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1. Einleitung in die Thematik

Mit zunehmender Pravalenz und schatzungsweise 5 Milliarden Betroffenen (die Halfte
der Weltbevolkerung) bis zum Jahr 2050," wird angesichts des erhohten Risikos fiir
visusbedrohende Augenerkrankungen wie myope Makulopathie, myope choroidale
Neovaskularisation, Netzhautablésung und insbesondere Glaukom, die weltweite
medizinische und Okonomische Belastung durch die Myopie zunehmen. Aus
epidemiologischen Studien ist bekannt, dass Myopie das Risiko, am Primaren
Offenwinkelglaukom (POWG) zu erkranken, um das 2- bis 3-fache erhoht.? Einige
Studien zeigen, dass die hohe Myopie (definiert anhand des spharischen Aquivalents
[SA] < -6.0 Dioptrien [D] oder einer Achsenlange [AL] > 26,0mm), von der ca. 1
Milliarde Menschen betroffen sein werden, das Risiko sogar um das 6-fache erhdéhen

kann..3

Die Ursachen fiur das erhdhte Risiko sind bis heute noch nicht vollstandig geklart,
Studien zeigen jedoch eine Minderperfusion im Bereich der peripapillaren
Choriokapillaris.* Die Choriokapillaris wird von den kurzen hinteren Ziliararterien
versorgt, die ebenfalls die Lamina cribrosa versorgen. Mikrovaskulare Defekte der
Choriokapillaris kdnnten daher mit einer Minderperfusion der Lamina cribrosa und

somit mit einem erhéhten Glaukomrisiko assoziiert sein.*’

Die Myopie erhoht nicht nur das Risiko fur POWG, sondern erschwert auch die

klinische Diagnose des Glaukoms (Abbildungen 1a und 1b).

Abbildung 1a. Darstellung der Papille bei einem Abbildung 1b. Darstellung der Papille bei einem hoch-
hoch-myopen Auge (AL=28,3mm) mit Glaukom myopen Auge (AL=28,5mm) ohne Glaukom



Durch die axiale Elongation des Bulbus entstehen Veranderungen am hinteren Pol,
einschlieBlich des Sehnervenkopfes (Papilla nervi optici), die eine Verkippung,
Rotation, veranderte Konfiguration sowie eine vergroRerte peripapillare Atrophiezone
der Papille zur Folge haben kénnen.? ° Einige dieser Veranderungen sind haufig auch
mit dem Glaukom assoziiert, andere maskieren glaukomatose Veranderungen, sodass
einerseits die klinische Diagnose eines Glaukoms erschwert wird und es andererseits
auch zur Fehldiagnose eines Glaukoms bei gesunden myopen Personen kommen

kann und diese in der Folge Ubertherapiert werden.

Seit mehr als zwei Jahrzehnten hat sich die Optische Koharenztomographie (OCT) in
der Augenheilkunde etabliert. Insbesondere in der Diagnostik und Verlaufskontrolle
des Glaukoms hat sich dieses bildgebende Verfahren, welches den strukturellen
Verlust der retinalen Nervenfaserschicht (RNFL) objektivierbar und reproduzierbar
erfassen kann und auf dem Prinzip der niederkoharenten Interferometrie beruht,
bewanhrt.’® Die Fahigkeit der Differenzierung von gesunden und glaukomatdsen Augen
wird durch eine integrierte normative Datenbank ermdglicht, die alters- und
ethnizitatsgematchte Messwerte enthalt.!!

Allerdings enthalten die normativen Datenbanken der verschiedenen OCT-Hersteller
keine myopen Augen und es ist wenig Uber die Messgenauigkeit der Instrumente bei
myopen Augen bekannt.

Das Verstandnis der Anatomie des hoch-myopen Auges ist von entscheidender
Bedeutung, um besser zwischen myopen und glaukomatosen Veranderungen zu
unterscheiden. Dies ermdglicht eine frihzeitige Glaukomdiagnose bei myopen
Menschen und kann letztendlich die medizinische Versorgung einer weltweit

wachsenden Bevolkerungsgruppe verbessern.

Im Rahmen der vorliegenden kumulativen Habilitationsschrift werden anhand der funf
vorgelegten Publikationen die morphologischen Eigenschaften nicht-myoper,
moderat-myoper und hoch-myoper Augen mit und ohne Glaukom untersucht und
Parameter zu deren Charakterisierung entwickelt. Diese Parameter verbessern das
Verstandnis der Auswirkungen der axialen Elongation auf den Sehnervenkopf sowie
die Makula und unterstitzen schliellich eine bessere Differenzierung von
glaukomatésen und myopen Veranderungen. Die Ergebnisse der vorliegenden
Publikationen konnten als Grundlage fur weitere Forschungsarbeiten dienen, um das

Glaukom bei myopen Menschen rechtzeitig zu diagnostizieren und eine frihzeitige
6



Therapie einzuleiten. Zudem konnten diese Ergebnisse dazu beitragen, den Anteil der
Patienten zu reduzieren, die falschlicherweise mit einem Glaukom diagnostiziert
wurden, um eine Ubertherapie zu vermeiden und letztendlich die Lebensqualitat zu

verbessern.



2. Darstellung der Ergebnisse

2.1. Charakterisierung von glaukomatésen Augen mit und ohne hohe Myopie

2.1.1 OCT-Parameter der Papille und Makula

Papillenbefunde kdénnen durch die klinische Untersuchung charakterisiert werden,
unterliegen jedoch einer subjektiven, nicht reproduzierbaren Beurteilung. Mittels der
OCT koénnen die anatomischen Eigenschaften sowohl der Papille als auch der Makula
reproduzierbar und auf Basis anatomisch praziser Landmarken erfasst werden.
Gleichzeitig ist das Verstandnis der Verteilungsmuster etablierter Papillen- und
Makula-OCT-Parameter bei myopen Augen im Vergleich zu nicht-myopen Augen
erforderlich, um myopiebedingte Veranderungen besser von glaukomatdsen

Veranderungen unterscheiden zu konnen.

Dazu haben wir Papillen- und Makula-OCT-Parameter von Glaukom-Augen mit und
ohne hohe Myopie ausgewertet und die Ergebnisse in Publikation I'2 und Publikation
IV'3 veréffentlicht. \n Publikation | wurden zudem neuartige Papillen-Parameter
etabliert, die auf objektiven Landmarken basieren, die mittels der OCT erfasst wurden.
Einige Berechnungen wurden anhand von selbst programmierten Modellen einer

kunstlichen Intelligenz durchgefuhrt.

In Publikation I wurden 452 Augen von 277 Glaukompatienten anhand der

Achsenlange (AL) in folgende Gruppen unterteilt:
Keine Myopie (AL < 24,0 mm; 145 Augen)

Moderate Myopie (24 mm < AL < 26,0 mm; 214 Augen)
Hohe Myopie (AL > 26,0 mm; 93 Augen)

Mit Hilfe der Spectralis® OCT-Software wurden die peripapillare retinale
Nervenfaserschichtdicke (RNFL) und die Bruch’sche Membranoffnung (BMO) —

minimale Randsaumbreite (engl. BMO-MRW) automatisiert gemessen.

Die neuartigen Papillen-Parameter Ovalitatsindex, Verkippungswinkel und
Rotationswinkel werden mit der Standard-OCT-Software nicht gemessen. Fur diese
Berechnungen haben wir die BMO-Grenze als objektive Landmarke verwendet,

anstelle der Ublicherweise verwendeten klinischen Papillengrenze.



Die BMO-Punkte wurden mit Hilfe der eigens programmierten ,SALSA"-Software (San
Diego Automated Layer Segmentation Algorithm) segmentiert. Um den BMO-
Ovalitatsindex zu erhalten, wurde der kiirzeste BMO-Durchmesser durch den langsten
geteilt. Dabei entsprach ein Wert naher an 1 einer runderen Konfiguration und ein Wert

naher an O einer ovaleren Konfiguration.

Zur Berechnung des BMO-Verkippungswinkels (gemessen in Grad) wurden jeweils
zwei Punkte, die das Ende der Bruch-Membran (BMB) und der BMO definieren,
markiert (Abbildung 2a) und die BMB-Ebene sowie die BMO-Ebene in ein 3D-
Koordinatensystem projiziert. Der BMO-Verkippungswinkel entsprach dem Winkel
zwischen den Normalenvektoren der beiden Ebenen (Abbildung 2b). Zur Berechnung
des BMO-Rotationswinkels (gemessen in Grad) wurden die BMO-Punkte auf eine
BMO-Referenzebene projiziert und der Rotationswinkel relativ zur Fovea berechnet

Abbildung 2a. Papillen-OCT-B-Scans mit Abbildung 2b. Projektion der BMO-Ebene (griine
automatisierter Markierung der Bruch’schen Ellipse) und der BMB-Ebene in ein
Membranéffnung (BMO, rote Kreuze) und dem Ende Koordinatensystem zur Berechnung des BMO-

der Bruch-Membran (BMB, gelbe Kreuze) Verkippungswinkels anhand der Normalenvektoren

Die Ergebnisse wurden fur Alter und Schweregrad des Glaukoms (gemessen als
mittlere Standardabweichung des Gesichtsfeldes; VFMD; engl. visual field mean
deviation) adjustiert. Der mittlere BMO-Ovalitatsindex war flr hoch-myope Augen (0,85
[95% CI: 0,84; 0,87]) statistisch signifikant kleiner als fur moderat-myope (0,89 [95%
Cl: 0,88; 0,90]) und nicht-myope Augen (0,88 [95% CI: 0,86; 0,89]) (p<0,003). Der
mittlere BMO-Verkippungswinkel war bei hoch-myopen Augen statistisch signifikant
groer (3,4° [95% CI: 3,1; 3,8]) im Vergleich zu moderat-myopen (2,0° [95% CI: 1,8;
2,2]) und nicht-myopen Augen (1,7° [95% CI: 1,5; 2,0]) (p<0,001). Es gab keine



statistisch signifikanten Unterschiede zwischen den verschiedenen Myopiegruppen fur
den mittleren BMO-Rotationswinkel, die globale und sektorielle RNFL-Dicke und die
BMO-MRW (alle p-Werte > 0,1), mit Ausnahme der temporalen RNFL (58,8 um [55,4;
62,3] p=0,029) und der superonasalen BMO-MRW (192,0 um [175,3; 208,8] p=0,003).
Zusammenfassend konnte gezeigt werden, dass hoch-myope Papillen eine ovalere

Konfiguration aufweisen und starker verkippt sind.

Zur Untersuchung der Makula-OCT-Parameter bei Glaukom-Augen mit und ohne hohe
Myopie wurden 438 Augen von 270 Glaukompatienten nach der oben beschriebenen
Klassifizierung in drei Myopiegruppen eingeteilt, mit 163 Augen in der nicht-myopen
Gruppe, 218 Augen in der moderat-myopen Gruppe und 57 Augen in der hoch-myopen
Gruppe. Die Ergebnisse werden in Publikation IV dargestellt.

Mit Hilfe der Spectralis® OCT-Software wurden horizontale ,Posterior-Pole” (,P-Pole®)
Scans der Makula mit einer Flache von 30°x25° (6x6 mm) durchgefuhrt. Die retinale
Schichtdicke der inneren plexiformen Ganglienzellschicht (GCIPL), der makularen
RNFL sowie des Ganglienzellkomplexes (GCC, bestehend aus der GCIPL und der
makularen RNFL) wurden entsprechend der sektoriellen Einteilung der Early

Treatment Diabetic Retinopathy Study'4 gemessen (siehe Publikation IV)."3

Das Verteilungsmuster der globalen und sektoriellen GCIPL-Dicke und der GCC-Dicke
war in allen drei Myopiegruppen ahnlich (alle p-Werte > 0,17). Die globale makulare
RNFL sowie alle Sektoren der makularen RNFL waren in der hoch-myopen Gruppe
nicht-signifikant dicker (alle p-Werte < 0,137) und signifikant dicker im aufleren

superioren Ringsektor (p=0,013) (Abbildung 3).

Abbildung 3. lllustration einer hoch-myopen glaukomatdsen
Papille (links im Bild) und der korrespondierenden Makula-
OCT(,Posterior Pole“-Scan) (rechts im Bild) mit Reduktion der

Ganglienzellschicht temporal unten

10



2.1.1.2 Vergleichbarkeit von Papillen-Parametern gemessen mit Hilfe der OCT und

Papillen-Fotos

Die Papillenmorphologie wurde bereits in zahlreichen Publikationen anhand von
Parametern wie dem Ovalitatsindex, dem Verkippungswinkel und dem Rotationswinkel
(in der Literatur auch als Torsionswinkel bezeichnet) charakterisiert und quantifiziert.®
1518 Allerdings wurden diese Parameter in den bisherigen Studien manuell auf

zweidimensionalen Fundusfotos gemessen.

Aufgrund der unterschiedlichen Methodik zur Berechnung der gleichen
Papillenparameter haben wir untersucht, ob diese miteinander vergleichbar sind
(Publikation /ll)."® Hierzu haben wir Papillenparameter, die anhand von OCT-
Landmarken berechnet wurden, mit Papillenparameter, die anhand der klinischen

Beurteilung von zweidimensionalen Fundusfotos berechnet wurden, verglichen.

175 gesunde Augen und 146 Glaukomaugen wurden anhand der Achsenlange in die
oben definierten Myopiegruppen eingeteilt, wobei 56 Augen der Gruppe ohne Myopie,
58 Augen der Gruppe mit moderater Myopie und 32 Augen der hoch-myopen Gruppe
zugeordnet wurden. Zur manuellen Berechnung von Papillenparametern wurde die
Bildverarbeitungssoftware ImageJ® verwendet. ImageJ® ermoglicht eine
halbautomatisierte Bildbearbeitung und -analyse. Zur Berechnung des Ovalitatsindex
auf Basis der Fundusfotos wurde die klinische Papillengrenze manuell mit der
ImageJ®-Software markiert und die kleinste Achse durch die gro3te Achse dividiert,
die jeweils von der Software ermittelt wurde (Abbildung 4) (Details siehe Publikation
Ill). Die OCT-basierte Methodik zur Berechnung des Ovalitatsindex wurde bereits in
Kapitel 2.1.1 (Publikation /) erlautert.

Die manuelle Markierung der klinischen Papillengrenze sowie die Ermittlung der
grofdten und kleinsten Achse dienten ebenfalls als Grundlage fur die Berechnung des
fotobasierten Rotationswinkels. Der Rotationswinkel wurde definiert als der Winkel
zwischen der grofiten Achse und einer vertikalen Achse (Abbildung 4) (Details siehe
Publikation Ill). Die OCT-basierte Methodik zur Berechnung des Rotationswinkels
wurde bereits in Kapitel 2.1.1 (Publikation /) erlautert.
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Abbildung 4. Papillenfoto mit

manueller Markierung der klinischen

Papillengrenze (weiller Kreis) sowie
automatisierter Ermittlung der
grolten (blauer Pfeil) und kleinsten
Achse (griiner Pfeil) und Ermittlung
des Rotationswinkels (8, zwischen

gelbem und blauem Pfeil)

Der auf Fundusfotos basierende Ovalitatsindex betrug im Durchschnitt 0,89 fur nicht-
myope Augen, 0,90 fur moderat-myope Augen und 0,85 flr hoch-myope Augen
(VFMD und altersgematcht: p=0,002).

Der OCT-basierte Ovalitatsindex betrug durchschnittlich 0,88 fur nicht-myope Augen,
0,88 fur moderat-myope Augen und 0,84 fur hoch-myope Augen (VFMD und
altersgematcht: p=0,008).

Es konnte gezeigt werden, dass zwar eine signifikante, aber sehr schwache
Korrelation zwischen fotobasierten und OCT-basierten Messungen fur alle Augen
bestand (R?=0,26; p<0,001).

Der auf Fundusfotos basierende Rotationswinkel betrug durchschnittlich 15,2° flr
nicht-myope Augen, 19,9° fur moderat-myope Augen und 20,9° fir hoch-myope Augen
(p=0,078).

Der OCT-basierte Rotationswinkel lag durchschnittlich bei 35,9° fur nicht-myope
Augen, 34,4° Grad fur moderat-myope Augen und 33,7° fur hoch-myope Augen
(p=0,83).

Es gab keine signifikante Korrelation zwischen fotobasierten und OCT-basierten
Messungen des Rotationswinkels (R*Werte von 0,00 [nicht-myop] bis 0,03 [hoch-
myop], alle p=0,33).
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2.1.1.3 Evaluation der Messgenauigkeit der OCT bei hoch-myopen Augen

Aufgrund der in Kapitel 2.1.1 (Publikation 1) beschriebenen morphologischen
Veranderungen der hoch-myopen Papille ist die Glaukomdiagnose oft schwierig und
nicht prazise. Diese strukturellen Veranderungen stellen ebenfalls eine grofRe
Herausforderung fur die Diagnose und Verlaufskontrolle des Glaukoms mittels OCT
dar.

Die akkurate Messung der peripapillaren RNFL und auch der BMO-MRW mittels OCT
basiert auf der korrekten Lokalisation der BMO. In Publikation 1I2° haben wir
untersucht, wie prazise die OCT-basierte Lokalisation der BMO bei hoch-myopen
Augen ist und wie hoch die Wahrscheinlichkeit von nicht lokalisierbaren BMO-Punkten
ist. AuRerdem wurde untersucht, welche Parameter mit einer Messungenauigkeit der
BMO assoziiert sind.

In dieser Studie wurden 551 gesunde und glaukomatdse Augen von 344 Probanden
einer amerikanischen und koreanischen Studienpopulation anhand ihrer Achsenlange
in eine Gruppe ohne hohe Myopie (AL<26mm; 438 Augen) und eine Gruppe mit hoher
Myopie (AL>26mm; 113 Augen) eingeteilt.

In der Gruppe der gesunden Augen ohne axiale Myopie wurden bei 106 Augen
(87,6 %) die BMO-Punkte durch die OCT-Software automatisch korrekt lokalisiert, bei
13 Augen (10,7 %) mussten die BMO-Punkte manuell korrigiert werden und bei 2
Augen (1,7 %) konnten die BMO-Punkte nicht lokalisiert werden. Bei gesunden Augen
mit hoher axialer Myopie wurden die BMO-Punkte hingegen bei 18 Augen (54,5 %)
automatisch korrekt lokalisiert, bei 12 Augen (36,4 %) konnten sie manuell korrigiert
werden und bei 3 Augen (9,1 %) waren die BMO-Punkte nicht lokalisierbar.

In der Glaukomgruppe ohne hohe Myopie waren die BMO-Punkte bei 186 Augen
(58,7 %) automatisch korrekt lokalisiert, bei 121 Augen (38,2 %) manuell korrigierbar
und bei 10 Augen (3,2 %) nicht lokalisierbar, wahrend in der Glaukomgruppe mit hoher
axialer Myopie die BMO-Punkte bei 14 Augen (30,0 %) automatisch korrekt lokalisiert
wurden, bei 44 Augen (55,0 %) manuell korrigiert werden konnten und bei 12 Augen
(15,0 %) nicht lokalisierbar waren.

Der Anteil nicht lokalisierbarer BMO bei Augen mit hoher Myopie war signifikant hoher
als bei Augen ohne hohe Myopie, sowohl in der gesunden Gruppe (9,1 % vs. 1,7 %;
p=0,17) als auch in der Glaukomgruppe (15,0 % vs. 3,2 %; p=0,005) (Abbildung 5).
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Abbildung 5. Papillen-OCT-B-Scan einer hoch-myopen Papille mit inkorrekter
Lokalisation der BMO (roter Punkt, links im Bild)

In univariaten Regressionsanalysen war die Achsenlange (sowohl als kontinuierliche
als auch als kategoriale Variable) ein starker Pradiktor fir Ungenauigkeiten der BMO-
Lokalisation. Augen mit hoher Myopie hatten ein 3-fach héheres Risiko (p<0,001) fur
eine initiale Fehllokalisation der BMO. Weitere Parameter fur ein erhdhtes Risiko einer
BMO-Ungenauigkeit waren ein kleinerer BMO-Ovalitatsindex (eine ovalere BMO-
Konfiguration), ein grélkerer BMO-Verkippungswinkel, eine groRere BMO-Flache und
eine geringere globale BMO-MRW (Details siehe Publikation I).?° In multivariaten
Regressionsanalysen waren die Achsenlange, der BMO-Ovalitatsindex und der BMO-
Verkippungswinkel signifikante Pradiktoren fur eine BMO-Lokalisationsungenauigkeit
(Details siehe Publikation II).?°

Eine qualitative Auswertung der OCT-B-Scans der 27 Augen mit nicht lokalisierbarer
BMO zeigte, dass bei hoch-myopen Augen die BMO haufiger im temporalen Sektor
(43,5 %) als im nasalen Sektor (26,3 %) nicht lokalisiert werden konnte und dass 80 %
der Augen eine klinisch sichtbare peripapillare Atrophiezone aufwiesen. In der Gruppe
nicht hoch-myoper Augen war der Anteil gleichmal3ig auf den temporalen (27,1 %) und
nasalen Sektor (26,3 %) verteilt und bei 30,3 % der Augen konnte die BMO aufgrund
von Gefallverschattungen nicht korrekt lokalisiert werden.

2.1.2 Vaskulare Parameter und peripapillare und makulédre Aderhautdicke

Frihere OCT-Angiographie (OCTA)-Studien zeigten eine starke Assoziation zwischen
der makularen Kapillardichte und dem Schweregrad des Glaukoms.?' 22 Die OCTA ist
eine Weiterentwicklung der OCT, mit der Fahigkeit der non-invasiven Darstellung der
Gefalle der Netzhaut und Aderhaut. Um die Verteilungsmuster der makularen
GefalRdichte sowie der makularen und peripapillaren Aderhautdicke bei myopen

Augen und die Assoziation dieser Parameter mit Myopie und Glaukom besser zu
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verstehen, haben wir diese Parameter in Publikation I'2 und Publikation V23

untersucht.

