktury siatkowki wzrasta wraz z ciezkoscia
choroby.

Ocena czutosci siatkdbwki w MP wykazata, ze oczy z umiarkowang/ciezka postacia
POAG charakteryzowaty sie istotnie nizszym progiem czutosci (20,2 + 5,4 dB) w poréwnaniu
z oczami ztagodng POAG (25,3 £ 2,3 dB) igrupa oséb zdrowych (26,7 + 1,4 dB). Pomimo
faktu, ze pacjenci wtagodnym stadium POAG mieli nizszy prég Sredniej czutosci siatkowki
nizosoby zdrowe, rdinica nie byta istotna (p=0,134). W badaniu SAP w oczach
z umiarkowang/ciezkg POAG wykazano istotne réznice w parametrach VFI (62,1 £ 27%) i MD
(-13,4 £ 7,3dB) w poréwnaniu do grupy z tagodnga postacig POAG (95,8 + 3,6%, -2,6 + 1,5 dB)
i grupg zdrowa (odpowiednio 98 + 1,5%, -1,8 + 1,5 dB) (p < 0,001). Nie stwierdzono istotnych
réznic w parametrach funkcji siatkdwki miedzy oczami z tagodng postacig POAG a zdrowymi
oczami.

W celu zbadania korelacji miedzy funkcja siatkdwki oceniang w MP i SAP a strukturg

siatkdwki analizowang metodami OCTA i OCT wyznaczono wartosci korelacji czgstkowych
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korygowanych ze wzgledu na wiek, korelacje miedzy oczng oraz Scan Quality (w OCTA).
Analiza wykazata, ze najsilniejsza korelacja wystepuje miedzy SVP whole VD a srednim
progiem czutosci AT (wspodtczynnik korelacji Pearsona =0,68, p <0,001). Silne korelacje
istniaty réwniez miedzy gruboscia pRNFL a MD, gruboscia pRNFL iVFl (odpowiednio
wspotczynnik korelacji Pearsona=0,63, r=0, 61, p<0,001). AUROC wykorzystano
do odzwierciedlenia doktadnosci diagnostycznej parametréw strukturalnych siatkdwki
uzyskanych za pomocg obrazowania OCTA i SD-OCT. Najwyzszg doktadnos¢ diagnostyczna
dla odrdznienia oczu zdrowych od oczu z POAG uzyskano dla pRNFL, nastepnie SVP whole,
pRPC i GCC (odpowiednio AUROC 0,94, 0,92, 0,92, 0,91).

Uzyskane wyniki potwierdzajg, ze OCTA i MP s3 wartosciowymi metodami, ktdre
pozwalajg monitorowac zmiany strukturalne i czynnosciowe oczu z jaskra.

Celem pracy Alterations in Fixation Indices in Primary Open-Angle Glaucoma
by Microperimetry byta analiza wzorca fiksacji za pomocg MP u pacjentdw z POAG oraz
okreslenie wptywu stopnia zaawansowania choroby na parametry stabilnosci fiksacji.
Wszyscy pacjenci zostali szczegétowo zbadani okulistycznie. Wykonano badania czutosci
siatkowki za pomocg MP i SAP oraz pomiary grubosci pRNFL i GCC za pomocg OCT, a takze
ocene VD siatkdwki za pomocg OCTA.

Grupe pacjentéw z POAG zdefiniowano na podstawie cech neuropatii jaskrowej n. Il
z towarzyszgcym zmniejszeniem grubosci pRNFL, co odpowiadato ubytkom w badaniu pola
widzenia przy otwartym kacie przesgczania. Wsréd pacjentow z POAG wyodrebniono dwie
grupy w oparciu o ciezkos¢ uszkodzenia VF w SAP: jaskre fagodng zdefiniowano jako MD
wieksze niz -6dB, a jaskre umiarkowang/ciezkg — jako MD mniejsze niz -6dB.

Badanie mikroperymetryczne wykonano za pomocgy urzadzenia MAIA (CenterVue,
Padova, Wtochy), stosujac protokét Expert Exam w celu oceny sredniego progu czutosci
w obrebie plamki. Fiksacja w MP jest oceniana na dwa sposoby. W pierwszej metodzie oblicza
sie procent punktéw fiksacji w okregach o promieniu 1° i 2° (zdefiniowanych odpowiednio
jako P1 i P2), wysrodkowanych w barycentrum chmury punktéw fiksacji. Wynik P1 powyzej
75% klasyfikuje sie jako stabilng fiksacje. Jesli P1 jest mniejsze niz 75%, a P2 — wieksze niz
75%, fiksacje ocenia sie jako stosunkowo niestabilng. Jesli zaréwno P1, jak i P2 s mniejsze
niz 75%, wynik jest opisywany jako niestabilna fiksacja. Druga metoda polega na analizie
opartej na wyznaczeniu dwuwymiarowej powierzchni elipsy konturowej (BCEA), bedacej

obszarem otaczajgcym wszystkie ruchy fiksacyjne w zakresie jednego lub dwdch odchylen
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standardowych, w konsekwencji obejmujgcym 95% (BCEA95) i63% (BCEA63) punktéw
fiksacji.