Details zur Studienpopulation wurden bereits in Kapitel 2.1.1 beschrieben. Die
oberflachliche makulare Gefaldichte wurde mittels der Avanti-AngioVue® OCTA
(Optovue, Inc.) analysiert und anhand eines 3x3 mm? grofRen, foveazentrierten
Makula-Scans gemessen. Es wurden die gesamte Gefal3dichte, die des temporalen,
superioren, nasalen und inferioren Sektors sowie die parafoveale Gefalidichte
berechnet. Die parafoveale Gefalldichte wurde innerhalb eines auf die Fovea
zentrierten Ringes mit einem Innendurchmesser von 1mm und einem

AulRendurchmesser von 2,5 mm berechnet.

Da die Aderhautdicke in der Standardsoftware der OCT-Hersteller nicht verfugbar ist,
wurde eine hauseigene, auf Deep Learning basierende Software entwickelt, der ,San
Diego Automated Layer Segmentation Algorithm-Deep (SALSA-Deep)“.'? Hierfir
wurden der Bruch Membran/Retinaler Pigmentepithel-Komplex sowie die posteriore
Begrenzung der Aderhaut von einem geschulten Grader (JR) manuell segmentiert und
als Grundlage flur das Training eines neuronalen Netzwerkes verwendet (Details siehe
Publikationen I und IV).'% 13

In Publikation IV konnte tendenziell eine hohere oberflachliche GefalRdichte bei nicht-
myopen Augen im Vergleich zu hoch-myopen Augen gezeigt werden. Eine statistische
Signifikanz wurde jedoch nur im nasalen Sektor erreicht (44,4 % [34,6; 45,3] und
43,1 % [41,2; 45,0], p=0,0049). Die makulare Aderhautdicke war in allen Sektoren bei
hoch-myopen Augen signifikant dinner (alle p-Werte<0,001) und lag in der nicht-
myopen Gruppe zwischen 125,4 uym und 191,2 um, in der moderat-myopen Gruppe
zwischen 107,5 ym und 188,9 um und in der hoch-myopen Gruppe zwischen 70,8 um
und 145,4 um (Details siehe Publikation IV).

Die peripapillare Aderhautdicke war bei hoch-myopen Augen ebenfalls signifikant
dinner als bei moderat- und nicht-myopen Augen (p<0,001) (Abbildung 6a und 6b).
Die sektoralen Verteilungsmuster waren bei nicht-myopen, moderat-myopen und
hoch-myopen Augen ahnlich und waren im inferotemporalen Sektor am dunnsten
(106,5 pm vs. 95,1 ym vs. 82,7 ym) und im superonasalen Sektor am dicksten
(152,8 um vs. 140,9 uym vs. 128,7 um) (Details siehe Publikation I).1?
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Abbildung 6. Segmentierung der peripapillaren Aderhautdicke (zwischen roter und griiner Markierung) eines hoch-
myopen (6A) und nicht-myopen Auges (6B)

2.1.3 Assoziation von OCT-Parametern und OCTA-Parametern mit Myopie und

Glaukom

Um Kklinisch relevante Parameter flr die Glaukomdiagnose bei stark kurzsichtigen
Augen zu identifizieren, wurde in Publikation I und IV die Beziehung zwischen der
Dicke verschiedener papillarer und makularer Netzhautschichten, neuartigen
papillaren OCT-Parametern, der GefalRdichte (sVD) der Makula und der peripapillaren
und makularen Aderhautdicke mit der Myopie (gemessen anhand der Achsenlange)

und dem Schweregrad des Glaukoms (VFMD) untersucht.

In der multivariaten Regressionsanalyse zeigte der BMO-Verkippungswinkel eine
statistisch signifikante, aber schwache bis moderate Assoziation mit der Achsenlange
(R*>=10,4%; p<0,001) und keine signifikante Assoziation mit der VFMD (R*=0,9%;
p=0,072), wahrend der BMO-Ovalitatsindex und der BMO-Rotationswinkel keine
statistisch signifikante Assoziation mit der Achsenlange (p=0,289 und p=0,947) und
der VFMD (p=0,307 und p=0,489) zeigten.

Betrachtet man die in der OCT messbaren papillaren und makularen
Netzhautschichten, so konnte gezeigt werden, dass die peripapillare RNFL nicht
statistisch signifikant mit der Achsenlange assoziiert war (R*=0%; p=0,966), au3er im
temporalen Sektor (R*=2,1%; p=0,006), jedoch in allen Sektoren eine starke statistisch
signifikante Assoziation mit der VFMD aufwies (R? zwischen 7,3 % und 25,9 %; alle p-
Werte<0,001). Auch die BMO-MRW zeigte eine starke statistisch signifikante
Assoziation mit der VFMD (R? zwischen 10,6 % und 23,8 %; alle p-Werte<0,001) und
keine statistisch signifikante Assoziation mit der Achsenlange, auler im
superonasalen und inferonasalen Sektor (R?=1,9%; p=0,012 bzw. R?=1.2%;
p=0,046).12
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Sowohl die peripapillare als auch die makulare Aderhautdicke waren nicht statistisch
signifikant mit der VFMD assoziiert (alle p-Werte>0,6), zeigten jedoch in allen Sektoren
eine statistisch signifikante Assoziation mit der Achsenlange. Mit zunehmender
Achsenlange war die Aderhautdicke signifikant dunner (R? zwischen 4,0 % und
19,8 %; alle p-Werte<0,001).1% 13

Alle untersuchten makularen Netzhautparameter wie GCIPL, GCC und makulare
RNFL waren statistisch signifikant mit dem Glaukomschweregrad und nicht mit Myopie
assoziiert. Die makulare RNFL zeigte eine statistisch signifikante Assoziation mit der
VFMD in allen Sektoren aufl3er dem inneren nasalen und temporalen Sektor (p>0,088)
(Details siehe Publikation 1V)."3

Die makulare GefalRdichte war statistisch signifikant, jedoch nur schwach mit der
Achsenléange assoziiert (R?*<2,7%; p<0,04) und zeigte eine starke statistisch
signifikante Assoziation mit schlechterer VFMD (R? zwischen 17,2 % und 33,5 %; alle
p-Werte<0,001)."3

2.2 Charakterisierung von gesunden und glaukomatdtsen Augen mit und ohne hohe
Myopie

2.2.1 OCT-Parameter der Papille und Makula bei gesunden und glaukomatdsen

Augen mit und ohne hohe Myopie

Um genauere diagnostische Parameter zur Differenzierung von Myopie und Glaukom
zu identifizieren, ist es erforderlich, sowohl Glaukomaugen als auch gesunde Augen
mit und ohne hohe Myopie zu untersuchen. In Publikation V?4 wurden Probanden
ohne Glaukom rekrutiert, um strukturelle Unterschiede zu identifizieren und die
diagnostische Wertigkeit von Papillen- und Makula-OCT-Parametern zur Identifikation

von Glaukom in hoch-myopen Augen zu analysieren.

Insgesamt wurden 885 Glaukomaugen und 767 gesunde Augen in diese Studie
eingeschlossen und die Einteilung in die drei Myopiegruppen erfolgte, wie oben
beschrieben, anhand der Achsenlange. Alle p-Werte wurden fur Alter, VFMD und
Bildqualitat adjustiert. Details zur OCT-Diagnostik wurden bereits in Kapitel 2.1.1
(Publikation I und IV)'? '3 erlautert.
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In allen drei Myopiegruppen waren die Werte der globalen peripapillaren RNFL und
der BMO-MRW bei den gesunden Augen statistisch signifikant hoher als bei den
Glaukomaugen (alle p-Werte<0,01). Alle globalen und sektoriellen GCIPL-Werte
waren in den drei Myopiegruppen bei gesunden Augen ebenfalls statistisch signifikant
dicker als bei Glaukomaugen (alle p-Werte<0,013), aul3er im nasalen Sektor, wo keine
statistische Signifikanz bei nicht-myopen und moderat-myopen Augen bestand
(p=0,211). Unabhangig von der Myopiegruppe und der Diagnose wiesen alle Augen
die dickste GCIPL im inneren superioren Sektor und die dunnste GCIPL im aul3eren
inferioren Sektor auf. Die globale makulare RNFL war in allen drei Myopiegruppen bei
gesunden Augen statistisch signifikant dicker als bei Glaukomaugen (p<0,001), mit
Ausnahme des inneren Rings bei nicht-myopen und moderat-myopen Augen
(insbesondere des inneren nasalen Sektors in der Gruppe ohne Myopie und des
inneren temporalen Sektors in der Gruppe mit moderater Myopie) (Details siehe
Abbildungen 1 bis 4, Publikation V).?*

2.2.2 Diagnostische Genauigkeit von OCT-Parametern der Papille und Makula

Die diagnostische Genauigkeit der Glaukomerkennung wurde anhand der Flache
(AUC, engl. ,area under the curve®) unter der ROC-Kurve (engl. ,receiver operating
characteristic”) quantifiziert. Alle AUC-Werte wurden fur Alter, VFMD und Bildqualitat
adjustiert (Details siehe Publikation V).?*

Die diagnostische Genauigkeit fur die Erkennung von Glaukom variierte je nach
spezifischem Papillen-OCT-Parameter, Sektor und Myopiegruppe.

Bei hoch-myopen Augen war die diagnostische Genauigkeit fur die globale
peripapillare RNFL (AUC=0,95) und die inferotemporale peripapillare RNFL
(AUC=0,91) am hochsten. Bei nicht-myopen und moderat-myopen Augen war die
diagnostische Genauigkeit fur die globale BMO-MRW (AUC=1,00 bzw. 0,97) am
héchsten. Bei hoch-myopen Augen war die diagnostische Genauigkeit fur die BMO-
MRW geringer (AUC=0,89). Die diagnostische Genauigkeit der sektoriellen
peripapillaren RNFL bei hoch-myopen Augen war am hochsten (AUC-Werte reichten
von 0,74 bis 0,91), gefolgt von nicht-myopen Augen und moderat-myopen Augen
(AUC-Werte reichten von 0,64 bis 0,83 bzw. von 0,63 bis 0,83) (Details siehe Tabelle
2 und 3, Publikation V).?*
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Die diagnostische Genauigkeit der Makula-OCT-Parameter variierte ebenfalls nach
Sektor und Myopiegruppe. In allen Myopiegruppen war die diagnostische Genauigkeit
der GCIPL hoher als die der makularen RNFL, mit Ausnahme der duf3eren nasalen
und aulderen inferioren Sektoren. Bei hoch-myopen Augen war die diagnostische
Genauigkeit der globalen GCIPL sowie der inneren und auf3eren Ringsektoren der
GCIPL héher (AUC=0,91; 0,90 und 0,91) als die der globalen makularen RNFL und
der inneren und aulleren Ringsektoren der makularen RNFL (AUC=0,84; 0,71 und
0,89).

Die diagnostische Genauigkeit fur GCIPL und die makulare RNFL war tendenziell
niedriger bei nicht- und moderat-myopen Augen (AUC-Werte reichten von 0,59 bis
0,83 bzw. von 0,52 bis 0,80) im Vergleich zu hoch-myopen Augen (AUC-Werte
reichten von 0,52 bis 0,92) (Details siehe Tabelle 4, Tabelle 5 und Abbildung 5,
Publikation V).%*
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3.Ubergreifende Diskussion

3.1 Diagnostischer Fallstrick Myopie und Glaukom

Myope, insbesondere hoch-myope Patienten, stellen bis heute eine grolde
Herausforderung in der Diagnostik und Therapie des Glaukoms dar. Durch die
morphologischen Veranderungen im Rahmen der axialen Elongation ist die klinische
Diagnose des Glaukoms erschwert und bildgebende Verfahren wie die OCT kdnnen
nur bedingt eingesetzt werden. Dies liegt zum einen daran, dass hoch-myope Augen
nicht in den Referenzdatenbanken der verschiedenen Instrumenten-Softwares
enthalten sind, zum anderen ist die Interpretation der Messwerte aufgrund der
besonderen Verteilungsmuster erschwert. Auch Uber die Messgenauigkeit der OCT
bei myopen Augen liegen bisher nur wenige Informationen vor.

Um unser Verstandnis der Anatomie des myopen Auges zu erweitern und
insbesondere die Differenzierung zum Glaukom zu verbessern, ist es zunachst
erforderlich, den Einfluss der Myopie auf die Morphologie der Papille und Makula zu
klaren.

In den vorliegenden Publikationen haben wir zunachst Glaukomaugen
unterschiedlicher Achsenlange untersucht und Unterschiede in der Morphologie der
Papille und Makula mittels OCT-Messungen untersucht. Diese Ergebnisse tragen zu
einem besseren Verstandnis der Anatomie des hoch-myopen Auges bei.

Da in alteren Publikationen andere Messmethoden zur Charakterisierung der Papille
verwendet wurden, haben wir zudem untersucht, inwieweit verschiedene
Messmethoden miteinander verglichen werden kénnen und wie zuverlassig die OCT-
Diagnostik bei hoch-myopen Augen ist.

Abschlief3end haben wir die OCT-Parameter bei gesunden und glaukomatosen Augen
mit unterschiedlichen Achsenlangen untersucht und die diagnostische Genauigkeit

dieser Parameter beurteilt.
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3.2 Strukturelle Papillen- und Makula-OCT-Parameter und deren Assoziation mit

Myopie und Glaukom

In Publikation I und IV wurden Glaukomaugen mit und ohne hohe Myopie anhand
von OCT-Parametern charakterisiert und die Assoziation mit Myopie und Glaukom
untersucht.

Publikation I unterscheidet sich von den meisten vorangegangenen Studien dadurch,
dass automatisierte Vermessungen der Papille durchgefuhrt wurden. Als Landmarke
diente die BMO und nicht wie in friheren Publikationen die klinische Papillengrenze.
Die BMO kann nur mittels der OCT erfasst werden. Der Vorteil liegt in der
Objektivierbarkeit sowie der Reproduzierbarkeit der Messwerte, wahrend die klinische
Papillengrenze der subjektiven Beurteilung unterliegt und insbesondere bei myopen
Papillen eine hohe Messvariabilitat zwischen den Untersuchenden besteht. Aul3erdem
sind bis heute keine festen anatomischen Grenzstrukturen bzw. Landmarken fur die
Beurteilung der klinischen Papillengrenze bekannt.

In unserer Arbeit konnte gezeigt werden, dass Glaukomaugen mit hoher Myopie im
Vergleich zu nicht-myopen Augen einen hoheren BMO-Verkippungswinkel und einen
niedrigeren BMO-Ovalitatsindex aufwiesen, d. h. myopen Papillen waren starker
verkippt und ovaler. Es wird vermutet, dass der Grad der Papillenverkippung ein
Hinweis auf anatomische und biomechanische Veranderungen des Sehnervs wahrend
der axialen Elongation sein kdnnte, weshalb dieser Parameter unter anderem die
erhohte Pravalenz des Glaukoms erkldren konnte.?®> 26 Im Gegensatz zum
Ovalitatsindex zeigte der Verkippungswinkel eine schwache bis moderate Assoziation
mit der Achsenlange. Die Ergebnisse der bisherigen Studien sind inkonsistent und
einige Studien zeigten eine Assoziation zwischen der (erhdhten) Achsenlange und
dem Grad der Ovalitat.?’-33 Allerdings wurde der Grad der Ovalitat in den meisten
Studien anhand der klinischen Papillengrenze auf Papillenfotos erfasst.? 30 32-34 Um
ein besseres Verstandnis der zugrundeliegenden Anatomie zu erhalten, wurde in
unserer Publikation eine automatisierte Auswertung von OCT-Scans vorgenommen.
Zudem variierte die Definition der Myopie in den meisten Studien erheblich. In vielen
Publikationen wurde die Myopie anhand des spharischen Aquivalents und nicht
anhand der Achsenlange definiert. Nakanishi et al. untersuchten in ihrer Arbeit den
Ovalitatsindex sowohl anhand der klinischen Papillengrenze als auch anhand der

BMO-Grenze und stellten fest, dass der Ovalitatsindex, gemessen anhand der
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klinischen Papillengrenze, mit der Achsenlange assoziiert war, jedoch nicht gemessen
anhand der BMO-Grenze.?® Auch histopathologische Untersuchungen von hoch-
myopen Augen zeigten, dass die BMO-Grenze nicht ovaler war als bei nicht-myopen
Augen.® Diese Ergebnisse stimmen mit unseren Ergebnissen, dass es keine
Assoziation zwischen dem BMO-basierten Ovalitatsindex und der Achsenlange gab,
Uberein.

Wir fanden heraus, dass hoch-myope Papillen starker verkippt waren und dass der
BMO-basierte Verkippungswinkel mit der Achsenlange, aber nicht mit dem Glaukom
assoziiert war. Dies impliziert, dass ein hoherer Grad der Verkippung charakteristisch
fur die Myopie und kein Indikator flr das Vorliegen eines Glaukoms ist.

Die vorliegenden Ergebnisse sind mit der vorhandenen Literatur schwer vergleichbar,
da der Verkippungswinkel unterschiedlich definiert wurde. In einigen Publikationen
wurde nicht der tatsachliche Verkippungswinkel gemessen, sondern der Ovalitatsindex
als Indikator fir die Verkippung definiert.® 33 34 In anderen Studien wurde der
Verkippungswinkel indirekt gemessen, indem die klinische Papillengrenze auf das
OCT-Nervenfaserhéhenprofil projiziert wurde.?8:30.36. 37 Auch diese Ergebnisse kdnnen
nicht mit unseren Resultaten verglichen werden, da hier die dreidimensionale

Information fehlt, die durch die direkte Messung von OCT-Scans verfugbar ist.

BMO-Rotationswinkel, globale RNFL und globale BMO-MRW waren in allen drei
Myopiegruppen gleich und zeigten keine signifikante Assoziation mit der Achsenlange,
mit Ausnahme des temporalen RNFL-Sektors und des superonasalen BMO-MRW-
Sektors.

Unsere Ergebnisse fur den BMO-Rotationswinkel, wie auch fur den BMO-Ovalitatindex
und den BMO-Verkippungswinkel, kénnen nicht mit den Ergebnissen aus der
vorliegenden Literatur verglichen werden, da in unserer Arbeit eine dreidimensionale
Messung des Rotationswinkels anhand von OCT-Scans erfolgte. In der Literatur wird
der Rotationswinkel, haufig auch als ,Torsionswinkel” bezeichnet, anhand von
zweidimensionalen Fundusfotos gemessen, indem der Winkel zwischen der groften
Achse der Papille und einem vertikalen Meridian gemessen wird.8 2831, 36
Insbesondere bei hoch-myopen Augen kann es bei der Abschatzung der grofdten
Achse der Papille auf zweidimensionalen Fundusfotos aufgrund des schragen
Einblicks auf die Papille zu leichten Abweichungen von der tatsachlichen GroRke

kommen.®® In unserer Studie war der BMO-Rotationswinkel weder mit der
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Achsenlange noch mit der VFMD assoziiert und ist daher weder fur die Myopie noch

fur das Glaukom charakteristisch.

Um die Zuverlassigkeit etablierter Papillen-OCT-Parameter wie der peripapillaren
RNFL und der BMO-MRW zu evaluieren, haben wir diese in den verschiedenen
Myopiegruppen gemessen und untersucht, ob eine Assoziation mit der Achsenlange

und dem Glaukom besteht.

FUr beide Parameter gab es keine statistisch signifikanten Unterschiede zwischen den
drei Myopiegruppen und es konnte keine Assoziation mit der Achsenlange gezeigt
werden. Sowohl die RNFL als auch die BMO-MRW zeigten eine starke statistisch
signifikante Assoziation mit dem Schweregrad des Glaukoms (VFMD). Allerdings sollte
bei der Interpretation der RNFL und der BMO-MRW das im Vergleich zu emmetropen
Augen unterschiedliche sektorielle Verteilungsmuster beriicksichtigt werden.' 39 In
unserer Analyse nahm die temporale RNFL-Dicke mit zunehmender Achsenlange zu
und die nasale BMO-MRW ab, was sich mit den Ergebnissen anderer Publikationen
deckt, in denen eine dickere RNFL im temporalen Sektor nachgewiesen werden
konnte. Es ist anzunehmen, dass diese Umverteilung des Nervenfaserprofils unter
anderem durch die Verkippung des Sehnervenkopfes bei myopen Augen erklart
werden kann.'® 39 Da die Referenzdatenbanken der unterschiedlichen OCT-Hersteller
keine hoch-myopen Augen enthalten, kann dies zu einer hoheren Rate falsch positiver

Ergebnisse flihren.40 41

Aufgrund der unterschiedlichen Verteilungsmuster in der Papillen-OCT und des
Fehlens hoch-myoper Augen in den OCT-Referenzdatenbanken haben wir in
Publikation IV makulare Parameter zur Differenzierung von Myopie und Glaukom
untersucht. Mit ca. 50 % aller retinalen Ganglienzellen in der Fovea bietet sich die
Untersuchung der Makula fir die Glaukomdiagnostik an.*> Zudem betreffen die
morphologischen Veranderungen durch die axiale Elongation primar den
Sehnervenkopf, sodass die makulare Region fur die Glaukomdiagnostik bei hoch-
myopen Augen besser geeignet sein konnte. Allerdings sind die topographischen
Verteilungsmuster der verschiedenen Netzhautschichten bei myopen Augen ebenfalls
noch nicht gut untersucht. Um das topographische Profil besser zu verstehen, haben
wir Makula-OCT-Parameter wie die innere plexiforme Schicht (GCIPL) und den
Ganglienzellkomplex (GCC) sowie die makulare RNFL-Dicke analysiert und ihre
Assoziation mit Myopie und Glaukom untersucht.

23



Unsere Ergebnisse zeigten, dass Makula-OCT-Parameter fur die Diagnose und das
Monitoring des Glaukoms bei myopen Patienten hilfreich sein kdnnten, da diese
Parameter stark signifikant mit dem Glaukom, nicht jedoch mit der Myopie assoziiert
waren. Sowohl die GCIPL als auch der GCC zeigten eine starke statistisch signifikante
Assoziation mit dem Glaukom und keine Assoziation mit der Myopie (gemessen
anhand der Achsenlange). Die makulare RNFL zeigte eine schwache, aber statistisch
signifikante Assoziation mit der Myopie und eine moderate statistisch signifikante
Assoziation mit dem Glaukom. Yang et al. zeigten bereits die hohe diagnostische
Genauigkeit der GCIPL bei nicht-myopen Patienten mit vergleichbaren Ergebnissen
zur peripapillaren RNFL.43 Diese Ergebnisse konnten von anderen Autoren auch fiir
myope Patienten bestatigt werden. Shoji et al. zeigten sogar, dass die GCIPL bei
myopen Patienten eine hohere diagnostische Genauigkeit aufwies als die peripapillare
RNFL.#* In einer weiteren Studie zeigten die gleichen Autoren, dass der
Ganglienzellkomplex ebenfalls eine hohe diagnostische Genauigkeit bei myopen und
nicht-myopen Patienten aufwies und dass der Ganglienzellkomplex nicht mit Myopie
assoziiert war.*> Wir haben in unserer Arbeit den Ganglienzellkomplex mit der OCT-
Software von zwei unterschiedlichen Instrumentenherstellern (Spectralis® von
Heidelberg Engineering und Avanti-AngioVue® von Optovue, Inc.) gemessen und
konnten ahnliche Ergebnisse zeigen. Sowohl unsere Ergebnisse als auch die Daten
aus der Literatur*+46 implizieren, dass die Makula-Parameter, insbesondere die GCIPL
und der Ganglienzellkomplex, weniger empfindlich auf strukturelle Veranderungen im
Rahmen der axialen Elongation reagieren und fur das Glaukom-Screening bei hoch-
myopen Patienten geeignet sein kdnnten. Allerdings wurden weder in unserer noch in

den vorliegenden Studien gesunde hoch-myope Augen eingeschlossen.

3.3 Vaskulare Papillen- und Makula-Parameter und deren Assoziation mit Myopie und

Glaukom

In einigen Studien konnte bereits ein Zusammenhang zwischen dem
Glaukomschweregrad und der mittels der OCTA gemessenen kapillaren Gefal3dichte
im Bereich der Makula gezeigt werden.?" 22 Zudem wird vermutet, dass die
peripapillare und makuléare Aderhautdicke bei myopen Augen verdlnnt sein konnte.*’-

50 Allerdings ist bisher wenig tber die lokalen Verteilungsmuster der GefaRdichte und
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Aderhautdicke bei hoch-myopen Augen und deren Zusammenhang mit der Myopie

bekannt.

In Publikation IV wurde die topographische Verteilung der makularen Gefalidichte bei
nicht-myopen, moderat-myopen und hoch-myopen Augen sowie die Assoziation der
GefalRdichte mit Myopie und Glaukom untersucht. Das Verteilungsmuster der
Gefaldichte war in den drei Myopiegruppen im Allgemeinen sehr inkonsistent, mit
einer Tendenz zur hoheren Gefalddichte bei nicht-myopen Augen im Vergleich zu
moderat- und hoch-myopen Augen. Eine statistische Signifikanz konnte jedoch nur im
nasalen Sektor nachgewiesen werden. Zudem konnten eine statistisch signifikante,
moderate Assoziation der GefalRdichte mit dem Glaukomschweregrad und eine
statistisch signifikante, aber schwache Assoziation der Gefalidichte mit Myopie gezeigt
werden. Die Ergebnisse in der Literatur sind sehr widerspruchlich. Diese Widerspruche
konnen zum Teil durch Unterschiede in der Studienpopulation und der OCTA-
Aufnahme erklart werden. Beispielsweise wurde in unserer Publikation ein 3x3 mm
groRes Scanareal mit der OCTA untersucht, wahrend Yang et al. in ihrer Publikation
ein doppelt so groRes Scanareal (6x6 mm) untersuchten.®! Ein groReres Scanareal
kann zum einen empfindlicher flr Bildartefakte sein, zum anderen kdnnen
Reduktionen der GefaRdichte auch in weiter peripheren Regionen detektiert werden.5"
Obwohl eine schwache Assoziation zwischen Myopie und der GefalRdichte besteht,
implizieren unsere Ergebnisse, dass die oberflachliche GefalRdichte fur das

Glaukommonitoring von myopen Augen hilfreich sein kdnnte.

In Publikation I und IV wurde zudem die Aderhautdicke von nicht-myopen, moderat-
myopen und hoch-myopen Augen untersucht. Wir konnten zeigen, dass mit
zunehmender Achsenlange sowohl die peripapillare als auch die makulare
Aderhautdicke in allen Sektoren abnahm, und bestatigten damit die bisherigen
Ergebnisse in der Literatur.47-49 52.53 Ahnlich den Resultaten von Ho et al. war auch in
unserer Arbeit die makulare Aderhautdicke in allen drei Myopiegruppen im nasalen
Sektor am geringsten.%? Die peripapillare Aderhautdicke war im inferioren Sektor am
kleinsten. Zudem konnten wir in beiden Publikationen eine starke signifikante
Assoziation zwischen der Aderhautdicke und der Achsenlange und keine Assoziation
zwischen der Aderhautdicke und dem Glaukom zeigen. In unseren Arbeiten ist eine
geringe Aderhautdicke charakteristisch fir eine hohe Myopie und nicht geeignet, um

gesunde Augen von glaukomatdésen Augen zu differenzieren. Die Rolle der
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Aderhautdicke im Zusammenhang mit dem Glaukom ist noch nicht abschliefend
geklart. Einige Autoren nehmen an, dass Regionen mit einer dinnen Aderhaut
empfindlicher auf Tensioschwankungen reagieren und somit ein erhdhtes
Glaukomrisiko aufweisen.4”: 54 55 Die beiden vorliegenden Publikationen zeichnen sich
dadurch aus, dass die Berechnung der Aderhautdicke nicht anhand manueller
Segmentierungen erfolgte, sondern mit Hilfe einer kinstlichen Intelligenz (,SALSA-
deep®),'> 13 die an einer Stichprobe manuell segmentierter OCT-RNFL-Ringscans (JR)
trainiert wurde. Zum Zeitpunkt der Veroffentlichung waren die vorliegenden
Publikationen die ersten Arbeiten, die eine kunstliche Intelligenz zur Segmentierung

der Aderhautdicke bei hoch-myopen Augen einsetzten.

3.4 OCT-Messgenauigkeit bei hoch-myopen Augen und Vergleichbarkeit von Papillen-

Parametern anhand unterschiedlicher Messmethoden

Aus unseren Ergebnissen der Publikation | geht hervor, dass morphologische
Veranderungen des Sehnervenkopfes aufgrund der axialen Elongation die
Glaukomdiagnostik mittels der OCT erschweren konnten. Da die normativen
Datenbanken der OCT-Hersteller keine hoch-myopen Augen enthalten, ist die
Interpretation der RNFL-Ergebnisse bei hoch-myopen Augen limitiert. Wir konnten in
dieser Publikation demonstrieren, dass die temporale RNFL-Dicke mit zunehmender
Achsenlange zunahm und stark mit der Achsenlange assoziiert war. Dies fuhrt zu einer
,1remporalisierung“ des RNFL-Profils im Vergleich zu gesunden nicht-myopen Augen
und damit zu einer teilweise fehlerhaften Auswertung durch die Instrumenten-
Software.%-%¢ Darliber hinaus wurde in einer kiirzlich durchgefiihrten Studie mit
myopen Augen verdeutlicht, dass es bedeutend ist, RNFL-Messungen relativ zum
anatomisch korrekten Papillenzentrum zu beurteilen. Es wurde demonstriert, dass sich
die peripapillare RNFL-Dicke, die in einem festen Abstand vom Zentrum der
Bruch’schen Membrandéffnung (BMO) gemessen wurde, signifikant von der RNFL-

Dicke unterschied, die relativ zum klinischen Papillenzentrum gemessen wurde.%®

Die grote Herausforderung besteht jedoch darin, dass die exakte Position der BMO
bei hoch-myopen Augen nicht immer korrekt lokalisiert werden kann. Der primare
strukturelle Parameter fur die Diagnose und das Monitoring eines Glaukoms ist die
peripapillare RNFL. Diese kann jedoch nicht exakt gemessen werden, wenn die BMO

nicht korrekt lokalisiert wird. Das Zentrum der BMO-Konfiguration wird von OCT-
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Instrumenten zur exakten Definition des Papillenzentrums und zur Berechnung der
peripapillaren RNFL verwendet.®® Zudem wird die BMO zur Berechnung der BMO-
MRW (,Bruch’s membrane opening minimum rim width“), die den minimalen Abstand
der BMO zur Membrana limitans interna darstellt, ebenfalls in der Glaukomdiagnostik
verwendet und weist je nach Studie eine ahnliche diagnostische Genauigkeit wie die

peripapillare RNFL auf.60

Die korrekte Lokalisierung der BMO ist daher fur die genaue Messung und
Interpretation  glaukomatoser ~ RNFL-Defekte  unerlasslich.  Aufgrund  der
morphologischen Veranderungen der Papille bei axialer Myopie kann dies jedoch eine

Herausforderung darstellen.®’

Aufgrund der oben beschriebenen Herausforderungen und insbesondere der
zunehmenden Myopiepravalenz in asiatischen Landern haben wir in Publikation Il die
OCT-gestutzte automatische BMO-Erkennung und die Wahrscheinlichkeit einer nicht
nachweisbaren BMO in einer gemischten amerikanischen und koreanischen Kohorte
von gesunden Probanden und Glaukompatienten mit und ohne hohe Myopie
untersucht. Daruber hinaus wurden anatomische Merkmale zur Pradiktion der

Lokalisationsgenauigkeit der BMO evaluiert.

Die Ungenauigkeit der BMO-Lokalisierung (manuell korrigierbare BMO und nicht
erkennbare BMO) war sowohl bei gesunden Personen, als auch bei Glaukompatienten
mit hoher Myopie signifikant hoher, als bei Personen ohne hohe Myopie. Diese
Ergebnisse wurden ebenfalls von Zheng et al. bestatigt." In den multivariaten
Regressionsanalysen waren eine langere Achsenlange, eine ovalere BMO-
Konfiguration, ein groRerer BMO-Verkippungswinkel und das Vorliegen einer hohen
axialen Myopie signifikant mit einer ungenauen BMO-Lokalisierung assoziiert. Diese
Ergebnisse verdeutlichen, dass insbesondere anatomische Merkmale, die mit der
Achsenmyopie assoziiert sind, mit einer ungenaueren BMO-Lokalisation einhergehen.
Diese Resultate deuten darauf hin, dass bei hoch-myopen Augen eine qualitative
Uberprifung und eine manuelle Korrektur der BMO-Lokalisation, was im klinischen
Alltag meist nicht moglich ist, von entscheidender Bedeutung ist, um eine
Fehlinterpretation der OCT-Ergebnisse zu vermeiden. Eine korrekte BMO-Lokalisation
ist sowohl fur die Evaluation der BMO-MRW als auch der peripapillaren RNFL
erforderlich. Wenn aufgrund einer ungenauen BMO-Lokalisation das BMO-Zentrum
nicht identifiziert werden kann, werden die peripapillaren RNFL-Messungen im
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Vergleich zur normativen Referenzdatenbank des Instruments nicht korrekt berechnet
und somit falschlicherweise als innerhalb oder aulerhalb des Referenzdatenbereichs
interpretiert. Die qualitative Auswertung der OCT-Scans ergab, dass die nicht-
lokalisierbaren BMO-Punkte bei hoch-myopen Augen haufiger in den temporalen
Sektoren zu finden waren, was sich unter anderem durch den erhohten
Verkippungswinkel und das Vorliegen einer peripapillaren Atrophiezone im temporalen
Bereich der Papille erklaren lasst. Auch diese Ergebnisse stimmen mit denen von

Zheng et al.%' Giberein.

Die Grunde fur die fehlerhafte BMO-Lokalisierung durch die Standard-OCT-Software
sind wahrscheinlich zum Teil auf die anatomischen Unterschiede bei stark myopen
Augen®? und auf die Tatsache zurlickzufiihren, dass die Segmentierungsalgorithmen
nicht fur hoch-myope Augen entwickelt wurden. Allerdings ist auch zu beachten, dass
die finale korrekte BMO-Lokalisierung durch die Software von der initialen korrekten
BMO-Lokalisierung durch den Instrumenten-Bediener abhangt. Wenn dieser erste
Schritt aufgrund mangelnder Expertise mit hoch-myopen Augen fehlerhaft
durchgefuhrt wird, ist die finale Segmentierung durch die Software inakkurat.

Zusammenfassend verdeutlichen die Ergebnisse der Publikation Il, dass nicht nur die
klinische Papillendiagnostik bei hoch-myopen Augen erschwert ist, sondern auch
diagnostische Verfahren wie die OCT aufgrund von Segmentierungsfehlern und
fehlenden hoch-myopen Augen in Referenzdatenbanken nur eingeschrankt

anwendbar sind.

Bei der Beschreibung und Charakterisierung der morphologischen Veranderungen bei
hoch-myopen Augen sollte die zugrundeliegende Methodik bertcksichtigt werden, um
die Vergleichbarkeit der Ergebnisse unterschiedlicher Studien zu gewahrleisten. In der
Vergangenheit hat eine Vielzahl von Studien die Anatomie des Sehnervenkopfes bei
myopen Augen anhand von Parametern wie der Ovalitat der Papillenkonfiguration
sowie der Verkippung und Verdrehung (aus dem engl. .torsion®) der Papille
beschrieben. In diesen Studien wurden diese Parameter jedoch manuell auf der
Grundlage von zweidimensionalen Fundusfotografien oder der Projektion der
Fundusfotografien auf OCT-Scans gemessen. Diese Methodik hat den Nachteil, dass
sie nicht auf objektiven anatomischen Landmarken wie der BMO beruht, sondern auf

der subjektiven Beurteilung der klinischen Papillengrenze.
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Wir haben in Publikation Il untersucht, ob die manuelle Vermessung des
Ovalitatsindexes (in der Literatur oft auch als Verkippung bezeichnet) und der
Verdrehung/Torsion (in  unserer Arbeit als ,Rotation® bezeichnet) des
Sehnervenkopfes, basierend auf der klinischen Papillengrenze anhand von
Fundusfotos, mit der automatisierten Vermessung, basierend auf der BMO anhand

von OCT-Scans, verglichen werden kann.

In der Literatur wurden automatisierte und manuelle Methoden der Papillendiagnostik
bisher nicht miteinander verglichen. Wir konnten in unserer Arbeit eine statistisch
signifikante, aber schwache Korrelation zwischen der manuellen und automatisierten
Messung des Ovalitatsindexes und keine Korrelation zwischen der manuellen und
automatisierten Messung der Papillenrotation zeigen. Wir haben die Hypothese
aufgestellt, dass die objektive Charakterisierung der Papille von grundlegender
Bedeutung ist, um die Hirden bei der Glaukomdiagnostik bei Augen mit hoher Myopie
zu reduzieren. Das Konzept der prazisen Charakterisierung des Sehnervenkopfes
konnte zur ldentifizierung von Merkmalen flihren, die spezifisch mit der Myopie oder
dem Glaukom assoziiert sind und Kliniker in der Unterscheidungsfindung unterstutzen.

Deshalb haben wir in Publikation | Methoden entwickelt, die eine objektive
Charakterisierung des Sehnervenkopfes ermoglichen. Obwohl einige dieser
Parameter (Ovalitatsindex/Verkippung, Rotation) bereits zuvor beschrieben wurden,
verdeutlichen die Ergebnisse von Publikation Il jedoch, dass zwei- und
dreidimensionale Messungen der gleichen Parameter nicht austauschbar sind. Es
wurde bereits berichtet, dass Papillenmerkmale, die auf der klinischen Papillengrenze
auf Fundusfotos basieren, wenig mit denen korrelieren, die auf der BMO auf OCT-
Scans basieren.?3 Der Ovalitatsindex wurde in Publikation Ill sowohl zweidimensional
manuell als auch dreidimensional automatisiert in der hoch-myopen Gruppe am
kleinsten (ovalere Konfiguration) gemessen, was mit zweidimensionalen Messungen
in der Literatur Ubereinstimmt.?®-33. 64 |n unserer Studie gab es jedoch nur eine
schwache Korrelation zwischen den beiden unterschiedlichen Messmethoden. Der
Rotationswinkel war in unserer Studie in der hoch-myopen Gruppe grofer, allerdings
nur bei der manuellen Messung und nicht bei der dreidimensionalen Messung auf
Basis der OCT-Scans. Auch in der Literatur war der zweidimensionale, manuell
gemessene Rotationswinkel bei hoch-myopen Augen groRer.?83' Eine wichtige

Erklarung fur die Diskrepanz in den Ergebnissen des Rotationswinkels kdnnte der
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dreidimensionale Ansatz in Publikation | und [/l im Gegensatz zum
zweidimensionalen Ansatz in Publikation Il und in der Literatur sein. Die
dreidimensionale Messung basiert auf der mit Hilfe der OCT dargestellten BMO, die
insbesondere bei hoch-myopen Augen stark von der klinischen Papillengrenze
abweicht, wie auch Chauhan et al. in ihrer Arbeit demonstrierten.®° In OCT-Studien
wurde zudem festgestellt, dass insbesondere bei myopen Augen die Bruch-Membran
Uber die klinische Papillengrenze hinausreicht und relativ zur anterioren
Sklerakanaloffnung nach temporal versetzt ist und daher auf Fundusfotos nicht
sichtbar ist.38 60. 62,63

Basierend auf den Ergebnissen von Publikation Ill und der Tatsache, dass die
klinische Papillengrenze bei myopen Augen oft nicht mit der BMO-Grenze
ubereinstimmt, sollte die Charakterisierung des Sehnervenkopfes auf objektiven
Landmarken basieren, die mittels der OCT identifiziert werden kdnnen.

3.5 Diagnostische Genauigkeit von OCT-Parametern zur Differenzierung von Myopie

und Glaukom

Um die diagnostische Genauigkeit der OCT-Parameter zur Differenzierung von Myopie
und Glaukom zu evaluieren, wurden in Publikation V neben Glaukompatienten auch

gesunde Probanden eingeschlossen.

Die diagnostische Genauigkeit der einzelnen Parameter in Publikation V variierte
stark zwischen den einzelnen Myopiegruppen. Im Allgemeinen zeigten die
peripapillare RNFL und die GCIPL die héchste diagnostische Genauigkeit bei hoch-
myopen Augen und die BMO-MRW bei moderat-myopen und nicht-myopen Augen. Da
die peripapillare RNFL fast alle Axone der Ganglienzellen reprasentiert, ist sie ein
etablierter Marker zur Unterscheidung von gesunden und glaukomatdsen Augen bei
nicht-myopen Augen. Aufgrund der morphologischen Veranderungen in der
Papillenregion bei myopen Augen war jedoch bisher unklar, inwieweit die peripapillare
RNFL und die BMO-MRW bei nicht-emmetropen Augen zuverlassig sind.®® Die
diagnostische Genauigkeit der peripapillaren RNFL war in der hoch-myopen Gruppe
am hochsten, wahrend sie fur die BMO-MRW in der nicht-myopen und moderat-
myopen Gruppe am hochsten war. Moglicherweise reagieren Parameter des
neuroretinalen Randsaums wie die BMO-MRW empfindlicher auf Veranderungen der
axialen Elongation als die peripapillare RNFL. Aufgrund dieser Veranderungen war
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bisher auch unklar, ob makulare Parameter eine hohere diagnostische Genauigkeit
haben als Papillen-Parameter. Unsere Ergebnisse in Publikation IV
veranschaulichten, dass makulare Parameter wie die GCIPL-Schicht und der
Ganglienzellkomplex (GCC) mit Glaukom, aber nicht mit Myopie assoziiert waren. In
Publikation V waren jedoch GCIPL und GCC der diagnostischen Genauigkeit der
perpipapillaren RNFL bei hoch-myopen Augen nicht Uberlegen. Betrachtet man die
spezifischen Sektoren innerhalb der einzelnen Parameter genauer, so hatte innerhalb
der peripapillaren RNFL der inferotemporale Sektor die hochste diagnostische Starke,

wie auch Choi et al. in ihrer Studie zeigten.®®

Innerhalb der GCIPL-Sektoren wiesen der innere inferiore, der innere temporale und
der aulRere temporale Sektor die hochste diagnostische Genauigkeit auf, was mit den
Ergebnissen von Takayama et al. Ubereinstimmt, die zeigten, dass die Region
inferotemporal zur Fovea am frihesten von glaukomatésen Veranderungen betroffen
ist. Die peripapillare RNFL umfasst nahezu alle Axone der retinalen Ganglienzellen,
wahrend die perifoveale Region nur Informationen von den dort befindlichen
Ganglienzellen enthlt, was die Uberlegenheit der RNFL gegeniber der GCIPL

erklaren kdnnte.56. 67

Sowohl fur die peripapillare RNFL als auch fur die GCIPL ist die unterschiedliche
diagnostische Starke der einzelnen Sektoren auffallig und verdeutlicht, dass diese
lokalen Differenzen bei der klinischen Interpretation der Ergebnisse bertcksichtigt
werden sollten. Die insgesamt sehr hohe diagnostische Starke sowohl fur die
peripapillare RNFL als auch fur die GCIPL konnte unter anderem durch unser
Studiendesign erklart werden. Hoch-myope Augen durchliefen einen separaten
,Gradingprozess®, um maglichst wenige Grenzfalle einzuschlie3en, wodurch hoch-
myope Augen mit unklarer Diagnose ausgeschlossen wurden. Dies hat zur Folge, dass

die diagnostische Starke fur alle Parameter in dieser Studie relativ hoch ist.