Badanie SAP wykonano za pomocg Humphrey Field Analyzer Il (Carl Zeiss Meditec,
Dublin, CA, USA), przy uzyciu standardowej strategii SITA 24-2.

Dzieki obrazowaniu OCT za pomocg urzadzenia Spectralis OCT (Heidelberg
Engineering, Heidelberg, Niemcy) wykonano pomiary grubosci pRNFL. Analizie poddano
Srednig globalng (G) oraz dla okreslonych kwadrantéw: gornego (S), dolnego (l),
skroniowego (T) inosowego (N). Kazdy kolisty skan skfadat sie z768 skandow A,
a zeskanowany okrgg miat srednice 3,46 mm i byt wysrodkowany na ONH. Grubos$¢ GCC
oszacowano z wykorzystaniem modutu jaskrowego w urzadzeniu Avanti RTVue XR (Optovue,
Inc., Fremont, CA, USA). Skan GCC byt wysrodkowany 1 mm skroniowo od dotka i obejmowat
okragty obszar plamki o $rednicy 6 mm. Oceniono globalng grubos¢ GCC oraz grubosc
hemisfery gérnej i dolnej. Ponadto wszystkie skany musiaty spetniaé kryteria oceny jakosci
OCT siatkowki (OSCAR-IB), aby zapewni¢ poréwnywalnosé i jakos¢ obrazéw OCT.

Obrazowanie OCTA w celu oceny VD przeprowadzono za pomocg aparatu Avanti
RTVue XR zoprogramowaniem AngioVue, ktéry zapewnia nieinwazyjng wizualizacje
i iloSciowg ocene sieci naczyniowej siatkdwki za pomoca algorytmu SSADA (Split-Spectrum
Amplitude Decorrelation Angiography). VD w okolicy plamki analizowano za pomoca
skandw B, obejmujacych obszar 6x6 mm?, natomiast w okolicy t.n.ll analizowano
okototarczowy obszar RPC (pRPC), ktéry znajduje sie pomiedzy eliptycznymi liniami
konturowymi o $rednicy 2i4 mm wokot krawedzi tarczy. Automatyczng segmentacje
obejmujgcg SVP iDVP plamki oraz pRPC w przeprowadzono za pomocy dostepnego
oprogramowania i VD wyrazono w %.

Do analizy wtaczono 54 oczy 31 pacjentow z POAG oraz 24 oczy 16 oséb z grupy
kontrolnej, ktére spetniaty okreslone wczesdniej kryteria wigczenia i wytaczenia. Na podstawie
stopnia utraty VF w SAP 32 oczu pacjentédw z POAG przypisano do grupy z tagodng postacia
POAG (MD -2,57 + 1,54 dB), natomiast 22 oczu — do grupy z umiarkowang/ciezkg POAG (MD
-12,77 + 7,67 dB). Miedzy badanymi grupami nie byto istotnej réznicy w wieku, ptci, BCVA,
centralnej grubosci rogowki, cisnieniu wewnatrzgatkowym, dtugosci gatki oczne;.

Analiza ilosciowa parametrow strukturalnych (GCC i pRNFL, gesto$¢ naczyn SVP
i pRPC) i czynnosciowych (VFI, MD, PSD, AT) siatkdwki wykazata istotne pogorszenie wraz

ze stopniem zaawansowania choroby (p<0,001). Chociaz oczy zjaskra wykazywaty
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zmniejszong gestos¢ naczyn w DVP, rdznice te nie byly istotne miedzy badanymi grupami.
Stosunek catkowitej gestosci DVP do SVP w grupie os6b zdrowych wynidst 0,99, rdznigc sie
istotnie od wartosci uzyskanych w grupie ztagodng i umiarkowang/ciezkg postacig POAG,
przy wzroscie wskaznika odpowiednio 1,11 1,21.

Dodatkowo w kazdej grupie przeanalizowano parametry fiksacji. Chociaz wskazniki P1
i P2 pogarszaty sie wraz ze wzrostem ciezkosci POAG, réznice miedzy grupami nie byty istotne
statystycznie. Zaréwno wartosci BCEA63, jak iBCEA95 wzrastaty wraz ze stopniem
zaawansowania POAG. Jednak sposrdod analizowanych wskaznikéw fiksacji tylko BCEA95
réznit sie istotnie statystycznie miedzy badanymi grupami (p = 0,042). Réznica wartosci
BCEA63 byta prawie istotna statystycznie (p =0,051). Srednice opisujace zasieg obszaru
fiksacji wzdtuz osi poziomej i pionowej (H95 i V95) zwiekszaty sie wraz z ciezkosScig choroby.
Analiza nie wykazafa jednak réznic istotnych statystycznie pomiedzy badanymi grupami.
Zaréwno w grupie jaskrowej, jak ikontrolnej stosunek H95 do V95 byt bliski jednosci,
a uzyskany ksztatt elipsy zblizat sie do kofta.