3.6 Schlussfolgerung

In der vorliegenden kumulativen Habilitationsschrift wurden Forschungsergebnisse zur
bildgebenden Diagnostik von Myopie und Glaukom zusammengetragen. Ziel der

vorliegenden Publikationen war es, die Morphologie hoch-myoper Augen mittels
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bildgebender Verfahren wie der OCT und der OCTA zu charakterisieren, die
diagnostische Zuverlassigkeit der bildgebenden Verfahren zu evaluieren und
schliel3lich objektive Parameter zur Differenzierung von Myopie und Glaukom zu

identifizieren.

Zu diesem Zweck haben wir in Publikation I die Anatomie des Sehnervenkopfes
mittels neuer objektiver, OCT-basierter Parameter analysiert und die Assoziation
dieser Parameter mit Myopie und Glaukom untersucht. Einige dieser Papillen-
Parameter wie der Ovalitatsindex, der BMO-Verkippungswinkel und der BMO-
Rotationswinkel wurden mit selbst entwickelten, automatisierten Modellen berechnet.
Die Messung der peripapillaren Aderhautdicke erfolgte mit Hilfe von Deep-Learning-
Modellen, die anhand einer manuell ausgewerteten Stichprobe trainiert wurden. Hoch-
myope Papillen waren ovaler, starker verkippt und wiesen eine geringere
Aderhautdicke auf. Der Rotationswinkel, die peripapillare RNFL und die BMO-MRW
waren innerhalb der Myopiegruppen ahnlich, mit Ausnahme der temporalen
peripapillaren RNFL und der nasalen BMO-MRW, die ebenfalls signifikant mit der
Myopie assoziiert waren. Der Verkippungswinkel, der Ovalitatsindex und die geringe
Aderhautdicke charakterisieren die myope Papille und sind im Gegensatz zur
peripapillaren RNFL und BMO-MRW mit Ausnahme der oben genannten Sektoren
nicht zur Glaukomdiagnostik geeignet.

Da die oben genannten Parameter auf OCT-Landmarken wie der BMO basieren,
haben wir im Rahmen der Berechnungen mehrere tausend OCT-Scans von hoch-
myopen Augen evaluiert und eine Haufung von Segmentierungsfehlern festgestellt.
Wir haben daher in Publikation Il OCT-Scans qualitativ und quantitativ auf
Segmentierungsfehler ausgewertet und konnten feststellen, dass die Rate der
Segmentierungsfehler bei hoch-myopen Augen signifikant héher war und dass
Parameter, die fur Myopie charakteristisch sind, wie die zunehmende Achsenlange,
eine grolBere Ovalitdt und ein grofRerer Verkippungswinkel, signifikant mit

Segmentierungsfehlern assoziiert waren.

Die in Publikation | berechneten Papillenparameter wurden zum Teil bereits in der
Literatur beschrieben. Allerdings wurden diese Parameter in der Literatur bisher
manuell anhand der klinischen Papillengrenze berechnet, die auf zweidimensionalen
Fundusfotos identifiziert wurde. Wir haben diese Methodik in Publikation Il mit
unserer automatisierten, dreidimensionalen, OCT-basierten Technik verglichen, bei
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der die klinische Papillengrenze durch die objektive BMO-Grenze ersetzt wurde. Es
bestand keine Korrelation zwischen dem klinisch gemessenen zweidimensionalen
Ovalitatsindex und Rotationswinkel und der automatisierten dreidimensionalen
Messung, was verdeutlicht, dass gleiche Parameter mit unterschiedlicher

Messmethodik nicht austauschbar sind.

Da die Papille aufgrund der axialen Elongation starken morphologischen
Veranderungen unterliegen kann und etablierte Parameter wie die RNFL und die
BMO-MRW aufgrund von Segmentierungsfehlern und fehlenden myopen Augen in
den OCT-Referenzdatenbanken fehlerhaft berechnet werden kdénnten, ist unklar,
inwieweit die RNFL und die BMO-MRW zur Differenzierung von Myopie und Glaukom
geeignet sind. Daher wurden in Publikation IV sowohl vaskulare OCTA-Parameter als
auch strukturelle OCT-Parameter der Makula bei hoch-myopen Augen gemessen und
deren Assoziation mit Myopie und Glaukom untersucht. Die Ergebnisse dieser Arbeit
zeigten, dass insbesondere die GCIPL und GCC flr die Unterscheidung zwischen
Myopie und Glaukom geeignet sein konnten, da beide Parameter nicht mit der Myopie,

aber signifikant mit dem Glaukom assoziiert waren.

In Publikation V wurden neben Glaukomaugen auch gesunde Augen mit und ohne
hohe Myopie eingeschlossen und die OCT-Parameter der Papille und der Makula
hinsichtlich der topographischen Verteilung in den einzelnen Gruppen analysiert sowie
die diagnostische Starke der OCT-Parameter zur Differenzierung von Myopie und
Glaukom evaluiert. Die Ergebnisse verdeutlichen, dass sowohl die peripapillare RNFL
als auch die GCIPL eine hohe diagnostische Starke fur die Differenzierung von Myopie
und Glaukom haben und dass diese Ergebnisse in gro3eren Publikationen bestatigt

werden mussen.

Zusammenfassend leistet die vorliegende Arbeit einen umfassenden Beitrag zum
besseren Verstandnis von Myopie und Glaukom, analysiert spezifische Eigenschaften
beider Krankheitsbilder, bewertet die diagnostischen Mdglichkeiten kritisch und tragt
zur besseren Differenzierung beider Krankheitsbilder bei. Aufgrund der diagnostischen
Herausforderungen der bildgebenden Verfahren bei hoch-myopen Augen besteht

weiterhin grof3er Forschungsbedarf auf diesem Gebiet.
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4. In der Habilitationsschrift zusammengefasste Publikationen

Publikation |

Rezapour J, Bowd C, Dohleman J, Belghith A, Proudfoot JA, Chrisopher M, Hyman
L, Jonas JB, Fazio MA, Weinreb RN, Zangwill LM; The influence of axial myopia on
optic disc characteristics of glaucoma eyes; Scientific reports; 2021; Apr
23;11(1):8854. doi: 10.1038/s41598-021-88406-1. PMID: 33893383 11:8854.
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The influence of axial myopia
on optic disc characteristics
of glaucoma eyes

Jasmin Rezapour'?, Christopher Bowd?, Jade Dohleman?, Akram Belghith?,
James A. Proudfoot!, Mark Christopher?, Leslie Hyman3, Jost B. Jonas*, Massimo A. Fazio*®¢,
Robert N. Weinreb! & Linda M. ZangwilI***

This study characterizes differences in glaucomatous eyes with and without high axial myopia using
custom automated analysis of OCT images. 452 eyes of 277 glaucoma patients were stratified into
non (n =145 eyes), mild (n=214 eyes), and high axial myopia (axial length (AL) >26 mm, n=93 eyes).
Optic disc ovality index, tilt and rotation angle of Bruch’s membrane opening (BMO) and peripapillary
choroidal thickness (PCT) were calculated using automated and deep learning strategies. High myopic
optic discs were more oval and had larger BMO tilt than mild and non-myopic discs (both p<0.001).
Mean PCT was thinnest in high myopic eyes followed by mild and non-myopic eyes (p <0.001). BMO
rotation angle, global retinal nerve fiber layer (RNFL) thickness and BMO-minimum rim width (MRW)
were similar among groups. Temporal RNFL was thicker and supranasal BMO-MRW was thinner in
high myopic eyes. BMO tilt and PCT showed moderate and temporal RNFL and nasal BMO-MRW
showed weak but significant associations with AL in multivariable analyses (all p<0.05). Large BMO
tilt angle and thin PCT are characteristics of highly myopic discs and were not associated with severity
of glaucoma. Caution should be exercised when using sectoral BMO-MRW and RNFL thickness for
glaucoma management decisions in myopic eyes.

There is consistent evidence that the prevalence of myopia has markedly increased. Persons with high myopia
are also more likely to have primary open angle glaucoma than non-highly myopic individuals. Specifically, the
prevalence of myopia is increasing from approximately 1.4 billion worldwide in 2010, to an estimated 5 billion
by 2050". In addition, a meta-analysis of 7 studies suggests individuals with myopia are 2.5 times more likely to
have glaucoma than those without myopia®. It is unclear why myopia increases the risk of glaucoma, but it is likely
related to a greater susceptibility of the optic nerve head to glaucoma damage through a variety of mechanisms.
For example, it has been discussed that a thinner lamina cribrosa in myopic eyes makes it more susceptible due
to a steepening of the pressure gradient®, and combined with secondary enlargement of the optic nerve head
from myopia and elongation and thinning of the peripapillary scleral flange, it may increase an individual’s risk
for developing glaucoma®=. Moreover, the diagnosis of glaucoma often is challenging in high myopes as the
appearance of the myopic optic nerve head, with its higher degree of tilt and possibly oval shape and torsion
mimics glaucomatous optic disc damage making the diagnosis of glaucoma difficult in high myopes’~'. It follows
that the myopic optic disc may mistakenly be interpreted as glaucoma resulting in possible overdiagnosis and
overtreatment of glaucoma in non-glaucomatous myopes''. Hence, the study of morphological features of the
myopic optic disc can improve our understanding of the relationship between myopia and glaucoma.

In the majority of studies, ovality index, disc tilt and torsion measurements have been evaluated based on
qualitative review of fundus photographs relative to the clinical disc margin. These studies report inconsistent
results with respect to the association of these parameters with axial length’-*12-1%, The problem with a photo-
graph-based approach to measure the ovality index, disc tilt or torsion is that landmarks such as the clinical disc

'Hamilton Glaucoma Center, Shiley Eye Institute, Viterbi Family Department of Ophthalmology, University
of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0946, USA. 2Department of Ophthalmology,
University Medical Center of the Johannes Gutenberg University, Mainz, Germany. 3Wills Eye Hospital, Thomas
Jefferson University, Philadelphia, PA, USA. “Department of Ophthalmology, Medical Faculty Mannheim,
Heidelberg University, Mannheim, Germany. *Department of Ophthalmology and Vision Science, School of
Medicine, The University of Alabama At Birmingham, Birmingham, AL, USA. ®Department of Biomedical
Engineering, School of Engineering, The University of Alabama At Birmingham, Birmingham, AL, USA. "lemail:
|zangwill@health.ucsd.edu

Scientific Reports |

(2021) 11:8854 | https://doi.org/10.1038/s41598-021-88406-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-88406-1&domain=pdf

www.nature.com/scientificreports/

margin are subjective and not based on the actual three-dimensional anatomy of the optic disc'*-*!. Furthermore,
there is evidence that with increasing axial length the Bruch’s membrane opening (BMO) anatomy is less likely
to be represented by the clinical disc margin so that a two-dimensional photography-based assessment does not
reflect the true disc configuration in all aspects®?. An advantage of using optical coherence tomography (OCT)
imaging to measure ovality index, tilt and torsion is that an objective identification and measurement of these
features relative to the BMO, is possible?.

The objective of this study is to improve our understanding of the morphological characteristics of the glau-
comatous optic disc in axial highly myopic and non-myopic eyes. We measured standard optic disc parameters
including retinal nerve fiber layer (RNFL) thickness and BMO-MRW (minimum rim width) as well as partially
novel features, BMO tilt, BMO torsion, BMO ovality and peripapillary choroidal thickness (PCT) based on
custom image processing and deep learning analysis of OCT scans relative to the BMO.

Methods

Participants. This cross-sectional study included all glaucoma patients enrolled in the Diagnostic Inno-
vations in Glaucoma Study (DIGS; clinicaltrials.gov identifier NCT00221897) with axial length, visual field
measurements and good quality spectral domain (SD)-OCT of the optic nerve head (ONH) using radial circle
(RC) scans. The institutional review board of the University of California San Diego approved the study meth-
ods, which are in accordance with HIPAA regulations and according to the Declaration of Helsinki, written
informed consent was obtained from all participants. A detailed description of the study design has been pub-
lished previously®*. Subjects were > 18 years old and had open anterior chamber angles. All participants received
a complete ophthalmologic examination including refractometry and assessment of best-corrected visual acuity,
standard automated perimetry (Humphrey Field Analyzer; 24-2 Swedish interactive thresholding algorithm
[SITA] standard; Carl-Zeiss Meditec), Goldmann applanation tonometry, gonioscopy, dilated fundus examina-
tion, central corneal thickness (CCT) measurement by ultrasound pachymetry (DGH Technology, Inc., Exton,
PA), coherence interferometry measurement of the axial length (IOLMaster, Carl Zeiss Meditec, Dublin, CA),
and simultaneous stereophotography and SD-OCT of the optic disc and macula.

The definition of primary open angle glaucoma was based on the DIGS conventional “gold standard” of visual
field loss and photograph-based optic disc damage?*. Stereo photograph-based optic disc damage was defined as
focal or diffuse narrowing of the neuroretinal rim, and/or detection of retinal nerve fiber layer (RNFL) defects
characteristic of glaucoma as based on a masked assessment by two trained observers. Two experts (JR and CB)
graded photographs after a high myopia optic disc grading training with a senior consultant (JB]) with expertise
in myopia and glaucoma. Stereo photograph-based optic disc damage was defined by consensus between both
graders. In case of disagreement, diagnosis was defined by adjudication by the senior consultant.

The Visual Field Assessment Center (VisFACT) Reading Center completed the quality control of all visual
fields according to standard protocols and unreliable visual fields were excluded*. Standard automated perimetry
glaucomatous visual field damage was defined as two repeatable and reliable visual field tests (rate of fixation
losses and false negatives and false positives responses of <33%) with a glaucoma hemifield test (GHT) outside
normal limits and/ or a pattern standard deviation (PSD) with a p value of <0.05 with a similar defect on con-
secutive abnormal tests**.

Axial myopia categories. Axial elongation can lead to morphological changes of the optic disc and the
fundus®?®. Myopia defined by the refractive error does not always imply axial elongation that can lead to the
morphological changes mentioned above. At the same time cataract surgery or refractive procedures might lead
to a refractive change in eyes that are axially elongated but do no longer appear to be (highly) myopic as defined
by refractive error. This is also confirmed by the distribution of the spherical equivalent in our study population
(Table 1). This study assessed the morphological changes of the optic disc in association with axial length and
for these reasons myopia was defined by axial length and not by refractive error. Based on population-based
studies*?’, axial myopia groups were defined as follows:

® No axial myopia: axial length <24.0 mm
e Mild axial myopia: 24.0 mm < axial length <26.0 mm
e High axial myopia: axial length >26.0 mm

Image acquisition. The Spectralis OCT was used to obtain 24 high-resolution optic nerve head (ONH)
radial scans and 3 retinal nerve fiber layer (RNFL) circle scans centred on the optic nerve head using the ONH
radical circle (ONHRC) scan from the Glaucoma Module Premier Edition software (version 6.10; Heidelberg
Engineering Inc, Heidelberg, Germany). Heidelberg Engineering Spectralis standard software was used to calcu-
late BMO area, BMO-MRW and RNFL thickness. Images were electronically transferred for quality assessment
to the Imaging Data Evaluation and Analysis (IDEA) Center. OCT images were reviewed for accurate BMO
segmentation in the radial B-scans and accurate internal limiting membrane (ILM), RNFL and Bruch’s mem-
brane (BM) segmentation in the circle scans. If needed, these automated segmentations were manually corrected
according to standard IDEA Reading Center protocols. Poor quality images (quality score <15) or those with
BMO segmentation failure that could not be manually corrected were excluded.

The BMO-MRW, defined as the shortest distance from the BMO point to the ILM?®, was automatically com-
puted by instrument software for each radial scan and averaged for all 24 scans. Circumpapillary RNFL thickness
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No myopia Mild myopia High myopia p value
81 (145 eyes) 128 (214 eyes) 68 (93 eyes) (age-adjusted)
Age 77.2 (74.7,79.6) 73.0 (71.1, 74.9) 65.6 (62.6, 68.7) <0.001"23
Sex (% Female) 65.4% 43.0% 47.1% 0.005%2
Race
European descent 67.9% 68.8% 66.2% 0.410
African descent 23.5% 17.2% 13.2%
Asian descent 7.4% 12.5% 17.6%
Other/unknown 1.2% 1.6% 2.9%
AL (mm) 23.4(23.3,23.5) 24.8 (24.7,24.9) 26.7 (26.5, 26.8) <0.001"23(<0.001"23)
*SE (D) 0.21 (- 0.24, 0.66) -1.36 (-1.74,-0.98) | —3.49 (-4.06,-2.92) | <0.001"23(<0.001"%3)
CCT (um) 533.6(525.4,541.8) | 534.5(527.7,541.4) | 529.6 (519.4,539.9) | 0.788 (0.774)
VF MD (dB) —-6.09 (-7.41,-4.77) | -6.90(-7.99,-5.81) |-7.34(-8.91,-5.76) | 0.450 (0.083%)
‘IOP (mmHg) 14.1 (13.2,15.1) 13.9(13.1,14.7) 13.3(12.1, 14.4) 0.514 (0.0467)
dBMO area (mm?) | 2.11 (2.01, 2.20) 2.12 (2.04, 2.20) 2.18 (2.06, 2.30) 0.608 (0.954)

Table 1. Glaucoma patient and eye characteristics by myopia group. Results are presented as mean (95%
confidence interval) or percentage. Race was compared using a chi-squared test. Continuous variables were
compared using ANOVA (for age) or linear mixed models (for eye level data). No myopia: AL <24.0 mm; Mild
myopia: AL: >24 mm and <26.0 mm; High myopia: AL >26.0 mm. Missing 66°, 14°, 2¢, and 28¢ values. !No
versus Mild Myopia p <0.05; *°No versus High Myopia p < 0.05; *Mild versus High Myopia p <0.05. AL, axial
length; BMO, Bruch’s membrane opening; CCT, central corneal thickness; IOP (intraocular pressure); SE,
spherical equivalent; VF MD, visual field mean deviation.

was measured from the 3 circle scans obtained at approximately 3.5 mm, 4.1 mm and 4.7 mm diameter using
instrument software. For this study RNFL thickness measurements were based on the 3.5 mm diameter circle
scan.

Measurement of optic disc BMO ovality, tilt and rotation. Optic disc ovality, tilt and rotation were
automatically calculated on the BMO points using custom San Diego Automated Layer Segmentation Algorithm
(SALSA) software?, as Spectralis software does not provide these measurements. It should be noted that the
custom calculations were not based on the clinical disc margin but on the BMO. With this novel method we
utilize the term BMO rotation'? instead of using the more commonly used term disc “torsion”. By using “rota-
tion” we aim to characterize the purely anatomical characteristics of the BMO-based disc margin, contrary to
“torsion’, which implies shearing deformations of the peripapillary and ONH tissue, which can only be proven
by histological examinations. To calculate these three parameters, two BM boundary (BMB) points of the BM
at the edges of each of the 24 radial B-scan (furthest peripheral pixels on each BM edge of a B-scan in total two
BMB points per B-scan and two BMO points per B-scan were calculated (Fig. 1A). Details of the calculations are
provided in the Supplemental Material.

The ovality index was calculated by dividing the shortest diameter of the BMO by the longest diameter. The
major and minor axes were defined as the longest and shortest diameter of the fitted BMO ellipse.

BMO tilt angle (measured in degrees) was defined as the angle between BMO plane and BMB plane normal
vectors. After transforming the coordinates in the 3D rectangular space, one 2D plane was fit to the BMB points
and one to the BMO points using linear least squares method (Fig. 1B). BMO tilt angle was calculated by assess-
ing the angle between their normal vectors.

To calculate the BMO rotation angle (measured in degrees), each BMO point was projected onto the BMO
reference plane and used to fit a two-dimensional ellipse to the points in the reference plane. The orientation
and ovality of the fit ellipse was used to compute the BMO rotation angle and ovality index, respectively (Fig. 2).

BMO ovality, tilt and rotation validation. Automated BMO ovality index measurement was validated
manually (JR) for reliability in a randomly chosen subset of 50 non-, mild- and high axial myopic eyes and
showed good performance. To validate the BMO tilt and rotation measurements described above we indepen-
dently assessed both the segmentation and quantification algorithms by reprocessing the ONHRC scans with
a commercially available auto-segmentation software (ReflectivityTM; AbyssProcessing, Singapore)* and then
calculating the same 3D morphological parameters described in the methods with a custom algorithm based
developed by MAF in Mathematica (Wolfram Research, Urbana, Illinois). It should be noted that the cross-
validation method used a fixed distance of 1700 um from the center of the BMO to determine the reference
points for the tilt calculation.

Measurement of peripapillary choroidal thickness using SALSA-deep. As Spectralis software
does not provide choroidal thickness measurements, custom software (SALSA-deep) was developed using a
deep learning strategy, BCDU-Net® to segment the RNFL circle scan (3.5 mm diameter) of the ONHRC (Sup-
plemental Figure 2) to identify the BM and the posterior boundary of the choroid to calculate choroidal thick-
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Figure 1. 3D rectangular coordinate space illustrating the BMO fit plane, the BMB fit plane and the
corresponding BMB- and BMO points derived from OCT B-scans to calculate tilt and ovality index. (A)
SALSA-segmented optic disc B-scan demonstrating 2 BMO points (green) and 2 BMB points (red) used to
project on the rectangular coordinate space to calculate BMO ovality index, tilt and rotation angle. (B) The
green ellipse represents the fit BMO ellipse and the smaller red rectangle represents the fit BMO plane. The
larger red rectangle represents the fit BMB plane, calculated from the BMB ellipse (red dots inside the larger
red rectangle). The red vector from the center of the fit ellipse represents the normal vector to the fit ellipse
and helps to illustrate the tilt. The black point represents the origin of the coordinate system. The two green
vectors from the center of the fit ellipse are the semi-major and semi-minor axes used to calculate the BMO
ovality index calculated as the minor BMO axis divided by the major BMO axis. Abbreviations: BMB, Bruch’s
membrane boundary; BMO, Bruch’s membrane opening; SALSA, San Diego Automated Layer Segmentation
Algorithm.