Analizujac zaleznosci miedzy wskaznikami fiksacji a globalnymi parametrami
strukturalnymi, stwierdzono istotng korelacje miedzy P1, BCEA63, BCEA95 iH95 tylko
z catkowita gruboscig GCC i gestoscig naczyn w SVP. Oceniajac zwigzek miedzy wskaznikami
fiksacji a parametrami strukturalnymi w wybranych sektorach, najsilniejsze korelacje
zauwazono z gruboscia pRNFL w kwadrantach skroniowych igoérnych oraz gruboscia GCC
w hemisferze gérnej i dolnej. Wykazano tez istotng korelacje miedzy wszystkimi parametrami
fiksacji a srednig czutoscig siatkdwki w MP. Wystapita réwniez staba, ale istotna korelacja
miedzy BCEA (95 i 63) a VFI ocenianym w SAP oraz miedzy BCEA63 a BCVA. Wskaznik fiksacji
BCEA95 wykazywat najsilniejsze korelacje zaréwno z parametrami strukturalnymi,
jak i czynnosciowymi siatkowki.

Reasumujac, zaburzenia stabilnosci fiksacji w przebiegu POAG nasilajg sie wraz

z postepem choroby oraz mogg by¢ skutecznie oceniane za pomocg MP.
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Whioski

1. Analiza angiogramdéw wykazata istotne zmniejszenie VD siatkdowki w SVP whole plamki
i warstwie pRPCw oczach zPOAG. Obszary rozrzedzonej sieci mikronaczyn
korespondowaty z obszarami obnizonego sredniego progu czutosci w MP.

2. Pordéwnujac zaleznosci miedzy parametrami strukturalnymi z wynikami funkcjonalnymi
siatkéwki, zaobserwowano, ze parametry plamkowe (grubos¢ GCC, SVP whole VD)
wykazuja silniejszg dodatnig korelacje ze $rednig czutoscig siatkdwki w MP, natomiast
parametry okototarczowe (grubos¢ pRNFL, pRPC VD) korelujg silniej dodatnio
z parametrami SAP.

3. Wyniki analizy wskazujg, ze POAG wigze sie zaréwno z obnizeniem czutosci siatkowki
w plamce, jak i zaburzeniami wzorca fiksacji, a stopiert zaawansowania choroby wptywa
niekorzystnie na stabilnos¢ fiksacji.

4. Zaburzenia wskaznikow fiksacji korelujg ze zmianami strukturalnymi w OCT i OCTA oraz
zmianami funkcjonalnymi w MP iSAP. Najsilniejsze ujemne korelacje wykazano
dla wskaznika fiksacji BCEA95 zaréwno z parametrami strukturalnymi (RNFL iSVP),

jak i czynnosciowymi siatkdwki (AT).
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cksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy, a udostgpnicnie pracy nic bgdzie

naruszalo praw autorskich osob trzecich.

{Bodpishe

Katedry Badania Nmm_w?ém

(& .
. dr hab. Jakub Katuiny ’
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Przemystaw Zabel

(Imig 1 Nazwisko)

Katedra Badania Narzadéw Zmystéw,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afliacja)

OSwiadczam, ze w pracy ,Zabel, K., Zabel, P., Suwala, K., Gorezyca, A., Jaworski, D., Kaluzna,
M., ... & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle glaucoma
by microperimetry. Journal of Clinical Medicine, 11(9), 2368." (autorzy, rok wydania,
tytul, czasopismo lub wydawca, tom, strony) méj wklad merytoryczny polegal na wspétworzeniu
koncepcji, zbieraniu i analizie danych, wykonywaniu czgéci eksperymentalnej oraz redagowaniu
tej pracy.

Jednocze$nie wyrazam zgodg na przedlozenie w/w pracy przez lek. Katarzyng Zabel
Jako cze§¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw naukowych
opublikowanych w czasopismach naukowych.

O$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wklad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projcktu,
wykonywaniu czgéei eksperymentalnej, opracowaniu i interpretacji wynikéw oraz pisaniu lej pracy,

a udostgpnienie pracy nie bgdzie naruszato praw autorskich oséb trzecich.

Lt

(Podpis)
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Karolina Suwata
(Imig i Nazwisko)

Katedra Badania Narzagdéw Zmystow,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

O$wiadczam, ze w pracy ,Zabel, K., Zabel, P., Suwala, K., Gorczyca, A, Jaworski, D.,
Kaluzna, M., ... & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle
glaucoma by microperimetry. Journal of Clinical Medicine, 11(9), 2368.” (autorzy, rok wydania, tytul,
czasopismo lub wydawca, tom, strony) méj wkiad merytoryczny polegat na wspbtwykonywaniu
czgéci eksperymentalnej tej pracy.

Jednoczesénie wyrazam zgodg na przedlozenie w/w pracy przez lek. Katarzyng Zabel jako
cze$é rozprawy doktorskiej w formie spbjnego tematycznie zbioru artykuléw naukowych
opublikowanych
w czasopismach naukowych.

Oé$wiadczam, iz samodzielna i mozliwa do wyodr¢bnienia cz¢$¢ ww. pracy wykazuje
indywidualny wklad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czgéci eksperymentalnej, opracowaniu i interpretacji wynikéw oraz pisaniu tej pracy,

a udostepnienie pracy nie bedzie naruszato praw autorskich oséb trzecich.

Waralanc So‘—-ﬂ:‘"
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Alcksandra Gorczyca
(Imig 1 Nazwisko)

Katedra Badania Narzgdow Zmystow,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oéwiadczam, ze w pracy ,,Zabel, K., Zabel, P, Suwala, K., Gorezyca, A, Jaworski, D., Kaluzna,
M, .. & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle glaucoma by

microperimetry. Journal of Clinical Medicine, 11(9), 2368." (autorzy, rok wydania, tytul, czasopismo

1 : 1

lub wydawca, tom, strony) méj wkiad merytoryczny polegat na 7ji oraz 2 iu tej pracy.
Jednoczesnic wyrazam zgodg na przediozenic w/w pracy przez lek. Katarzyne Zabel jako czgsc
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow naukowych opublik ych

w czasopismach naukowych.

Oéwiadczam, iz samodziclna i mozliwa do wyodrgbnienia czgéé ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepeji, nadzorowaniu projektu,
wykonywaniu czgéci eksperymentalnej, opracowaniu i interpretacji wynikow oraz pisaniu tej pracy,

a udostgpnicnic pracy nie bgdzie naruszalo praw autorskich osob trzecich.

felsandie C&N e

(Podpis)
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Damian Jaworski

(Imig i Nazwisko)

Klinika Okulistyki i Optometrii, Katedra Choréb Oczu
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oswiadczam, ze w pracy ,Zabel, K., Zabel, P., Suwala, K., Gorczyca, A., Jaworski, D.,
Kaluzna, M., ... & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle
glaucoma by microperimetry. Journal of Clinical Medicine, 11(9), 2368.” (autorzy, rok wydania, tytut,
czasopismo lub wydawca, tom, strony) mé6j wkiad merytoryczny polegat na wspétwykonywaniu
czgsci eksperymentalnej tej pracy.

Jednoczesnie wyrazam zgodg na przediozenie w/w pracy przez lek. Katarzyng Zabel jako
czgs¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykuléw naukowych
opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgé¢ ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czg$ci eksperymentalnej, opracowaniu i interpretacji wynikéw oraz pisaniu tej pracy,

a udostgpnienie pracy nie bgdzie naruszalo praw autorskich oséb trzecich.

& pa-/]}(/ \Qa AR

(Podpis)
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Martyna Katuzna

(Imig i Nazwisko)

Klinika Okulistyki i Optometrii, Katedra Choréb Oczu
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Of$wiadczam, ze w pracy ,Zabel, K., Zabel, P., Suwala, K., Gorczyca, A., Jaworski, D.,
Kaluzna, M., ... & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle
glaucoma by microperimetry. Journal of Clinical Medicine, 11(9), 2368.” (autorzy, rok wydania, tytut,
czasopismo lub wydawca, tom, strony) m6j wkiad merytoryczny polegat na wsp6twykonywaniu
czgSci eksperymentalnej tej pracy.

Jednoczesnie wyrazam zgode na przediozenie w/w pracy przez lek. Katarzyne Zabel jako
czg§¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw naukowych
opublikowanych

w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czgsci eksperymentalnej, opracowaniu i interpretacji wynik6éw oraz pisaniu tej pracy,
a udostgpnienie pracy nie bedzie naruszato praw autorskich os6b trzecich.

(Podpis)
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Martyna Ggbska-Totoczko
(Imig i Nazwisko)

Katedra Badania Narzagdéw Zmysiéw,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikolaja Kopernika w Toruniu

(Afiliacja)

Oswiadczam, ze w pracy ,,Zabel, K., Zabel, P., Suwala, K., Gorczyca, A., Jaworski, D., Kaluzna,
M., ... & Kaluzny, J. J. (2022). Alterations in fixation indices in primary open-angle glaucoma by
microperimetry. Journal of Clinical Medicine, 11(9), 2368.” (autorzy, rok wydania, tytul, czasopismo
lub wydawca, tom, strony) méj wklad merytoryczny polegal na wizualizacji oraz zbieraniu danych tej
pracy.