180°
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Figure 2. Case illustration of BMO ovality index (0.82) and BMO rotation angle (72.4°) measurement in a
highly myopic left eye (AL=26.1 mm). The photograph (A) and OCT infrared image (B) of the optic disc are
shown on the left and the corresponding BMO ovality and rotation measurement (C) is illustrated on the right
image. The red dots indicate the BMO points. The red ellipse represents the fit ellipse based on the BMO points.
The green vectors indicate the shortest and longest diameter of the BMO ellipse and are defined as major and
minor axis to calculate the BMO ovality index. The BMO rotation angle is defined as the angle between the
semimajor axis and the temporal axis (0°, horizontal axes of the en face OCT image), adjusted for variation in
individual anatomies based on the FOBMOc angle. Abbreviations: BMO, Bruch’s membrane opening; FoBMOc,
Fovea BMO center; OCT, optical coherence tomography.
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ness. Details of how BCDU-Net an extension of U-Net, bi-directional ConvLSTM was applied is available in
the Supplemental Material. Peripapillary choroidal thickness (PCT) was defined as the perpendicular distance
between the posterior border of the BM and the posterior boundary of the choroid. Global and sectoral PCT
was calculated for temporal, superotemporal, inferotemporal, nasal, superonasal, and inferonasal sectors. The
automated deep learning strategy was articulated as follow: First, a trained grader (JR) manually segmented the
BM and the posterior boundary of the choroid in circle scans of the ONHRC scan in the Spectralis software (ver-
sion 6.10; Heidelberg Engineering Inc, Heidelberg, Germany). This subset of eyes was used as the ground truth
to train a BCDU-Net deep convolutional neural network model. In total, 385 eyes of 190 non axial myopic, mild
axial myopic subjects, and 15 eyes of 10 high axial myopic subjects were used to train the model. Scans with poor
quality (quality score <15 dB) were excluded from the segmentation process.

The automated deep learning BCDU-Net based choroidal segmentation of each RNFL circle scan was
reviewed for accuracy (JR). The RNFL scans of 21 eyes were not available for segmentation due to low image
quality. The overall performance of the deep learning segmentation algorithm was very good with 379/384
(98.7%) scans considered accurately segmented and included in the analysis. In addition, the proportion of
eyes with good quality choroidal segmentation was over 95% in each of the myopia groups (no myopia: 135/139
[97.1%], mild myopia: 203/207 [98.1%] and high myopia: 41/43, [95.4%]).

Statistical analyses. Statistical analysis was conducted using categorical data to compare between axial
myopia groups and continuous data to analyze an association between different ocular parameters and axial
length. Data is presented as mean (95% confidence interval) and count (percentage) for continuous and categori-
cal variables, respectively. The statistical significance of comparisons between patient-level characteristics across
myopia groups was determined by analysis of variance (ANOVA) for continuous variables and chi-squared
tests for categorical variables. For eye-level characteristics, mean and confidence interval estimates were derived
from linear mixed effects models, with a random intercept to account for within-subject correlation. Overall
significance across myopia category was determined from these models using F-tests, with denominator degrees
of freedom computed via Satterthwaite’s method. Significance of pairwise comparisons of myopia groups was
determined similarly by t-tests of regression parameters with degrees of freedom calculated via Satterthwaite’s
method. Univariate and age and VF MD adjusted models were fit to evaluate the association between axial
length and ocular parameters of interest. Similar univariate and multivariate (adjusted for age and axial length)
regression models were fit to evaluate the association between VF MD and ocular parameters. R-squared values
were computed via the methods of Edwards el. al, with partial R-squared computed for the fixed effect of inter-
est in age and VF MD multivariate models®'. Pearson correlation coefficient was applied to assess correlation
between BMO ovality index, BMO tilt and BMO rotation. All statistical analyses were performed using the R
(version 3.5.2)%2. We consider p values less than 0.05 to indicate statistical significance throughout.

Results

Four hundred fifty-two glaucoma eyes of 277 patients were included with 145 eyes (81 patients) in the no axial
myopia group, 214 eyes (128 patients) in the mild axial myopia group and 93 eyes (68 patients) in the high
axial myopia group (Table 1). Mean (95% [CI]) age (years) in the high axial myopia group was significantly
younger (65.6 [62.6, 68.7]) compared to the mild (73.0 [71.1, 74.9]) and no axial myopia (77.2 [74.7, 79.6]) group
(p<0.001). The proportion of individuals of Asian descent was higher (17.6%) and of African descent lower
(13.2%) in the high axial myopia group, compared to the mild and no axial myopia group (p =0.410). Mean (95%
[CI]) spherical equivalent was significantly lower in high axial myopes (-3.49 [-4.06, —2.92]) compared to mild
(- 1.36 [~ 1.74, - 0.98]) and non-myopes (0.21 [-0.24, 0.66]) (age adjusted p <0.001). There was no significant
difference in mean visual field mean deviation (MD) (p =0.450), IOP (p=0.514), central corneal thickness (CCT)
(p=0.788) and BMO area (age adjusted p=0.608) between the three groups.

OCT opticdisc parameters. A total of 21 eyes were excluded from the analysis for not meeting image qual-
ity criteria of ONHRC scans (quality score>15 dB or ONHRC segmentation failure) with 9/145 (6.2%), 7/214
(3.3%) and 5/46 (10.9%) eyes excluded from the no-, mild- and high axial myopia group, respectively. Excluded
eyes were significantly younger (mean age=62.7 years, p=0.009), had a higher axial length (mean=25.1 mm,
p=0.032) and a worse VF MD (mean=-14.3 dB, p=0.001) than included eyes.

BMO morphometrics (ovality index and tilt angle) and choroidal thickness differed by axial myopia group.
BMO rotation angle, global and sectoral RNFL thickness values and global and sectoral BMO-MRW values except
in the temporal sector for the RNFL and the superonasal sector for the BMO-MRW did not differ significantly
between the axial myopia groups. These results along with age- and VF MD adjusted p values are presented in
Table 2. Specifically, the BMO of high axial myopes was significantly more oval (0.85 [0.84, 0.87]) compared
to no axial myopes (0.88 [0.86, 0.89]) and mild axial myopes (0.89 [0.88, 0.90]; p <0.005), but this difference is
small and may not be clinically important. The BMO also was significantly more titled in high myopes (3.4° [3.1,
3.8]) compared to mild myopes (2.0° [1.8, 2.2]) and no myopes (1.7° [1.5, 2.0]; p <0.001). In contrast to global
and other sectoral RNFL and BMO-MRW thickness values, in multivariable analysis in the high myopia group
temporal RNFL thickness was significantly thicker and the superonasal BMO-MRW was significantly thinner
compared to the no myopia group.

Global and sectoral PCT values were also significantly thinner in highly axial myopic eyes compared to
mild axial myopic eyes and non-axial myopic eyes. The sectoral thickness pattern of the PCT was similar across
no-, mild- and high myopic groups with the PCT thinnest in the inferotemporal sector (106.5 pm vs. 95.1 um
vs. 82.7 um, respectively) and thickest in the superonasal sector (152.8 um vs. 140.9 um vs. 128.7, respectively)
(Table 2).

Scientific Reports |

(2021) 11:8854 | https://doi.org/10.1038/s41598-021-88406-1 nature portfolio



www.nature.com/scientificreports/

No myopia

Mild myopia

High myopia

p value
(Age and VF MD adjusted p value)

BMO morphometrics

77 (128 eyes)

118 (185 eyes)

51 (61 eyes)

Ovality index

0.88 (0.86, 0.89)

0.89 (0.88, 0.90)

0.85 (0.84, 0.87)

0.003*7 (0.007°)

Tilt angle (°)

1.7 (1.4,2.0)

2.0(1.8,2.2)

34(3.1,3.8)

<0.001%3 (<0.001%3)

Rotation angle (°)

36.1(32.6,39.7)

35.0 (32.1, 37.9)

36.7 (31.4,42.0)

0.818 (0.803)

RNFL thickness (um) 81 (145 eyes) 128 (214 eyes) 68 (93 eyes)

Global 67.1 (64.2,70.0) 65.2 (62.8, 67.6) 67.5 (64.0, 70.9) 0.427 (0.419)
Temporal 52.6 (49.7, 55.5) 54.6 (52.2, 56.9) 58.8 (55.4, 62.3) 0.024%3 (0.029% %)
Superotemporal 85.9 (80.9, 90.9) 81.5(77.4, 85.7) 85.2(79.2,91.3) 0.332 (0.284)
Inferotemporal 89.9 (83.6,96.1) 82.8(77.6, 87.9) 89.2 (81.7,96.7) 0.135 (0.139)
Nasal 57.6 (54.8, 60.4) 58.0 (55.7, 60.3) 57.7 (54.3, 61.1) 0.972 (0.934)
Superonasal 77.4(73.0, 81.7) 72.2 (68.6, 75.8) 71.4 (66.1,76.7) 0.122 (0.120)
Inferonasal 73.4(69.0,77.9) 68.1 (64.5,71.7) 70.3 (65.1, 75.6) 0.162 (0.227)
BMO-MRW (um) 80 (142 eyes) 124 (204 eyes) 59 (78 eyes)

Global 199.1 (188.8,209.4) | 192.4 (183.8,201.0) | 188.0 (174.8,201.2) |0.387(0.392)
Temporal 148.9 (140.4, 157.5) | 148.3 (141.1, 155.4) | 155.6 (144.6, 166.6) | 0.513 (0.784)
Superotemporal 179.4 (166.4,192.3) | 162.6 (151.8,173.4) | 170.9 (154.2,187.5) | 0.128' (0.102")
Inferotemporal 182.4 (167.6,197.3) | 177.2 (164.7,189.6) | 178.5(159.4,197.7) | 0.856 (0.945)
Nasal 226.2(212.7,239.7) |228.8(217.5,240.0) | 211.1(193.7,228.5) | 0.226 (0.262)
Superonasal 226.9 (213.9,239.9) | 206.6 (195.7,217.5) | 192.0 (175.3,208.8) | 0.004"2(0.003"2)
Inferonasal 243.9 (228.9,258.9) | 224.2 (211.7,236.7) | 217.0 (197.6,236.4) | 0.0522 (0.121)

Choroidal thickness (um)

76 (135 eyes)

126 (203 eyes)

47 (61 eyes)

Global 135.8 (125.4,146.2) | 1223 (113.9,130.8) | 109.8 (96.4,123.1) | 0.006"2 (<0.001"%3)
Temporal 140.8 (129.0,152.6) | 121.0 (111.5,130.6) | 95.0 (79.6, 110.5) <0.001"23 (<0.001%23)
Superotemporal 152.5 (140.3,164.6) | 136.6 (126.8, 146.5) | 114.1(98.2,130.0) | 0.001">3 (<0.001">3)
Inferotemporal 106.5 (97.2,115.8) | 95.1 (87.5, 102.6) 82.7 (70.6, 94.8) 0.007"2 (<0.001"23)
Nasal 142.7 (130.9, 154.4) | 131.4 (121.8,140.9) | 128.6 (113.3,144.0) | 0.207 (0.029"2)
Superonasal 152.8 (140.2,165.4) | 140.9 (130.7, 151.1) | 128.7 (112.1,145.2) | 0.062% (0.003"2)
Inferonasal 111.2 (101.3,121.1) | 100.7 (92.7,108.7) | 100.0 (87.0, 112.9) | 0.181 (0.020"2)

Table 2. Optic disc parameters by myopia group. Results are presented as mean (95% confidence interval).
Significance is determined by linear mixed models. No myopia: AL <24.0 mm; Mild myopia: AL:>24 mm
and £26.0 mm; High myopia: AL>26.0 mm. BMO-MRW, Bruch’s membrane opening minimum rim width;
ONH, optic nerve head; RNFL, retinal nerve fiber layer; VF MD, visual field mean deviation. No versus Mild
Myopia p <0.05; °No versus High Myopia p <0.05; *Mild versus High Myopia p <0.05.

Not all optic nerve head parameters that differed across myopic groups were significantly associated with axial
length (Fig. 3). Specifically, in multivariable models adjusted for age and VF MD (Table 3), there was a significant
(all p<0.001) but weak to moderate linear association (semi-partial R?) between axial length and the BMO tilt
angle (R?=10.4%) and global (R*=8.5%) and sectoral PCT with R? values ranging from 4.0% in the nasal sector to
15.8% in the temporal sector. BMO ovality index (R?=0.4%, p=0.289), BMO rotation angle (R*=0.0%, p=0.947),
global RNFL thickness (0.0%, p =0.966) and BMO-MRW (0.3%, p =0.294) were not significantly associated with
axial length in linear models. However, a weak, significant association between axial length and RNFL thickness
in the temporal sector (R?=2.1%, p=0.006, respectively) and BMO-MRW in the superonasal and inferonasal
sectors (R*=1.9%, p=0.012 and R?=1.2%, p=0.046, respectively) was found.

In multivariable regression models adjusted for age and axial length we found global and sectoral RNFL
and BMO-MRW to be significantly (semi-partial R?) associated with VF MD (Table 4 and Fig. 4) with R? val-
ues ranging from 7.3% to 25.9%, and 10.6% to 23.8%, respectively. BMO tilt angle (0.9%, p=0.072) and global
(0%, p=0.659) and sectoral PCT (all p>0.127) were not associated with VF MD in univariate and multivariate
regression models.

We found relatively weak associations among the 3 BMO morphometrics. Specifically, BMO ovality index
was negatively correlated with the BMO tilt angle (r=-0.23, p <0.001), and was positively correlated with BMO
rotation angle (r=0.16, p=0.007). BMO tilt angle was negatively correlated with BMO rotation angle (r=-0.12,
p=0.028).

To validate our results, we also evaluated the association of the BMO parameters with myopia using ovality
index, tilt angle and rotation angle calculated by the independent validation method. The independent method
showed similar associations between ovality index, tilt and rotation angle and myopic group and axial length as
obtained using SALSA described above (data not shown).
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A) Slope = —0.003, R? = 0.4, p = 0.302 B) Slope = 0.44, R* = 11.5, p < 0.001 C) Slope = 0.05, R?= 0.0, p = 0.951
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Figure 3. Scatter plots demonstrating association between axial length and ocular characteristics. Significant
albeit relatively weak associations were found between axial length and BMO tilt angle (B) and PCT (F) in
multivariate (adjusted for age and VF MD) regression analysis. No significant associations were found between
axial length and BMO ovality index (A), BMO rotation angle (C), global RNFL thickness (D) and global BMO-
MRW (E), respectively. Abbreviations: BMO, Bruch’s membrane opening; MRW, minimum rim width; PCT,
peripapillary choroidal thickness; RNFL, retinal nerve fiber layer.

Discussion

This study was unique in that it compared automated OCT-BMO based optic disc characteristics and deep
learning assessed PCT of glaucoma eyes with no, mild and high axial myopia with similar severity of glaucoma
(based on VF MD) and did not base these measurements on the subjective assessment using a photograph based
clinical disc margin. We found that larger BMO tilt angle, lower BMO ovality index and thinner global PCT
were associated with increased axial myopia while BMO rotation angle, global and sectoral RNFL thickness and
BMO-MRW (except in the temporal, superonasal and inferonasal sectors) were not. This information can be
used to inform the clinical management of glaucoma in myopic eyes and can contribute to the understanding
of the pathophysiology of the myopic glaucoma eye.

There is evidence that the tilted configuration of the optic disc in myopic eyes is associated with a skewed
outlet of the optic nerve from the globe during eyeball elongation®’. Shearing deformations associated with
remodelling of the connective tissue in myopic eyes may also be a factor contributing to the increased tilt*.
Myopic eyes might therefore be more susceptible to IOP changes due to this anatomic- and tissue biomechani-
cal variation, contributing to higher prevalence of glaucoma among myopic eyes. For this reason, indices that
capture this phenomena, such as 1) optic disc ovality index, 2) tilt and 3) rotation have been suggested as pos-
sible explanatory factors for the higher prevalence of glaucoma in myopic eyes compared to non-myopic eyes.

Results from previous studies are inconsistent, with some but not all studies reporting an association between
axial length and optic disc ovality index’~>!>!>163 In most prior studies ovality measurements were based on
the clinical disc margin observed in fundus photographs'?-'6. In the current study we utilized custom automated
analysis of OCT images to provide objective characterization of glaucoma eyes based on the underlying anatomy
across a range of axial lengths. Furthermore, the definition and extent of myopia differed across studies with some
reports using spherical equivalent, rather than using the axial length®*. In one of the few studies that included
high myopes and used OCT to quantify ovality, Nakanishi et al.” reported an association between axial length
and the clinical disc margin based ovality index but not between axial length and the BMO margin based ovality
index. Additionally, histological studies have reported the BMO in highly myopic eyes to be circular and not
more oval than in non-highly myopic eyes®. These results are consistent with our results of no association with
BMO based ovality index and axial length.

We also found that objective BMO-based tilt angle was associated with axial length, but not associated with
VF MD indicating that larger BMO tilt angles are characteristic of eyes with long axial length and are unrelated
to glaucoma. BMO tilt is therefore less likely to be useful to distinguish between healthy and glaucomatous
eyes with the same axial length. It is challenging to compare our results to previous findings as the methods for
measuring tilt varied across studies. Several studies defined a low ovality index as an indicator for disc tilt, rather
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Multivariable regression
N Univariate regression® Age and VF MD adjusted®
Semi-partial R? (p
Patients (Eyes) | Estimate (95% CI) R (p value) Estimate (95% CI) value )
Age 277 (452) -0.37 (-0.63,-0.11) 0.3 (0.006) -0.37 (-0.63,-0.11) 0.3 (0.005)
VEMD 277 (452) —-0.30 (- 0.84, 0.23) 0.4 (0.262) -0.64 (- 1.20, -0.08) 1.4 (0.026)
BMO morphometrics | 246 (374)
Opvality index —-0.004 (-0.009, 0.001) | 0.7 (0.135) —0.003 (- 0.009, 0.003) | 0.4 (0.289)
Tilt angle (°) 0.45 (0.33, 0.57) 13.4 (<0.001) | 0.42(0.29,0.55) 10.4 (<0.001)
Rotation angle (°) ~0.18 (- 1.78, 1.42) 0.0 (0.829) ~0.06 (- 1.76, 1.65) 0.0 (0.947)
RNFL thickness (um) 277 (452)
Global -0.04 (-1.21,1.13) 0.0 (0.946) 0.02 (- 1.05, 1.10) 0.0 (0.966)
Temporal 1.70 (0.53, 2.87) 2.3 (0.005) 1.71 (0.49, 2.93) 2.1 (0.006)
Superotemporal -0.32 (-2.37,1.72) 0.0 (0.756) —-0.36 (—2.22, 1.50) 0.0 (0.707)
Inferotemporal -0.98 (-3.51, 1.55) 0.2 (0.448) —0.50 (-2.80, 1.80) 0.1 (0.670)
Nasal 0.01 (-1.12,1.15) 0(0.981) 0.02 (-1.15,1.19) 0.0 (0.968)
Superonasal —-1.29 (-3.05, 0.47) 0.6 (0.151) —1.40 (-3.20,0.39) 0.6 (0.127)
Inferonasal —1.54 (-3.32,0.24) 8(0.092) —1.34(-3.09,0.41) 0.6 (0.135)
BMO-MRW (um) 263 (424)
Global ~1.95 (=6.31, 2.41) 2(0.382) ~222(-6.37,1.92) 0.3 (0.294)
Temporal 2.69 (-0.92, 6.30) 7 (0.146) 1.73 (- 1.92, 5.39) 0.3 (0.353)
Superotemporal -1.79 (- 7.28, 3.70) .1(0.524) —-3.31(-8.44,1.81) 0.5 (0.206)
Inferotemporal —-0.21 (- 6.50, 6.07) .0 (0.948) -0.59 (-6.51,5.33) 0.0 (0.846)
Nasal ~2.78 (-8.52, 2.96) 3 (0.344) ~2.16 (- 8.05,3.72) 0.2 (0.472)
Superonasal -6.78 (-12.29,-1.27) 1.7 (0.017) -6.97 (-12.38, - 1.56) 1.9 (0.012)
Inferonasal -7.09 (-13.40,-0.77) 1.4 (0.029) —-6.26 (-12.39,-0.13) 1.2 (0.046)
Choroid thickness (um) | 249 (399)
Global ~9.29 (- 14.00, —4.58) | 5.0 (<0.001) |-12.93 (-17.61,-8.25) | 9.1 (<0.001)
Temporal —15.31 (-20.58,-10.04) | 10.3 (<0.001) | —19.67 (—24.89, —14.46) | 15.8 (<0.001)
Superotemporal —11.91 (-17.38,-6.44) | 6.1 (<0.001) —15.91 (-21.37,-10.44) | 10.0 (<0.001)
Inferotemporal —8.99 (—13.18, -4.81) 5.9 (<0.001) —12.57 (-16.72, —8.43) | 10.8 (<0.001)
Nasal —5.99 (-11.29, - 0.68) 1.7 (0.028) —-9.46 (—14.78, - 4.13) 4.0 (<0.001)
Superonasal —-7.67 (-13.36, -1.99) 2.4 (0.009) —-11.53 (-17.24,-5.82) | 5.1(<0.001)
Inferonasal —4.81 (-9.26, —0.36) 1.6 (0.035) ~8.09 (-12.57,-3.62) | 4.1 (<0.001)

Table 3. The association of ocular characteristics with axial length. BMO-MRW, Bruch’s membrane opening
minimum rim width; CI, confidence interval; ONH, optic nerve head; RNFL, retinal nerve fiber layer; VF
MD, visual field mean deviation. *Linear mixed models slope estimates (with 95% confidence intervals) from
univariate and multivariable models adjusted for age and VF MD.

than measuring the actual degree angle of the disc tilt'*'%. Other studies measured optic disc tilt calculated by
projecting the clinical disc margin on the OCT ONH height profile and measuring the angle corresponding to
where the disc margin and the height profile meet®!1%%7. Park et al. reported that the clinical disc margin from
photographs based tilt angle was greater in glaucoma eyes than in healthy eyes with similar axial length, conclud-
ing that glaucomatous eyes have more prominent optic disc morphological changes'®. These definitions of ONH
tilt angle are problematic because three-dimensional (i.e. z-axis) information is not utilized.