Jednocze$nie wyrazam zgodg na przedlozenie w/w pracy przez lek. Katarzyng Zabel jako czg$é
rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw naukowych opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg$¢ ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czgéci eksperymentalnej, opracowaniu i interpretacji wynikéw oraz pisaniu tej pracy,
a udostepnienie pracy nie bedzie naruszalo praw autorskich oséb trzecich.

%éé/%é
(Potpis)
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Kacper Wnuk
(Imig i Nazwisko)

Katedra Biostatystyki i Teorsi Ukladéw Biomedycznych,
Collegium Medicum im. Ludwika Rydypiera w Bydgosaczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oéwiadczam, 2¢ w pracy Zabel, K. Zabel, P Sawals. K. Gorcryea, AL Jaworski, D.. Kaluzma,
M., .. & Kalumy, 1. ). (2022). Altcrations in fixation indices in primary open-angle glaucoma by
micropenimetry. Jowrnal of Clinical Medicine, 11(9), 2368.7 (autorzy, rok wydania, tytul, czasopismo
lub wydawca, tom, strony) méj whisd menytoryczny pokegal ma amalizic statystycznej wynikow
tej pracy.

Jednoczesnic wyrazam zgode na przediozenic wiw pracy przez lek. Katarzyne Zabel jako czgié
rozprawy doktorskicy w formic spdjnego tematycznic zbioru artykuldw naskowych opublikowanych
w czasopismach naukowych.

Odwiadczam, i2 samodricina i mozhwa do wyodrgbnicnia crgic ww. pracy wykazuje
indywidualny wkiad lck. Katarzyny Zabel przy opracowywaniu koocepcji, nadzorowaniu projekty,
wykonywaniu czgici cksperymentalngg, opracowaniu i inferpretaci wynikdw oraz pisaniu tej pracy,
a udosicpnienic pracy nie bedzie naruszalo praw autorskich osdb traecich.
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Katarzyna Buszko

(Imig i Nazwisko)

Katedra Biostatystyki i Teorii Ukladow Biomedycznych,
Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy,
Uniwersytet Mikolaja Kopernika w Toruniu

(Afiliacja)

Oswiadczam, Ze w pracy .Zabel. K., Zabel. P.. Suwala, K.. Gorezyca, A.. Jaworski. D.. Kaluzna,
M.. . & Kaluzny. J. J. (2022). Alterations in fixation indices in primary open-angle glaucoma by
microperimetry. Journal of Clinical Medicine, 11(9). 2368." (autorzy, rok wydania, tytul, czasopismo
lub wydawca, tom. strony) moj wklad merytoryczny polegal na analizie statystycznej wynikow
tej pracy.

Jednoczesnie wyrazam zgode na przedlozenie w/w pracy przez lek. Katarzyng Zabel jako czgs¢
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw naukowych opublikowanych
w czasopismach naukowych.

Oéwiadezam, iz samodzielna i mozliwa do wyodrgbnienia czgs¢ ww. pracy wykazuje
indywidualny wklad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow oraz pisaniu tej pracy,

a udostepnienie pracy nie bgdzie naruszalo praw autorskich osob trzecich.

(Po
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Jakub J. Katuzny

(Imig i Nazwisko)

Katedra Badania Narzadéw Zmystéw,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oswiadczam, ze w pracy ,Zabel, K., Zabel, P. Kaluzny, J. J. (2022). Alterations in [ixation
indices in primary open-angle glaucoma by microperimetry. Journal of Clinical Medicine, 11(9), 2368.”
(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony) méj wklad merytoryczny polegat
na wspéhtworzeniu koncepcji, nadzorze oraz recenzji tej pracy.

Jednocze$nie wyrazam zgodg na przediozenie w/w pracy przez lek. Katarzyng Zabel jako czg$§¢
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw naukowych opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wktad lek. Katarzyny Zabel przy opracowywaniu koncepcji, nadzorowaniu projektu,
wykonywaniu czgéci eksperymentalnej, opracowaniu i interpretacji wynikéw oraz pisaniu tej pracy,

a udostgpnienie pracy nie bgdzie naruszato praw autorskich os6b trzecich.

(Podprawnik
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Przemystaw Zabel

(Imig¢ i Nazwisko)

Katedra Badania Narzadéw Zmystéw,

Collegium Medicum im. Ludwika Rydygicra w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oswiadczam, ze w pracy ,Zabel, K., Zabel, P. Kaluzny, J. J. (2022). Mikroperymetria
w diagnostyce jaskry. Okulistyka. 2/2022, 5.21-25.” (autorzy, rok wydania, tytuf, czasopismo
lub wydawca, tom, strony) méj wktad merytoryczny polegat na analizie materiatéw do lej
pracy.