Utilizing an objective three-dimensional approach, we found rotation angles were similar across the three
myopia groups and were not associated with axial length or VF MD. Again, it is challenging to compare results
across studies due to methodological differences as the degree of optic disc rotation (often referred to as “torsion”)
has been traditionally based on evaluation of two-dimensional clinical fundus photographs by determining the
angle between the long optic disc axis and the vertical meridian’>'*!"!8 In this study, we differentiate between
“tilt angle” which refers to the optic disc tilt and corresponding BMO rotated around a vertical axis, and “rotation
angle” which refers to the rotation around a sagittal axis*®*. Optic disc diameters, in particular the long optic disc
axis of the optic disc can easily be overestimated in a two-dimensional assessment, because of the slightly oblique
view of the optic disc??. Studies using the clinical disc margin suggest that the rotation angle is more affected by
glaucoma than myopia®'®. In contrast to these 2 studies which used two-dimensional definitions of rotation, we
found no significant association between three-dimensional BMO rotation angle and VF MD in univariate and
multivariate regression analysis. Other authors that applied a three-dimensional approach to assess optic disc
rotation angle found the rotation angle to be associated with shorter axial length.

Consistent with our strategy of using the anatomically based BMO ellipse to measure ovality index, tilt and
rotation, other studies have also confirmed the importance of utilizing OCT measurements to characterize the
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Multivariable regression
N Univariate regression® Age and axial length adjusted®
Semi-partial R? (p
Patients (Eyes) | Estimate (95% CI) R? (p value) Estimate (95% CI) value)
Age 277 (452) 0.009 (-0.007, 0.026) 0.0 (0.267) 0.010 (- 0.007, 0.027) 0.0 (0.248)
Acxial length 277 (452) —0.000 (-0.009, 0.008) | 0.0 (0.921) -0.002 (-0.011, 0.007) | 0.0 (0.651)
BMO morphometrics | 246 (374)
Opvality index —0.001 (-0.002, 0.000) | 0.4 (0.242) -0.001 (-0.001, 0.000) | 0.3(0.307)
Tilt angle (°) -0.02 (-0.05, 0.00) 0.7 (0.100) -0.02 (- 0.04, 0.00) 0.9 (0.072)
Rotation angle (°) 0.10 (-0.21, 0.41) 0.1 (0.517) 0.11 (—0.20, 0.42) 0.1 (0.489)
RNFL thickness (um) 277 (452)
Global 1.09 (0.91, 1.26) 25.0 (<0.001) | 1.07 (0.89, 1.25) 23.7 (<0.001)
Temporal 0.60 (0.40, 0.80) 7.2 (<0.001) 0.60 (0.40, 0.80) 7.3 (<0.001)
Superotemporal 1.95 (1.64, 2.26) 26.2 (<0.001) | 1.90 (1.59,2.21) 24.6 (<0.001)
Inferotemporal 2.43 (2.05, 2.80) 27.0 (<0.001) | 2.41 (2.03,2.79) 25.9 (<0.001)
Nasal 0.60 (0.41, 0.80) 7.9 (<0.001) 0.59 (0.39, 0.79) 7.4 (<0.001)
Superonasal 1.09 (0.79, 1.39) 10.6 (<0.001) | 1.05(0.74, 1.35) 9.6 (<0.001)
Inferonasal 1.34 (1.05, 1.62) 16.2 (<0.001) | 1.31 (1.02, 1.60) 15.2 (<0.001)
BMO-MRW (um) 263 (424)
Global 3.78 (3.13,4.44) 23.1(<0.001) | 3.74(3.08,4.39) 22.3 (<0.001)
Temporal 2.29 (1.72, 2.86) 12.3 (<0.001) | 2.24 (1.66, 2.81) 11.7 (<0.001)
Superotemporal 4.97 (4.15,5.79) 25.0 (<0.001) | 4.85 (4.03,5.67) 23.8 (<0.001)
Inferotemporal 5.43 (4.48, 6.38) 23.0 (<0.001) | 5.36 (4.40, 6.32) 22.1 (<0.001)
Nasal 3.44 (2.50, 4.39) 10.8 (<0.001) | 3.4 (2.49, 4.39) 10.6 (<0.001)
Superonasal 4.21(3.33,5.09) 17.5(<0.001) | 4.14 (3.26,5.02) 16.8 (<0.001)
Inferonasal 4.89 (3.86, 5.92) 17.6 (<0.001) | 4.86 (3.82,5.89) 17.3 (<0.001)
Choroid thickness (um) | 249 (399)
Global 0.27 (-0.30, 0.85) 0.1 (0.353) 0.13 (- 0.44, 0.69) 0.0 (0.659)
Temporal 0.07 (-0.65, 0.78) 0.0 (0.856) —-0.17 (-0.85,0.51) 0.0 (0.630)
Superotemporal 0.35 (- 0.38, 1.08) 0.2 (0.346) 0.14 (- 0.57, 0.85) 0.0 (0.705)
Inferotemporal ~0.14 (- 0.68, 0.39) 0.0 (0.600) ~0.29 (- 0.81, 0.24) 0.2 (0.286)
Nasal 0.70 (0.02, 1.39) 0.7 (0.046) 0.53 (-0.15,1.21) 0.4 (0.127)
Superonasal 0.42 (-0.33,1.18) 0.2 (0.275) 0.22 (-0.52,0.97) 0.1 (0.557)
Inferonasal 0.16 (- 0.43, 0.76) 0.1 (0.596) 0.01 (~0.58, 0.60) 0.0 (0.963)

Table 4. The association of ocular characteristics with VF MD. BMO-MRW, Bruch’s membrane opening
minimum rim width; CI, confidence interval; ONH, optic nerve head; RNFL, retinal nerve fiber layer; VF
MD, visual field mean deviation. *Linear mixed models slope estimates (with 95% confidence intervals) from
univariate and multivariable models adjusted for age and axial length.

optic disc”'®***, For instance Dai et al.??> demonstrated the discrepancy between the inaccurately short disc
diameter measurements (particularly the horizontal disc diameter) by two-dimensional clinical disc margin
assessment compared to three-dimensional OCT measurements in myopic and non-myopic eyes. The difference
between the two-dimensional and three-dimensional disc diameter measurements increased with increasing
axial length, suggesting that disc diameters based on two-dimensional clinical disc measurements may not be
accurate for highly myopic eyes®.

With excellent performance and reproducibility, OCT assessed RNFL thickness is widely used to detect
glaucoma*"*2. However, it is known that myopia can lead to a significant number of healthy eyes being classified
as glaucoma (false-positives) based on comparison to the pattern of RNFL measurements in normative/reference
databases of healthy eyes*~**. BMO-MRW is proposed as a more stable diagnostic marker to detect glaucoma?.
Chauhan et al. reported a higher sensitivity at 95% specificity of BMO-MRW compared to RNFL thickness?.
We found similar global RNFL thickness and BMO-MRW across the three myopia groups, and no significant
association with axial length. However, the temporal RNFL thickness increased with increasing axial length and
the supra-nasal BMO-MRW sector decreased with increasing axial length. Our results confirm previous reports
that the pattern of RNFL thickness and BMO-MRW is different in myopic compared to non-myopic eyes, with
myopic eyes often having a temporally located peak RNFL thickness**. resulting in a higher rate of false posi-
tives based on comparisons to normative/reference databases*>*. For glaucoma management decisions, RNFL
and BMO-MRW values in the temporal and nasal sectors should be interpreted with caution as these sectors
show a significant but weak association with axial length.

The role of choroidal vasculature in pathologies such as glaucoma and myopia has been previously
investigated**->%. According to most clinical studies**->"** the peripapillary choroidal thickness (PCT) decreases
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Figure 4. Scatter plots demonstrating association between VF MD and ocular characteristics. Significant
associations were found between VF MD and RNFL (D) and BMO-MRW (E) in multivariate (adjusted for age
and axial length) regression analysis. No significant association were found between VF MD and BMO ovality
index (A), BMO tilt angle (B), BMO rotation angle (C) and global PCT (F), respectively. Abbreviations: BMO,
Bruch’s membrane opening; MRW, minimum rim width; PCT, peripapillary choroidal thickness; RNFL, retinal
nerve fiber layer; VF MD, visual field mean deviation.

significantly with axial elongation, while an association between axial length and the thickness of the cho-
riocapillaris is still in discussion®*. As the choroidal vasculature provides the blood supply of the ONH®, it is
hypothesized that regions with thin choroid are associated with decreased choriocapillaris blood flow and may
contribute to the optic disc region being more susceptible to elevated IOP**%>. We showed a decrease of the
PCT with increasing axial length, which is likely due in part to the stretching of choroidal and retinal tissue
with axial elongation. Consistent with other studies, we found the inferior sector has the thinnest PCT**>%. We
found global and sectoral PCT to be associated with axial length but not with VF MD, which suggests that thin
choroid is rather a characteristic of an axial highly myopic eye than a glaucomatous eye.

Deep learning strategies recently have revolutionized medical and ophthalmic research and enable diseases
prediction and image segmentation®®. We previously measured choroidal thickness using SALSA>*. The SALSA
strategy worked reasonably well, but had a relatively high rate of eyes excluded due to poor segmentation. In the
current study we implemented automatized deep learning strategies (SALSA-deep) choroidal layer segmenta-
tion in OCT RNFL circle scans. To the best of our knowledge this is the first study utilizing BCDU-Net deep
learning-based OCT choroid segmentation in highly myopic glaucoma eyes to assess PCT. SALSA deep did not
require a large number of manually segmented scans for its ground truth and resulted in a smaller proportion of
eyes excluded due to poor segmentation. A limitation of this approach using RNFL circle scans is that it might
not represent choroidal thickness throughout the optic nerve head.

A strength of this study is that we investigated the relationship between axial myopia and optic disc mor-
phology in two ways, by categorizing axial myopia status into three groups and by including axial length as a
continuous variable. Both analyses are important. The categorized analysis of axial myopia has the advantage
of providing clinicians with clear topographic optic nerve head information regarding the challenging subset
of highly myopic eyes, a group whose optic nerve head features are difficult to interpret. Using axial length to
define myopia groups instead of using the spherical equivalent, has advantages as it represents better the size of
the eye and its axial elongation, then spherical equivalent which changes after cataract and refractive surgery”’,
which is also confirmed by the results in Table 1. However, it should be noted that there are emmetropic eyes,
as defined by spherical equivalent, in the mild myopia group. It is therefore important to distinguish between
myopia that is defined by refractive error and axial myopia that is defined by axial length and to further keep in
mind that spherical equivalent and axial myopia do not correlate strongly in all eyes.

Another study strength is that we used the BMO, an objective anatomical landmark, as the reference plane for
analysis of the optic disc morphology instead of the clinical disc margin. Furthermore, we validated the sensitiv-
ity of the automated BMO parameters measurements with an independent method and found similar results.
In addition, the baseline characteristics of the three glaucoma myopia groups including IOP and the severity of
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disease (VF MD) were similar across the three groups so that the differences we found among the three groups
were more likely due to the different axial lengths and not due to the severity of glaucoma.

Our study includes several potential limitations. First, the mean axial length in the high myopic group was
26.7 mm. We therefore cannot make generalizations about eyes with longer axial length. Second, due to relatively
higher prevalence of high myopia in young patients, the high myopia group was significantly younger. For this
reason, we incorporated multivariate analysis that adjusted for age. Third, the anatomic features of high myopic
optic discs, make accurate BMO segmentation and detection difficult. We therefore meticulously reviewed the
BMO segmentation of the radial scans for the BMO-MRW measurement and adjusted the BMO placement
accordingly. In addition, to minimize the effect of inaccurate SALSA BMO segmentation, we fit an ellipse to the
BMO plane for the custom calculation of ovality index, tilt and rotation. Fourth, myopia was defined by axial
length but the axial length measurement was not repeated and evaluated for reproducibility. However, previ-
ous studies have reported that IOLMaster measurements show good repeatability and accuracy for axial length
assessment®.

In summary, using objective and anatomically based OCT measurements, we found that glaucoma eyes with
highly myopic optic discs were characterized by larger BMO tilt and smaller PCT, and these parameters were not
associated with severity of glaucoma (visual field mean deviation). Furthermore, caution should be exercised
when using sectoral BMO-MRW and RNFL thickness for glaucoma management decisions in myopic eyes as
the pattern varies with axial length.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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e PURPOSE: To determine the predictors of Bruch mem-
brane opening (BMO) location accuracy and the visibility
of the BMO location in glaucoma and healthy individuals
with and without axial high myopia.

* DESIGN: Cross-sectional study.

* METHODS: Healthy eyes and eyes with glaucoma from
an American study and a Korean clinic population were
classified into 2 groups: those with no axial high myopia
(axial length [AL] <26 mm) and those with axial high
myopia (AL >26 mm). The accuracy of the automated
BMO location on optic nerve head Spectralis optical co-
herence tomography radial scans was assessed by expert
reviewers.

e RESULTS: Four hundred thirty-eight non-highly my-
opic eyes (263 subjects) and 113 highly myopic eyes
(81 subjects) were included. In healthy eyes with and
without axial high myopia, 9.1% and 1.7% had indis-
cernible BMOs while 54.5% and 87.6% were accurately
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segmented, respectively. More than a third (36.4%) and
10.7% of eyes with indiscernible BMOs were manually
correctable (respectively, P = .017). In eyes with glau-
coma with and without high myopia, 15.0% and 3.2%
had indiscernible BMOs, 55.0% and 38.2% were man-
ually corrected, and 30.0% and 58.7% were accurately
segmented without the need for manual correction (re-
spectively, P = .005). Having axial high myopia, a larger
AL, a larger BMO tilt angle, a lower BMO ovality index
(more oval), and a glaucoma diagnosis were significant
predictors of BMO location inaccuracy in multivariable
logistic regression analysis.

e CONCLUSIONS: As BMO location inaccuracy was 2.4
times more likely in eyes with high axial myopia regard-
less of diagnosis, optical coherence tomography images of
high myopes should be reviewed carefully, and when pos-
sible, BMO location should be corrected before using op-
tic nerve head scan results for the clinical management of
glaucoma. (Am ] Ophthalmol 2022;237: 221-234. ©
2021 Elsevier Inc. All rights reserved.)

importance to slow down or even stop disease pro-

gression in this chronic and potentially vision-
threatening disease.! Structural loss in the optic nerve
head (ONH) is often visible before perimetric visible visual
field (VF) defects occur.”>’ Optical coherence tomography
(OCT) enables objective structural loss detection and is the
standard of care along with VF testing for detecting glau-
coma and monitoring its progression.

Glaucoma diagnosis based on clinical optic disc exami-
nation in (highly) myopic eyes can be difficult because of
morphologic changes such as disc tilt and enlarged peri-
papillary areas that mimic glaucomatous ONH characteris-
tics.»” Structural changes associated with myopia also pose
significant challenges to diagnose and monitor glaucoma us-
ing OCT. For example, the diagnostic accuracy of peripapil-
lary retinal nerve fiber layer (RNFL) measurements in high
myopes based on comparison to commercial OCT refer-

E ARLY GLAUCOMA DETECTION IS OF THE UTMOST
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ence database of healthy non-highly myopic eyes has been
shown to be lower because of the temporalization of the lo-
cation of the RNFL peaks, leading to a misclassification of
sectoral values as outside normal limits based on measure-
ments from healthy eyes.® In addition, a recent study of
myopic eyes highlighted the importance of assessing RNFL
measurements relative to an anatomically accurate ONH
center because sectoral circumpapillary RNFL (cpRNFL)
thickness measured at fixed distances from the center of the
Bruch membrane opening (BMO) were significantly differ-
ent from those measured relative to the center of the clin-
ical disc margin identified on infrared fundus image (ie, en
face images).” These challenges are compounded by the dif-
ficulty in identifying the location of the BMO in highly my-
opic eyes.

The BMO is an important anatomic feature that is used
by OCT instruments to define the ONH center to deter-
mine the location of RNFL thickness measurements at pre-
determined diameters in the circumpapillary retina.” RNFL
thickness is the primary structural parameter used for de-
tecting glaucoma and monitoring its progression. More-
over, the BMO also is used to measure the neuroretinal
rim and the BMO-minimum rim width (MRW, defined
as the shortest distance between the BMO and the in-
ternal limiting membrane). The diagnostic accuracy for
glaucoma detection of the BMO-MRW is reportedly sim-
ilar to or better than that of RNFL thickness and confo-
cal scanning laser ophthalmoscope neuroretinal rim mea-
surements, and BMO-MRW change over time has been
shown to vary by race.'”!® BMO location also is used
to differentiate between different types of peripapillary at-
rophy (PPA), as 8- and y-PPA, and has been investi-
gated as a biomarker to distinguish between myopia and
glaucoma.!”?°

Correct BMO localization is therefore necessary for ap-
propriate representation of the ONH in OCT scans and
is essential for the accurate measurement and interpre-
tation of glaucomatous optic nerve and RNFL damage.
Identifying the BMO in eyes with high axial myopia can
be challenging’! in part because of the differences in the
appearance of the ONH, with highly myopic eyes hav-
ing a greater degree of tilt and ovality than nonmyopic
eyes.”>?> With the increasing prevalence of myopia,’* 2
especially in Asian populations,”’ and given that myopia
is a risk factor for glaucoma,”®” it is important to deter-
mine the accuracy of BMO detection in highly myopic
eyes.

The objective of this study is to estimate the accuracy
of OCT-based automated BMO detection and the likeli-
hood of indiscernible BMOs in an American and Korean
cohort of healthy subjects and patients with glaucoma with
and without high myopia. In addition, anatomic features
predictive of location accuracy and indiscernible BMOs are
evaluated.
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METHODS

Patients with glaucoma and healthy subjects from the Di-
agnostic Innovations in Glaucoma Study (clinicaltrials.gov
identifier NCT00221897) and a Korean clinic population
from Haeundae Paik Hospital (Busan, South Korea) were
included in this cross-sectional study.

Study methods were approved by the Institutional Re-
view Board of the University of California San Diego and
adhered to the tenets of the Declaration of Helsinki and
the Health Insurance Portability and Accountability Act.
Methods also were approved by the Institutional Review
Board of Haeundae Paik Hospital and written informed
consent of the participants was waived. A detailed descrip-
tion of the Diagnostic Innovations in Glaucoma Study de-
sign has been published elsewhere.’’

Participants were excluded if they had a history of in-
traocular surgery (except for cataract surgery or glaucoma
surgery), secondary causes for glaucoma, VFs caused by
other ocular or systemic diseases, significant cognitive im-
pairment, or an inability to perform VF examinations reli-
ably.”’

Study subjects were >18 years of age and had open an-
terior chamber angles at study entry. All participants un-
derwent a complete ophthalmologic examination including
best-corrected visual acuity and refractive error assessment,
standard automated perimetry (Humphrey Field Analyzer;
24-2 Swedish interactive thresholding algorithm; Carl Zeiss
Meditec), intraocular pressure (IOP) measurement (Gold-
mann applanation tonometry), gonioscopy, dilated fundus
examination, central corneal thickness measured with ul-
trasound pachymetry (DGH Technology, Inc, Exton, Penn-
sylvania, USA), coherence interferometry measurement
of the axial length (AL; IOLMaster, Carl Zeiss Meditec,
Dublin, California, USA), simultaneous stereophotography
of the optic disc and macula spectral-domain OCT mea-
surement. If spherical equivalent (SE) was available only
after cataract/refractive surgery, we did not include SE in
the analysis.

For this report, glaucoma is defined based on photograph-
based glaucomatous optic disc damage and the existence of
corresponding glaucomatous VF loss (Humphrey Field An-
alyzer 1l with 24-2 testing using the Swedish Interactive
Thresholding Algorithm, Carl Zeiss Meditec Inc).”* Glau-
comatous optic disc damage was defined as focal or diffuse
narrowing of the neuroretinal rim, and/or presence of RNFL
defects characteristic of glaucoma on optic disc stereopho-
tographs, diagnosed by 2 masked trained observers. Glauco-
matous VF damage was defined as 2 repeatable and reliable
(<33% fixation losses and false negatives, and <33% false
positives) VF tests with a glaucoma hemifield test outside
normal limits and/or a pattern standard deviation with a P
value < .05 with a similar of pattern of defect on consecu-
tive abnormal tests.’’
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Healthy participants had healthy-appearing optic discs
and RNFL based on masked stereoscopic photograph as-
sessement with no history of repeatable abnormal VF results
and no history of elevated IOP (all IOP measurements <21
mm Hg) in either eye. Normal VFs were defined as those
with MD and pattern standard deviation with P values
> .05 and a glaucoma hemifield test result within normal
limits.