Jednocze$nie wyrazam zgode na przedtozenie w/w pracy przez lek. Katarzyng Zabel
Jako czg$¢ rozprawy doktorskiej w formie sp6jnego tematycznie zbioru artykuéw naukowych
opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia czg$§¢ ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepcji, pisaniu
I redagowaniu tej pracy, a udostgpnienie pracy nie bedzie naruszato praw autorskich os6b
trzecich.

Aea 9.

(Podpis)
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Jakub J. Katuzny
(Imig i Nazwisko)

Katedra Badania Narzadéw Zmyst6w,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy,
Uniwersytet Mikotaja Kopernika w Toruniu

(Afiliacja)

Oé$wiadczam, ze w pracy ,,Zabel, K., Zabel, P. Kaluzny, J. J. (2022). Mikroperymetria
w diagnostyce jaskry. Okulistyka. 2/2022, 5.21-25.” (autorzy, rok wydania, tytuf, czasopismo
lub wydawca, tom, strony) m6j wktad merytoryczny polegat na nadzorze oraz recenzji tej pracy.

Jednocze$nie wyrazam zgod¢ na przedtozenie w/w pracy przez lek. Katarzyng Zabel
jako cz¢$¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw naukowych
opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czg§¢ ww. pracy wykazuje
indywidualny wkiad lek. Katarzyny Zabel przy opracowywaniu koncepcji, pisaniu
i redagowaniu tej pracy, a udostgpnienie pracy nie bgdzie naruszato praw autorskich os6b

trzecich.,
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Streszczenie

Rozprawa doktorska stanowi serie powigzanych tematycznie trzech publikacji
dotyczacych uzytecznosci klinicznej mikroperymetrii (MP) w diagnostyce jaskry pierwotnie
otwartego kata (primary open-angle glaucoma — POAG).

POAG jest zwyrodnieniowg neuropatia nerwu wzrokowego, prowadzaca
do charakterystycznych zmian w morfologii tarczy nerwu wzrokowego (optic nerve head —
ONH), zmniejszenia grubosci okototarczowej warstwy witdkien nerwowych siatkdwki
(peripapillary retinal nerve fiber layer — pRNFL) oraz ubytkéw w badaniu pola widzenia (visual
field — VF). W aktualnych badaniach wykazano nieprawidtowosci strukturalne i czynnosciowe
w centralnej czesci plamki w oczach z jaskrg. Postepujaca utrata funkcji komdrek zwojowych
siatkéwki (retinal ganglion cells — RGCs) prowadzi do nieodwracalnych defektéw VF.
Standardowa automatyczna perymetria (SAP) jest uwazana za ztoty standard w diagnostyce
i monitorowaniu POAG. Ograniczenia SAP obejmujg rozbieznosci w testach spowodowane
zmeczeniem pacjenta, stabg fiksacjg i ruchem gatek ocznych podczas badania. Co wiecej,
wynik SAP moze pozosta¢ prawidtowy przy utracie ponad 25% RGCs.

Obnizenie czutosci siatkdwki w obszarze plamki uwaza sie za istotny objaw uszkodzenia
jaskrowego. W trakcie badania mikroperymetrycznego oceniania jest czutos¢ siatkowki
w plamce. W MP dzieki zastosowaniu obrazowania dna oka bodziec jest wyswietlany
bezposrednio na powierzchni siatkdwki, a jego potozenie kontroluje system sledzenia ruchéw
gatki ocznej (eye-tracking). System eye-tracking pozwala na badanie stabilnosci fiksacji
i doktadnej prezentacji bodzcéw we wczesniej okreslonych miejscach na siatkdwce dzieki
aktywnej kompensacji ruchow gatek ocznych.

Przyjeto, ze mikroperymetria jest przydatng metoda oceny funkcji siatkdwki
w obszarze plamki oraz obiektywna metoda analizy fiksacji. Postawiono hipoteze, ze czutosé
siatkowki i stabilnos¢ fiksacji ulegajg pogorszeniu wraz ze stopniem zaawansowania POAG
i korelujg z parametrami strukturalnymi w optycznej koherentnej tomografii (OCT)
i angiografii OCT (OCTA). Celem badan byto ustalenie przydatnosci mikroperymetrii
w rutynowej diagnostyce i monitorowaniu POAG.

Praca pogladowa Mikroperymetria w diagnostyce jaskry zostata opublikowana
w kwartalniku ,Okulistyka” i przedstawia aktualny stan wiedzy na temat przydatnosci

klinicznej badania mikroperymetrycznego w diagnostyce i monitorowaniu POAG. Ocena
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wrazliwosci siatkdwki w plamce ibadanie stabilnosci fiksacji mogg stanowi¢ dodatkowe
parametry wykorzystywane w codziennej praktyce klinicznej. Dostepne wyniki analiz
wskazujg, ze czutos¢ MP w rozpoznawaniu mroczkéow jaskrowych jest podobna jak
w przypadku SAP. Mikroperymetria dodatkowo staje sie cennym narzedziem diagnostycznym
w przypadku zmian w obrebie pRNFL i GCC, kiedy wynik SAP pozostaje prawidiowy badz
niemiarodajny.

Celem pracy Correlation of retinal sensitivity in microperimetry with vascular density
in optical coherence tomography angiography in primary open-angle glaucoma,
opublikowanej w ,,Plos One” (MNiSW =100 pkt; IF = 3,240) byta analiza zalezno$ci miedzy
czutoscig siatkdwki w MP a parametrami strukturalnymi ocenionymi za pomocg OCT oraz
gestoscig naczyn (vessel density-VD) w OCTA w oczach z POAG. Do badania zakwalifikowano
30 uczestnikéow (52 oczu) z POAG i 15 uczestnikéw (23 oczu) do zdrowej grupy kontrolne;j.
W badaniu okulistycznym wykorzystano OCTA celem oceny VD i OCT do analizy grubosci
kompleksu komérek zwojowych (ganglion cell complex — GCC) i pRNFL. Czutos$¢ siatkdwki
zbadano za pomocg MP i SAP.

Ocena angiograméw potwierdzita istotng redukcje VD siatkdwki w obszarze
okototarczowych kapilar radialnych (peripapillary radial peripapillary capillaries — pRPC)
i splocie naczyniowym powierzchownym (superficial vascular plexus — SVP) w oczach z POAG.
W umiarkowanej/ciezkiej postaci POAG wykazano istotnie obnizong VD zaréwno w pRPC, jak
i SVP w poréwnaniu z grupg tagodng POAG i zdrowg grupa kontrolng (p < 0,001). Korelacja
Pearsona miedzy parametrami strukturalnymi ifunkcjonalnymi byta najsilniejsza miedzy
$rednim progiem czutosci w MP oraz gestoscig naczyn w SVP (Pearson’s r=0,68, p < 0,001).
Zaobserwowano, ze parametry plamkowe (grubosé¢ GCC, SVP whole VD) wykazujg silniejsza
dodatnia korelacje ze srednig czutoscig siatkdwki w MP, natomiast parametry okototarczowe
(grubos¢ pRNFL, pRPC VD) koreluja silniej dodatnio z parametrami SAP.

Potwierdzone korelacje parametrow funkcjonalnych uzyskanych w czasie badania MP
z parametrami  strukturalnymi uzyskanymi technikami OCT iOCTA s3 dowodem
na wiarygodnos$¢ badania mikroperymetrycznego w oczach zajetych jaskra.

Celem publikacji zatytutowanej Alterations in Fixation Indices in Primary Open-Angle
Glaucoma by Microperimetry, ktéra ukazata sie w ,Journal of Clinical Medicine”
(MNiSW = 140 pkt; IF = 4,964) byto ustalenie, czy POAG wigze sie z pogorszeniem parametréw
stabilnosci fiksacji ocenianych za pomocg MP oraz czy stopien zaawansowania choroby ma
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wptyw na te parametry. W badaniu analizowano stabilno$¢ fiksacji za pomocg MP u pacjentéw
ztagodna iumiarkowang/ciezkag postaciag POAG oraz oséb zdrowych. Wskazniki fiksacji
skorelowano z parametrami funkcjonalnymi siatkdwki uzyskanych dzieki MP iSAP oraz
strukturalnymi siatkdwki otrzymanych za pomocg OCT i OCTA.

Witaczono 54 oczy z POAG (32 oczy ztagodng POAG, 22 oczy z umiarkowang/ciezka
POAG) oraz 24 oczy do zdrowej grupy kontrolnej. Wykazano, ze stabilnos¢ fiksacji w oczach
z POAG pogarszata sie wraz ze wzrostem ciezkosci choroby, a miedzy grupami obserwowano
istotne rdznice analizujagc parametr BCEA95, ktéry obejmuje 95% punktow fiksacji na
powierzchni dwuwymiarowej elipsy konturowej (Bivariate Contour Ellipse Area — BCEA).
Ocena ilosciowa parametréw strukturalnych i czynnosciowych siatkowki réwniez wykazata
znaczne pogorszenie wraz z postepem jaskry. Potwierdzono korelacje miedzy parametrami
fiksacji a nieprawidtowosciami w strukturze i funkcji siatkdwki.