Because of optic disc changes in highly myopic eyes, op-
tic disc photographs of highly myopic eyes were graded
independently by 2 reviewers (J.R., C.B.) after a training
with a senior consultant with extensive expertise in myopia
and glaucoma (J.B.].). Diagnosis was defined by consensus
among the 2 reviewers and by adjudication by the senior
consultant in case of disagreement.

Healthy (nonglaucomatous) eyes and eyes with glaucoma
in the American and Korean cohorts were classified into 2
groups by AL, no axial high myopia (AL <26 mm) and axial
high myopia (AL >26 mm). In this study we defined my-
opia by AL, rather than SE, because it is known from pre-
vious studies that axial elongation can lead to morphologic
changes in the optic disc region and the fundus and that
there is a stronger correlation between axial elongation and
optic disc changes than SE and optic disc changes.*** In ad-
dition, with this definition, we could more accurately assess
myopia status using AL in eyes after refractive or cataract
surgery.

e SPECTRAL-DOMAIN OCT IMAGING: The Spectralis
OCT (Glaucoma Module Premium Edition, version 6.10;
Heidelberg Engineering Inc, Heidelberg, Germany) ONH
radial circle (ONH-RC) imaging protocol was used to
obtain 24 radial scans and 3 circle scans centered on the
ONH. A total of 24 B-scans averaged 25 x using automatic
real-time and a resolution of approximately 6 um between
A-scans (1024 A-scans per B-scan) were captured per
eye. The innermost termination of the Bruch membrane
was automatically identified by the instrument software
as the BMO in each of the 24 radial scans. The operator
then reviews and confirms or corrects the location of the
BMO, and if necessary retakes the scan to improve BMO
centration, the distance between the scan center and the
BMO center (ABMOC). The scan center was based on 4
BMO locations from 2 B-scans identified by the operator
during live image acquisition whereas the BMO center was
defined as the center of the BMO contour based on 48
BMO locations defined on the 24 high-resolution B-scans
(Supplemental Figure 1). According to the manufacturer’s
recommendations, ABMOC should be <100 pm to guar-
antee comparability of the computed RNFL thickness
with the device normative database RNFL thickness mea-
surements (Supplemental Figure 1).” In this study, eyes
with ABMOC >100 pum were included to reflect clinical
practice where it is often difficult to meet the criteria in
eyes with high axial myopia.
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For all eyes enrolled in this study, the 48 automatically
detected BMO locations obtained were reviewed for accu-
racy by 2 reviewers with extensive training and experience
in BMO detection in myopic eyes. The first experienced
reviewer manually adjusted the BMO location as needed.
If the first reviewer had difficulty in identifying the BMO
location in >4 different B-scans in 1 eye (4 of 8 BMO lo-
cations, but in 4 different scans), the eye was referred to a
second reviewer. The second reviewer evaluated the scans
with the primary reviewer to reach consensus on the correct
BMO location in that eye. If the second reviewer also de-
termined that it was not possible to confidently detect the
BMO locations in >4 B-scans (>4 of 8 BMO locations in
>4 different B-scans) this eye was classified as having indis-
cernible BMOs.?® BMO location was classified as follows: 1)
accurate automated BMO location (Figure 1); 2) manually
corrected BMO location (Figure 2); and 3) indiscernible
BMO (manual correction not possible [Figure 3]). BMO was
defined as indiscernible only when 2 trained and experi-
enced reviewers could not confidently place the BMO lo-
cations in >4 B-scans. Scans with low quality (quality score
<15) were also excluded.

We also qualitatively evaluated characteristics of the im-
ages and B-scans of the 27 eyes with indiscernible BMO.
Two graders (J.R., S.V.) reviewed the images and 24 B-scans
of each of the 27 eyes with indiscernible BMO and reached
consensus on the location of the B-scans and whether there
was vessel shadowing or low image quality that influenced
the ability to detect the BMO location. In addition, the en-
face OCT ONH image was reviewed for the existence and
location of PPA.

¢ OPTIC NERVE HEAD MEASUREMENTS:

Standard software ONH measurements

BMO area, BMO-MRW, ABMOC, and image quality score
were measured automatically by the instrument software.
Specifically, the BMO-MRW is automatically computed for
each radial B-scan. The resultant 48 BMO-MRW measure-
ments (each B-scan contributed 2 BMO locations) were av-
eraged to generate global, temporal, superotempral, super-
onasal, nasal, inferonasal, and inferotemporal MRWs.

Custom BMO owality index, tilt angle and rotation angle
BMO ovality index, BMO tilt angle, and BMO rotation
angle were calculated using the San Diego Automated
Layer Segmentation Algorithm based on the automatic
or corrected BMO location.’”*® All custom computations
were performed using 3-dimensional rectangular coordi-
nates. The coordinate transformation of each pixel was de-
termined by the A-scan and B-scan index, along with the
scan center and the fovea—BMO angle provided by the ac-
quisition software. Major and minor axes of a BMO fit el-
lipse were defined as the longest and shortest axes of the
fitted ellipse.
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A Healthy, AL < 26 mm

FIGURE 1. Automatically accurate Bruch membrane opening (BMO) locations in (A) a healthy non-highly myopic eye (axial
length [AL] 23.4 mm), (B) a healthy highly myopic eye (AL 26.1 mm), (C) a non-highly myopic eye with glaucoma (AL 24.6
mm), and (D) a highly myopic eye with glaucoma (AL 26.2 mm). Left, Clinical photographs of the optic nerve head. Middle, En
face images of the optical coherence tomography scan. Right, Radial B-scans of the optical coherence tomography scan. The red
dots identify the automatic correct BMO location, the red line the internal limiting membrane segmentation, and the blue arrows

indicate the BMO-minimum rim width.

The BMO ovality index was calculated by dividing the
minor axis by the major axis.’® For automated BMO-based
tilt assessment, 2 BM boundary (BMB) points on the fur-
thest outward 2 pixels on the BM contour and 2 BMO
points were selected. Each BMB and BMO point was trans-
formed into a rectangular coordinate space. One plane was
fit to the BMB points and one plane to the BMO points,
applying the least-squares method. BMO tilt was defined
as the angle between the BMO plane and the BMB plane
and computed by assessing the angle between their normal
vectors.

In this study we aimed to assess the anatomically accu-
rate 3D morphologic characteristics of the optic disc. We
therefore applied a new term, “BMO rotation,”*®*” instead
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of the term “optic disc torsion” used in studies that applied
optic disc photographs to identify the clinical disc mar-
gin.* Measurements are based on the BMO, considered to
be an anatomically based landmark, which has been shown
to be more accurate and reliable than subjective measure-
ments based on the clinical disc margin seen on fundus pho-
tographs.'®?**7 In addition, the term torsion implies pres-
ence of shearing deformations in the ONH tissue, which
cannot be confirmed without histologic or biomechanical
analysis of the tissue. For details of BMO ovality index,
BMO tilt angle, and BMO rotation angle calculations, see
Rezapour and associates.*®

For calculation of the BMO rotation angle, the center
of mass of the BMO points was subtracted from each BMO
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FIGURE 2. Manually corrected Bruch membrane opening (BMO) location (red dot) in (A) a healthy non-highly myopic eye (axial
length [AL] 23.8 mm), (B) a healthy highly myopic eye (AL 27.2 mm), (C) a non-highly myopic eye with glaucoma (AL 23.3
mm), and (D) a highly myopic eye with glaucoma (AL 27.5 mm). Left, Clinical photographs of the optic nerve head. Middle, En
face images of the optical coherence tomography scan. Right, Radial B-scans of the optical coherence tomography scan. The red dots
identify the correct BMO location, the blue “m” stands for manually corrected, the yellow dots marked with an “a” illustrate the
automatic inaccurate BMO location, the red line shows the internal limiting membrane segmentation, and the blue arrows indicate

the BMO-minimum rim width.

point and rotated so that the fit plane lay in the xy-plane
(ie, the transverse cross-section of the radial image). These
points were projected on a reference plane and used to fit
an ellipse in the 2D space of the reference plane. The el-
lipse was fit using the least-squares method by optimizing
the conic equation of an arbitrary ellipse. The orientation
of the ellipse was then calculated separately and added to
the fit form. The major axis orientation was reported with
reference to the temporal axis (fovea BMO center). All an-
gles were reported after transforming the vectors used in
their computations into physical space by scaling accord-
ing to the scale X and scale Z constants in the image volume
metadata. The rotation angle was calculated relative to the

fovea BMO center.
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o STATISTICAL ANALYSES: Data are presented as means
(95% confidence interval [CI]) and count (percentage)
for continuous and categorical variables, respectively. The
statistical significance of differences in patient-level char-
acteristics between myopia groups was determined by 2-
sample t tests for continuous variables and the Fisher
exact test for categorical variables. Eye-level character-
istics were compared via generalized estimating equa-
tions, with an exchangeable working correlation assumed
to account for within-patient clustering. Rates of loca-
tion failure by eye classification and myopia were com-
pared using logistic generalized estimating equations. The
influence of different patient and ocular characteristics
on the odds of nonaccurate location was computed via
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A Healthy, AL < 26 mm

*.

FIGURE 3. Indiscernible Bruch membrane opening (BMO) in (A) a healthy non-highly myopic eye (axial length [AL] 25.5 mm),
(B) a healthy highly myopic eye (AL 29.1 mm), (C) a glaucoma non-highly myopic eye (AL 23.6 mm), and (D) a highly myopic eye
with glaucoma (AL 27.2 mm). Left, Clinical photographs of the optic nerve head. Middle, En face images of the optical coherence
tomography scan. Right, Radial B-scans of the optical coherence tomography scan. The red dots show the correct and incorrect
automatically detected BMO locations. Incorrect BMO locations could not be manually corrected. The red line shows the internal
limiting membrane segmentation, and the blue arrows indicate the BMO-minimum rim width. In part C, the software did not provide

automatic BMO locations in some scans, as in this example.

univariable and multivariable logistic generalized estimat-
ing equations.

RESULTS

A total of 551 eyes (344 subjects) were included in this
cross-sectional study; 438 eyes (79.5%) were classified as
not highly myopic (AL <26 mm; 263 subjects) and 113 eyes
(20.5%) as highly myopic (AL >26 mm; 81 subjects). The
154 healthy eyes included 33 (21.4%) highly myopic eyes
while the 397 glaucoma eyes included 80 (20.1%) highly
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myopic eyes. Demographic information and eye character-
istics are shown in Table 1.

Highly myopic individuals were significantly younger (P
< .001) and more often of Asian descent (P < .001) than
non-highly myopic individuals. There was no significant
difference in the proportion of healthy eyes in the highly
myopic and non-highly myopic groups (29.2% vs 27.6%,
respectively; P =.705). The OCT quality score was slightly
higher in highly myopic eyes (30.3 [29.6-30.9]) compared
to non-highly myopic eyes (29.3 [28.9-29.7]; P = .010).
The BMO-based ovality index and BMO rotation angle
were significantly smaller (more oval) and BMO tilt angle
significantly larger in highly myopic eyes compared with

MaAy 2022



TABLE 1. Patient and Eye Characteristics by Axial Myopia Group in American and Korean Eyes

AL <26 mm (Non-Highly Myopic), AL >26 mm (High Myopic), n = 81 Overall, N = 344 (551 Eyes) P Value
n = 263 (438 Eyes) (113 Eyes)
Patient characteristics
Age (y) 69.2 (67.5-70.9) 58.0 (54.6-61.4) 66.6 (64.9-68.2) <.0012
Female (%) 54.8 42.0 517
Race (n, %)
African descent 62 (23.6) 6 (7.4) 68 (19.8) <.001°
Asian descent 38 (14.4) 41 (50.6) 79 (23.0)
European descent 156 (59.3) 32 (39.5) 188 (54.7)
Other/not reported 7 (2.7) 2 (2.5) 9 (2.6)
Eye characteristics
Spherical equivalent (D)? —0.91 (—1.17 to —0.65) —4.23 (—5.08 to —3.38) —151 (—1.85t0 —1.17) <.0012
Visual field MD (dB)° —5.69 (—6.44 to —4.95) —7.16 (—8.74 to —5.57) —5.98 (—6.70 to —5.27) .083
IOP (mm Hg)® 13.5 (13.1-14.0) 13.2 (12.2-14.2) 13.5 (13.0-13.9) .563
Axial length (mm) 24.2 (24.1-24.3) 26.9 (26.6-27.2) 24.8 (24.6-25.0) <.0014
CCT (um)? 536.0 (531.2-540.8) 536.0 (527.6-544.4) 536.0 (531.5-540.5) .999
BMO ovality index® 0.88 (0.87-0.89) 0.84 (0.81-0.86) 0.87 (0.86-0.88) .0012
BMO rotation angle (°)f 34.3 (32.1-36.5) 24.2 (18.6-29.7) 32.3 (30.1-34.5) <.0014
BMO tilt angle (°)¢ 2.0 (1.8-2.2) 4.8 (3.9-5.6) 2.6 (2.3-2.8) <.0012
BMO area (mm?) 2.13 (2.07-2.20) 2.30 (2.12-2.49) 2.17 (2.10-2.23) .084
ABMOC (pm) 49.2 (43.9-54.5) 96.7 (81.0-112.5) 59.2 (53.4-65.0) <.001
OCT quality score 29.3 (28.9-29.7) 30.3 (29.6-30.9) 29.5 (29.1-29.8) .010?
Eye diagnosis, n (%)
Healthy 121 (27.6) 33 (29.2) 154 (27.9) .705
Glaucoma 317 (72.4) 80 (70.8) 397 (72.1)
Global MBRW (um)9d 222.4 (213.7-231.0) 208.5 (195.4-221.5) 219.4 (211.3-227.6) .038?
Temporal MBRW (um)? 169.0 (162.2-175.9) 168.5 (156.7-180.3) 168.9 (162.6-175.2) .932
TS MRW (um)? 202.1 (192.0-212.3) 198.5 (182.6-214.4) 201.4 (192.0-210.7) 674
TI MRW (um) 211.9 (200.0-223.7) 190.6 (173.0-208.2) 207.4 (196.4-218.3) .023¢
Nasal MRW (um) 254.1 (243.5-264.6) 238.4 (220.3-256.5) 250.7 (241.2-260.2) 130
NS MRW (um) 249.5 (239.2-259.9) 219.3 (204.0-234.5) 243.1 (233.3-252.9) <.001?
NI MRW (um) 261.2 (248.4-274.0) 238.9 (216.7-261.0) 256.5 (245.1-267.8) .084

AL = axial length; BMO = Bruch membrane opening; CCT = central corneal thickness; ABMOC = distance between the scan center and
the BMO center; D = diopter; IOP = intraocular pressure; MD = mean deviation; MBRW = minimum rim width; NI = nasal inferior; NS = nasal
superior, OCT = optical coherence tomography; SE = spherical equivalent; Tl = temporal inferior; TS = temporal superior; VF = visual field.

Data presented as mean (95% confidence interval) for continuous variables and n (%) for categorical variables. Significance is determined
by a 2-sample t test and the Fisher exact rest for continuous and categorical patient-level variables and generalized estimating equations for

eye-level variables.

aStatistically significant (P < .05).Missing values (n): 74,2 19,° 29,9 67, 69, and 19

non-highly myopic eyes (all P < .001). OCT ABMOC
was significantly lower in non-highly myopic eyes (49.2
um [43.9-54.5 pum]) compared with highly myopic eyes
(96.7 pm [81.0-112.5 um]; P < .001). BMO-MRW was sig-
nificantly smaller in highly myopic compared with non—
highly myopic eyes globally (208.5 pm [195.4-221.5 um]
and 222.4 pm [213.7-231.0 pum]), respectively; P = .038),
in the temporal-inferior sector (190.6 um [173.0-208.2 pm],
vs 211.9 pm [200.0-223.7 um], respectively; P = .023) and
nasal-superior sector (219.3 um [204.0-234.5 um], vs 249.5
pm [239.2-259.9 um], respectively; P < .001).

The proportion of eyes with accurate BMO location was
significantly lower in the highly myopic healthy eyes (18/33
[54.5%]) and eyes with glaucoma (24/80 [30.0%]) than
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non-highly myopic healthy eyes (106/121 [87.6%]) and
eyes with glaucoma (186/317 [58.7%]; Table 2). Similarly,
the proportion of eyes with indiscernible BMO was signif-
icantly higher in highly myopic eyes compared to non—
highly myopic eyes in both the healthy (9.1% vs 1.7%;
P = .017) and glaucoma eyes (15.0% vs 3.2%; P = .005;
Table 2 and Figure 4). Similar trends were found when the
American and Korean datasets were analyzed separately be-
fore pooling the data across sites (data not shown).
Univariable logistic regression analysis and the associ-
ated odds ratios (ORs) assessing demographic and eye-
specific predictors associated with BMO location inaccu-
racy (manually corrected and indiscernible combined) are
shown in Table 3. Both longer AL as a continuous vari-
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TABLE 2. Rates of Location Accuracy by Diagnosis and Axial Myopia Status in American and Korean Eyes

Healthy Glaucoma
BMO Localization Status, n (%) Non-High Myopia  High Myopia P Value Non-High Myopia  High Myopia P Value
(AL <26 mm), (AL >26 (AL <26 mm), (AL > 26
n=121 mm), n = 33 n =317 mm), n = 80
Accurate automated 106 (87.6) 18 (54.5) .0172 186 (58.7) 24 (30.0) .005%
Manually corrected 13 (10.7) 12 (36.4) 121 (38.2) 44 (55.0)
Indiscernible 2(17) 3(9.1) 10 (3.2) 12 (15.0)

AL = axial length; BMO = Bruch membrane opening.

Significance is determined by logistic generalized estimating equations to adjust for both eyes of the patient in the

analysis
aStatistically significant (P < .05).

Healthy
100% —
87.6%
80% —
60% — 54.5%
40% — 36.4%
20% — 10.7% 9.1%
1.7%
0%
Accurate Manually Indiscernible
Corrected

Glaucoma
100% —
[ No high Myopia
80% — [@ High Myopia
60% — a8.1% 55.0%
40% 1 00% 38.2%
20% ] 15.0%
0% 3.2%
Accurate Manually Indiscernible
Corrected

FIGURE 4. Percentage of automatic accurate, manually corrected, and indiscernible Bruch membrane opening in healthy eyes (left)
and glaucoma eyes (right). “No high myopia” is defined as an axial length <26 mm and high myopia as an axial length >26 mm.

able and as a categorical variable (high myopia vs not high
myopia) were strong predictors of higher BMO location in-
accuracy. Specifically, for each 1-mm larger AL, the odds
(95% Cls) of BMO location inaccuracy were 1.36 (1.20-
1.54; P < .001). Eyes with axial high myopia were 3.38 (P
< .001) times more likely to have initial inaccurate BMO
location than eyes without axial high myopia. In addition,
lower BMO ovality index (OR [95% CI] per 0.1 lower [more
oval]: 1.57 [1.21-2.04]; P < .001), larger BMO tilt angle
(OR [95% CI] per degree higher: 1.24 [1.14-1.35]; P <
.001), larger BMO area (OR [95% CI] per 1 mm? higher:
1.40[1.03-1.90]; P = .032), and thinner global BMO-MRW
(OR [95% CI] per 10-pm thinner: 1.06 [1.03-109]; P <
.001) were associated with location inaccuracy. Other fac-
tors associated with a higher univariable odds (OR [95%
CI]) of location inaccuracy included male sex (1.56 [1.06-
2.31]; P=.025), Asian descent (2.63 [1.42-4.88]; P = .002),
and worse VF MD (per 1 dB lower; 1.10 [1.07-1.13];
P < .001).

Five multivariable models (Table 4) of BMO location er-
ror were developed for each of the 5 myopia-related pa-
rameters (SE, axial length, BMO ovality index, BMO tilt
angle, and high myopia status) that were statistically sig-
nificant (P < .05) based on the univariable analysis. The
separate multivariable models were developed because the
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5 myopia-related parameters were highly correlated with
one another (data not shown). Glaucoma eyes were >4
times likely to have inaccurate location than healthy eyes
and highly myopic eyes were 2.4 times more likely to have
inaccurate BMO location than non-highly myopic eyes.
Moreover, AL, BMO ovality index, BMO tilt angle, but
not SE were significant predictors of BMO location inac-
curacy. Specifically, the odds (95% Cls) of BMO location
inaccuracy for each 1-mm larger AL were 1.20 (1.02-1.40;
P = .023). Lower BMO ovality index (per 0.1 units lower
— more oval: 1.45 [1.09-1.93]; P = .010), larger BMO tilt
angle (per degree: 1.18 [1.07-1.30]; P = .001), and highly
myopic eyes (AL >26 mm: 2.41 [1.36-4.25]; P = .002) were
also associated with BMO location inaccuracy. None of the
other parameters that were statistically significant in the
univariable analysis were predictors of BMO location in-
accuracy in the multivariable analysis.