Podsumowujac, POAG jest zwigzana z zaburzeniami stabilnosci fiksacji, ktore nasilajg

sie wraz z postepem choroby i mogg by¢ oceniane za pomocg MP.
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Summary

The doctoral thesis consists of aseries of three publications on the usefulness
of microperimetry in the management of primary open angle glaucoma (POAG). Glaucoma
is a degenerative optic neuropathy leading to characteristic optic nerve head (ONH) features,
thickness reduction in retinal nerve fiber layer (RNFL) and visual field (VF) defects. In previous
studies was proved structural and functional abnormalities in the central part of the macula
in glaucomatous eyes. Progressive loss of retinal ganglion cell (RGCs) function leads
to irreversible VF defects. Standard automated perimetry (SAP) is still considered the gold
standard technique for diagnosis and monitoring glaucoma. The limitations of SAP include
discrepancies in the VF test due to patient fatigue, poor fixation, and eye movement during
the test. Moreover, SAP can remain normal until 25% loss of RGCs.

Decrease of retinal sensitivity in the macular area is considered an important sign
of glaucomatous damage. Accurate assessment of the function of the retina in macular region
is possible thanks to microperimetry (MP). MP generates visual sensitivity maps with
morphological correlation to retinal landmarks. Simultaneously, it is possible to evaluate
the fixation behavior using the eye-tracking system independent of eye movement and
to correct gaze movements. The MP test is reliable and reproducible. MP allowing
for the assessment of changes in the central part of the field of view, both in qualitative and
qguantitative terms. Comparative studies on MP and SAP have shown that there is a good
guantitative correlation between the two devices in glaucoma.

We assumed that MP is a useful method of assessing the function of the retina in the
macular area and an objective method of fixation analysis. We hypothesized that macular
retinal sensitivity and fixation indexes deteriorate with disease severity and correlate with
structural parameters in optical coherence tomography (OCT) and OCT angiography (OCTA).
The aim of our research is to establish the usefulness of MP in the routine diagnosis and
monitoring of POAG.

The article Microperimetry in the diagnosis of glaucoma was published in "Okulistyka".
The aim of this study is to review the clinical usefulness of MP in patients with POAG. The
differences between SAP and MP as well as the advantages and disadvantages of the tests

were described. MP allowing for the assessment of changes in the central part of the field of
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view, both in qualitative and quantitative terms. Comparative studies on MP and SAP have
shown that there is a good quantitative correlation between the two devices in glaucoma.

The aim of study Correlation of retinal sensitivity in microperimetry with vascular
density in optical coherence tomography angiography in primary open-angle glaucoma
published in "Plos One" was to evaluate the relationship between retinal sensitivity in MP with
structural parameters using OCT and vessel density (VD) using OCTA in glaucomatous eyes.

We enrolled 30 participants (52 eyes) with POAG and 15 participants (23 eyes)
in the healthy control group. All participants were examined for retinal structure using OCTA
to assess VD and OCT to assess ganglion cell complex (GCC) and peripapillary RNFL (pRNFL)
thickness. Retinal sensitivity was tested with MP and SAP. The VD in moderate/severe POAG
was lower than that in mild POAG and healthy control in the macular superficial vascular
plexus (SVP) and peripapillary radial peripapillary capillaries (pRPC). The Pearson’s
correlations between function and structure parameters were strongest with MP average
sensitivity threshold and SVP VD in the area of whole macula. It was observed that the macular
parameters (GCC thickness, SVP whole VD) showed a stronger positive correlation with the
mean retinal sensitivity in MP, while the peripapillary parameters (pRNFL thickness, pRPC VD)
correlated more strongly with SAP.

OCTA and MP techniques are valuable methods that allow clinically monitor structural
and functional changes in glaucomatous eyes.

The purpose of the publication entitled Alterations in Fixation Indices in Primary Open-
Angle Glaucoma by Microperimetry published in "Journal of Clinical Medicine" was
to determine whether POAG is associated with changes in fixation stability parameters
assessed by MP and whether the severity of glaucoma is related to a deterioration in these
indicators. This study analyzed fixation stability using MP macular analyzer integrity
assessment (MAIA) in patients with mild and moderate/severe POAG and healthy controls.
The resulting fixation indices were correlated with parameters used to assess retinal function
with MP and standard automated perimetry (SAP) and retinal structure with OCT and OCTA.

We enrolled 54 eyes in the POAG groups (32 eyes with mild POAG and 22 eyes with
moderate/severe POAG) and 24 eyes in the healthy group. It was shown that fixation stability
in POAG eyes deteriorated with increasing disease severity, and significant differences

in bivariate contour ellipse area (BCEA) including 95% of fixation points were observed among
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groups. Quantitative analysis of structural and functional retinal parameters also showed
significant deterioration with the progression of glaucoma.

Correlations among fixation parameters and abnormalities in the retinal structure and
function were confirmed. We concluded that POAG is associated with disturbances
in the fixation pattern, which worsen as the disease progresses and can be effectively assessed

by performing a MP test.
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