The qualitative evaluation of characteristics of the
images and b-scans of the 27 eyes with indiscernible BMO
is shown in Table 5. In general, in highly myopic eyes with
indiscernible BMOs, indiscernible BMOs were more often
located in the temporal (43.5%) than the nasal sectors
(26.3%). Vessel shadowing was visible in a relatively small
proportion (21.5% and 30.3%) of B-scans in the high
and non-high myopic eyes with indiscernible BMOs,
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TABLE 3. Patient and Eye Characteristics by BMO Location Status in American and Korean Eyes

BMO Location Status

Univariable Analysis

Accurate Automated, Manually Corrected, Indiscernible, n = 27 OR Units Inaccurate BMO Location, P Value
n=334 n=190 OR (95% Cl)
Age (y) 66.3 (64.7-67.9) 67.0 (65.4-68.6) 66.8 (65.2-68.4) Per year older 0.99 (0.98-1.01) .362
Sex, n (%)
Female 191 (57.2%) 89 (46.8%) 11 (40.7%)
Male 143 (42.8%) 101 (53.2%) 16 (59.3%) Vs female 1.56 (1.06, 2.31) .0257
Race, n (%)
African descent 72 (21.6%) 38 (20.0%) 1(3.7%) (Reference)
Asian descent 52 (15.6%) 60 (31.6%) 14 (51.9%) Vs African descent 2.63 (1.42-4.88) .002¢
European descent 199 (59.6%) 89 (46.8%) 11 (40.7%) Vs African descent  0.93 (0.54-1.58) .784
Other/not reported 11 (3.3%) 3 (1.6%) 1(3.7%) Vs African descent 0.67 (0.16-2.85) .589
Spherical equivalent —1.51 (—1.84 to —1.55 (—1.97 to —1.25 (—2.62 t0 0.13) Per D lower 1.09 (1.02-1.17) .015¢9
(D) —1.17) —-1.12)
VF MD (dB) —4.54 (-5.23 to —797 (—9.20 to —9.91 (—12.99 to Per dB lower 1.10 (1.07-1.13) <.0012
—3.84) —6.74) —6.82)
IOP (mm Hg) 13.8 (13.3-14.3) 13.0 (12.4-13.7) 12.3 (9.8-14.8) Per mm Hg higher  0.94 (0.90-0.99) .0132
AL (mm) 24.7 (24.5-24.8) 24.9 (24.7,25.1) 25.4 (24.9-26.0) Per mm higher 1.36 (1.20-1.54) <.0012
CCT (um) 536.7 (531.9-541.4) 535.2 (529.8-540.6) 534.5 (524.7-544.4)  Per um higher 1.00 (0.99-1.00) 445
BMO ovality index  0.88 (0.87-0.89) 0.86 (0.85-0.87) 0.83 (0.80-0.87) Per 0.1 lower 1.57 (1.21-2.04) <.0012
BMO rotation angle 33.3 (30.7-35.9) 31.4 (27.8-35.0) 25.7 (17.0-34.3) Per 10° lower 1.07 (0.97-1.17) 159
)
BMO tilt angle (°) 2.2 (1.9-2.4) 3.1 (2.6-3.5) 3.5 (2.4-4.6) Per degree higher  1.24 (1.14-1.35) <.0012
BMO area (mm?2) 2.13 (2.06-2.21) 2.20 (2.11-2.28) 2.38 (1.96-2.79) Per 1 mm? higher  1.40 (1.03-1.90) .0322
ABMOC (um) 50.6 (44.4-56.8) 61.8 (52.9-70.8) 144.8 (110.3-179.4) Per 10 mm higher ~ 1.06 (1.03-1.10) <.001?
OCT quality score  29.5 (29.1-29.9) 29.6 (29.1-30.2) 28.4 (26.5-30.3) Per unit lower 0.99 (0.94-1.04) 614
Myopia group, n (%)
Non-high myopia® 292 (87.4) 134 (70.5) 12 (44.4)
(AL <26 mm)
High myopia® (AL 42 (12.6) 56 (29.5) 15 (55.6) Vs no myopia 3.38 (2.11-5.42) <.001°
>26 mm)
Global MBRW (um)  225.8 (216.5-235.1) 209.2 (198.8-219.6) 216.6 (189.4-243.7)  Per 10 um thinner ~ 1.06 (1.03-1.09) <.0012
Temporal MRW (um) 172.8 (165.5-180.1) 161.9 (153.7-170.1) 172.4 (152.1-192.8) Per 10 um thinner ~ 1.04 (1.01-1.08) 0132
TS MRW (um) 209.6 (199.2-219.9) 1872 (174.9-199.6) 204.6 (174.4-234.8)  Per 10 um thinner ~ 1.04 (1.02-1.06) <.0012
TI MRW (um) 219.5 (206.4-232.5) 188.9 (174.9-202.9) 195.4 (158.6-232.1)  Per 10 um thinner ~ 1.05 (1.03-1.07) <.0012
Nasal MRW (um) 256.9 (246.0-267.8) 242.2 (229.7-254.7) 2370 (201.3-272.8) Per 10 pm thinner ~ 1.04 (1.02-1.07) <.0012
NS MRW (um) 252.1 (240.6-263.6) 228.2 (214.6-241.7) 243.4 (205.2-281.5)  Per 10 um thinner  1.04 (1.02-1.06) <.0012
NI MRW (um) 269.0 (255.7-282.2) 235.2 (219.9-250.5) 259.3 (219.4-299.2)  Per 10 um thinner ~ 1.05 (1.03-1.07) <.0012

AL = axial length; BMO = Bruch membrane opening; CCT = central corneal thickness; Cl = confidence interval; D = diopter; IOP = intraocular
pressure; MD = mean deviation; MRW = minimum rim width; NI = nasal inferior; NS = nasal superior, OCT = optical coherence tomography;
OR = odds ratio; SE = spherical equivalent; Tl = temporal inferior; TS = temporal superior; VF = visual field.

Data presented as mean (95% confidence interval) for continuous variables and n (%) for categorical variables. ORs indicate the odds of
inaccurate locations.

4Statistically significant (P < .05). Significance is determined by logistic generalized estimating equations.

bAL <26 mm is defined as non—high myopia and AL >26 mm as high myopia.

scans with indiscernible BMO due to vessel shadowing was
higher (30.3%) in non-highly myopic eyes than in highly
myopic eyes (21.5%). Only 4 eyes had poor-quality OCT
images; the proportion of eyes with indiscernible BMO
because of low image quality was only 13.3% and 16.7%
in the non-highly myopic eyes and highly myopic eyes,
respectively.

respectively. Moreover, the majority (80%) of the highly
myopic eyes with indiscernible BMO had a clinical visible
PPA zone. In non-highly myopic eyes, the location of
indiscernible eyes was similarly distributed in the temporal
(27.1%) and nasal sectors (26.3%), but vessel shadowing
was more often in the nasal sectors (72.0%) than the tem-
poral sector (28.0%). Only 50% of the non-highly myopic
eyes had a clinically visible PPA zone. The proportion of
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TABLE 4. Multivariable Logistic Generalized Estimating Equations Models Output for Predicting Inaccurate Locations With BMO
Ovality Index, BMO Tilt Angle, Axial Length, Axial High Myopia, and Spherical Equivalent Included in Separate Models

Model 1 Model 2 Model 3 Model 4 Model 5

OR(95%Cl)  PValue OR(95%Cl)  PValue OR(95%Cl)  PValue OR(95%Cl) PValue OR(95%Cl) P Value
Male (vs female) 1.17 469 1.16 515 1.04 .853 1.09 .690 1.20 428

(0.76-1.81) (0.75-1.79) (0.67-1.62) (0.71-1.68) (0.77-1.88)
Asian descent (vs 1.72 107 1.29 462 1.43 .295 1.31 441 0.88 .739
African descent) (0.89-3.32) (0.65-2.56) (0.73-2.81) (0.66-2.58) (0.40-1.91)
European descent (vs  0.65 .136 0.60 .077 0.57 .053 0.57 .052 0.63 .096
African descent) (0.36-1.15) (0.34-1.06) (0.32-1.01) (0.32-1.00) (0.36-1.09)
Other race/unreported 0.94 .937 0.94 .938 0.90 .905 0.81 .812 .959
(vs African descent) (0.20-4.46) (0.18-4.90) (0.16-5.07) (0.14-4.76) 1.04

(0.22-4.87)

BMO area (per mm?)  0.94 .783 0.92 .701 0.86 477 0.88 .529 0.98 .925

(0.63-1.42) (0.60-1.42) (0.58-1.29) (0.59-1.32) (0.65-1.48)
BMO centering (per 10 1.01 484 1.01 .691 1.02 .283 1.02 314 1.04 .033¢
mm) (0.98-1.05) (0.97-1.05) (0.98-1.06) (0.98-1.06) (1.00-1.08)
Glaucoma (vs healthy) 4.50 <.001? 4.36 <.001? 4.39 <.001? 4.67 <.001? 3.96 <.001?

(2.50-8.12) (2.39-7.96) (2.45-7.86) (2.60-8.40) (2.14-7.32)
BMO ovality index (per 1.45 .010¢
0.1 units lower) (1.09-1.93)
BMO tilt (per degree) 1.18 .0014

(1.07-1.30)
AL (per mm) 1.20 0237
(1.02-1.40)

Axial high myopia (AL 2.41 .002¢
>26 mm) (1.36-4.25)
Spherical equivalent (per 1.07 134
D lower) (0.98-1.17)

AL = axial length; BMO = Bruch membrane opening; Cl = confidence interval; OR = odds ratio.

4Statistically significant (P < .05).

DISCUSSION

This study assessed the accuracy of OCT BMO location
in healthy eyes and eyes with glaucoma with and without
axial high myopia using Spectralis ONH-RC scans. We
found that BMO location inaccuracy (manually corrected
and indiscernible BMOs) was significantly higher in eyes
with axial high myopia compared with eyes without axial
high myopia in both healthy subjects and those with glau-
coma. In addition to longer AL, we found that a more oval
BMOQO, larger BMO tilt angle, axial high myopia status, as
well as having glaucoma were significantly associated with
BMO location inaccuracy in multivariable analysis. These
results suggest that qualitative review and manual correc-
tion of the BMO location is critical to ensure accurate
assessment of OCT-based ONH morphology for glaucoma
management, especially in eyes with high axial myopia.
Using OCT-based neuroretinal rim area and BMO-MRW
in clinical management to diagnose and monitor glaucoma
requires accurate BMO localization as the BMO based disc
margin. RNFL measurements also are affected by the ac-
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curacy of BMO segmentation. If the BMO center is in-
accurately identified in eyes with myopia, cpRNFL mea-
surements will not be made in the appropriate location
for comparison to internal instrument normative reference
databases, which can lead to inaccurate designation of
cpRNFL sectors as outside or within normal limits.

The current results are consistent with those of Zheng
and associates,”! who reported a higher proportion of indis-
cernible BMOs in >1 meridian in eyes with high axial my-
opia (>26 mm) compared with eyes without high myopia
in both eyes with glaucoma (32.1% and 8.2%, respectively)
and healthy eyes (28.0% and 3.9%, respectively). The au-
thors suggested that the area of 8-PPA increases with the
severity of glaucoma and that the BMO can be indiscernible
when the interface between the BM and choroid layer be-
comes indistinct. This is often the case in eyes with 8-PPA,
where the retinal pigment epithelium, the choriocapillaris,
and the choroidal vessels are atrophic.’! The proportion of
indiscernible BMOs was lower in the current study than in
the study of Zheng and associates’! in part because we clas-
sified eyes as indiscernible when the BMO was indiscernible
in >4 meridians compared with >1 meridian in their study.
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TABLE 5. Characteristics and Factors Associated With Indiscernible Bruch Membrane Opening

Non-High Myopia, n = 438

High Myopia, n = 113

Total, n = 551

Total number of eyes
No. of eyes with indiscernible BMO/no. of

eyes (%)

No. of meridians? with indiscernible BMO

(48 meridians per eye) (%)
Eyes with indiscernible BMO

Mean no. of indiscernible meridians/no.

of eyes with indiscernible BMO (%)
Mean no. of indiscernible B-scans by
location (%)

Temporal

Nasal
No. of B-scans with blood vessel
shadowing/no. of indiscernible B-scans
(%)
Blood vessel shadowing location (%)

12/438 (2.7)

307/21,024 (1.5)

Non-high myopia, n = 12
12.8/48 (26.7)

13.0/48 (27.1)
12.6/48 (26.3)
93/307 (30.3)

15/113 (13.3)

503/5424 (9.3)

High myopia, n = 15
16.8/48 (35.0)

20.9/48 (43.5)
12.6/48 (26.3)
106/493 (21.5)

27/551 (4.9)

810/26,448
(3.1)
Total, n = 27

14.8/48 (30.8)

17.0/48 (35.4)
12.6/48 (26.3)
199/800
(24.9)

Temporal region 26/93 (28.0) 33/106 (31.1) 59/199 (29.6)
Nasal region 67/93 (72.0) 73/106 (68.9) 140/199 (70.4)
No. of eyes with indiscernible BMO 2/12 (16.7) 2/15 (13.3) 4/27 (14.8)
because of poor image quality (%)
No. of indiscernible eyes with clinically 6/12 (50.0) 12/15 (80.0) 18/27 (66.7)
visible PPA® (%)
PPA location in indiscernible eyes with
PPA (%)
Temporal PPA only 3/6 (50.0) 6/12 (50.0) 9/18 (50.0)
Nasal PPA only 1/6 (16.7) 0/12 (0) 1/18 (5.6)
Temporal and nasal PPA 2/6 (33.3) 6/12 (50.0) 8/18 (44.4)

BMO = Bruch membrane opening; PPA = peripapillary atrophy.

aThere are 2 BMO locations for each of the 24 B-scans
bBased on review of the optical coherence tomography

optic nerve head en face images.

In addition, we found that the BMO was more often in-
discernible because of morphology and not because of ves-
sel shadowing or image quality in both highly myopic and
non-highly myopic eyes. Moreover, indiscernible BMO lo-
cations were more often located in the temporal sectors in
the highly myopic eyes, which might be in part because of
the higher BMO tilt angle and/or PPA in the temporal sec-
tor. These findings are of particular interest in glaucoma di-
agnostics, as the temporal ONH region corresponds with
the central VE*' The results concur with Zheng and as-
sociates,”! where the temporal meridian was the most fre-
quent location with indiscernible BMO.

In addition to its importance for using OCT ONH scans
for clinical management, accurate BMO localization is crit-
ical for investigators who are actively developing new OCT
BMO-based parameters to characterize 3D ONH morphol-
ogy. For example, the neural canal’s anatomy can be char-
acterized by assessing the anatomic tilt and rotation angle
of the anterior scleral canal opening relative to a BMO
reference plane instead of characterizing ovality or tilt-
based optic disc photographs.’”** For example, by analyz-
ing the ONH anatomy using OCT BMO-based morphol-
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ogy, Jeoung and associates*’ were able to objectively char-
acterize neural canal obliqueness by determining the mag-
nitude and direction of the offset of anterior scleral canal
opening relative to BMO. In summary, accurate BMO lo-
calization is not only critical for appropriate interpretation
of OCT ONH scans and cpRNFL thickness in clinical man-
agement but also for research characterizing optic disc mor-
phology. For the above-mentioned reasons, it is important
to understand the challenges in identifying the BMO in
highly myopic eyes.

The reasons for incorrect BMO localization by the stan-
dard OCT software are likely in part related to anatomic dif-
ferences in highly myopic eyes compared with non-highly
myopic eyes* and because the segmentation algorithms
were not developed on highly myopic eyes. However, it
should also be noted that the software’s BMO localization
relies on the manual BMO localization conducted by the
operator. If this first step is not done correctly (because of
a lack of expertise in high myopic eyes) the final BMO
localizations provided by the software are inaccurate. Our
preliminary results suggest that BMO location accuracy in
highly myopic eyes can be improved by using deep learn-
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ing retinal layer segmentation strategies trained on highly
myopic eyes (Belghith, personal communication May 10,
2021). Future improvements in instrument retinal layer seg-
mentation will therefore likely reduce the impact of these
BMO segmentation issues.

There are several strengths of this study. First, we in-
cluded 2 study populations from 2 different countries, pro-
viding evidence that indiscernible BMOs in highly my-
opic eyes are independent of race and that race is not a
predictor of location accuracy. We found no differences in
the proportion of indiscernible or inaccurate BMO loca-
tion between the American and Korean populations (data
not shown). We also included new OCT parameters that
characterize highly myopic discs, BMO based on ovality in-
dex, tilt, and rotation angle that have not been reported
previously. In addition, high myopia was defined in this
study by AL rather than SE, as used in most studies. By
using AL, we can better predict anatomic differences in
the ONH related to axial elongation and include axially
elongated eyes without relying on SE, which changes after
refractive and cataract surgery. Furthermore, multivariable
models indicated that AL (and parameters correlated to it)
were associated with location inaccuracy, whereas SE was
not.

Our study has several limitations. First, we included
only Spectralis OCT for imaging the optic disc and BMO
location and did not directly determine the frequency
of accurate BMO detection in other OCT instruments.
However, the accuracy of BMO detection also is relevant
to other OCT instruments, including Cirrus (Carl Zeiss
Meditec), AngioVue/RT Vue (Optovue Inc, Fremont, Cali-
fornia, USA), and the swept-source DRI and Maestro Top-
con (Tokyo, Japan) OCT. These instruments rely on the
identification of the innermost segment of the Bruch mem-
brane or the Bruch membrane/retinal pigment epithelium
complex for calculation of ONH parameters and cpRNFL
thickness at a fixed distance from the center of the BMO.
In addition, not all OCT images were reviewed by both

reviewers. All highly myopic eyes were reviewed by both
reviewers, but non-highly myopic eyes were only assessed
by 2 reviewers if the first reviewer was not able to man-
ually correct the BMO localization in >4 different OCT
B-scans. However, extensive training and review of eyes
with difficult BMO detection (both with and without ax-
ial high myopia) was completed by both reviewers, which
facilitated consensus even in the most challenging eyes.
Finally, we did not exclude poor-quality scans or scans in
which the manufacturer’s recommended distance between
the BMO center of the ONH-RC scans and the center of
the image (ABMOC) was not met. We included all ac-
quired scans to better reflect clinical practice because it
can be challenging to acquire images of highly myopic eyes
that meet general quality and BMOC distance require-
ments. Although a significantly larger BMO/scan center
distance was found in highly myopic eyes, it was a predictor
for localization failure in univariate but not multivariable
analysis.

In conclusion, we found that highly myopic eyes are sig-
nificantly more likely to have inaccurate BMO locations
and indiscernible BMOs in both healthy and glaucoma eyes
than non-highly myopic eyes. In addition, we found that
AL and parameters that are associated with high myopia
such as a more oval BMO configuration (smaller BMO oval-
ity index) and a higher BMO tilt angle were predictors of
BMO localization inaccuracy. Moreover, we found that eyes
with glaucoma were >4 times more likely to have inaccu-
rate BMO locations than healthy eyes. Accurate BMO lo-
cations are important for calculating ONH parameters that
are used for glaucoma management. For this reason, BMO
localization of OCT scans should be reviewed carefully,
particularly in highly myopic eyes and, if possible, manu-
ally corrected to ensure the accuracy of ONH parameters
used in glaucoma management. Promising work to improve
BMO localization in highly myopic eyes using deep learning
strategies is underway, which may alleviate some of these is-
sues.
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Purpose: To compare optic nerve head (ONH) ovality index and rotation angle
measurements based on semi-automated delineation of the clinical ONH margin derived
from photographs and automated BMO configuration derived from optical coherence
tomography (OCT) images in healthy and glaucomatous eyes with high-, mild- and no
axial myopia.

Methods: One hundred seventy-five healthy and glaucomatous eyes of 146 study
participants enrolled in the Diagnostic Innovations in Glaucoma Study (DIGS) with optic
disc photographs and Spectralis OCT ONH scans acquired on the same day were
stratified by level of axial myopia (non-myopic [n = 56, axial length (AL) <24 mm],
mild-myopic [n = 58, AL 24-26mm] and high-myopic [n = 32, AL >26 mm]. The
clinical disc margin of each photograph was manually annotated, and semi-automated
measurements were recorded of the ovality index and rotation angle based on a best-fit
ellipse generated using Imaged software. These semi-automated photograph-based
measurements were compared to ovality index and rotation angle generated from
custom automated BMO-based analysis using segmented OCT ONH volumes. R? values
from linear mixed effects models were used to describe the associations between
semi-automated, photograph-based and automated OCT-based measurements.

Results: Average (95% Cl) axial length was 23.3 (23.0, 23.3) mm, 24.8 (24.7,
25.0) mm and 26.8 (26.6, 27.0) mm in non-myopic, mild-myopic and high-myopic
eyes, respectively (ANOVA, p < 0.001 for all). The R? association (95% Cl) between
semi-automated photograph-based and automated OCT-based assessment of ONH
Ol for all eyes was [0.26 (0.16, 0.36); p < 0.001]. This association was weakest
in non-myopic eyes [0.09 (0.01, 0.26); p = 0.02], followed by mild-myopic eyes
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OCT and Photo-Based ONH Measurements

[0.13 (0.02, 0.29); p = 0.004] and strongest in high-myopic eyes [0.40 (0.19, 0.60);
p < 0.001]. No significant associations were found between photography- and
OCT-based assessment of rotation angle with R? values ranging from 0.00 (0.00, 0.08)
in non-myopic eyes to 0.03 (0.00, 0.21) in high-myopic eyes (all associations p > 0.33).

Conclusions:

Agreement between photograph-based and automated OCT-based

ONH morphology measurements is limited, suggesting that these methods cannot be
used interchangeably for characterizing myopic changes in the ONH.

Keywords: high myopia, glaucoma, OCT, Bruch’s membrane opening, axial myopia, optic nerve head morphology,

clinical disc margin, OCT landmarks

INTRODUCTION

Axial myopia typically results from progressive eye enlargement,
reflected in a larger axial length (AL). The prevalence of
myopia has increased in the United States (1) and worldwide
(2), with some populations reporting prevalence as high as
96% (3). It is now projected that ~50% of the worlds
population will be myopic by 2050, with 10% being highly
myopic (4). There is strong evidence linking myopia with
glaucoma (5). For instance, the Blue Mountains Eye Study
reported that compared to eyes with no myopia, the odds
of having glaucoma in mild myopic eyes was 2.3, and this
increased to 3.3 for moderate to high myopic eyes (6). This
association presents significant public health concerns in the
context of swiftly rising myopia prevalence. Moreover, accurate
detection of glaucoma in myopic patients is challenging.
Myopic eyes often develop structural changes at the optic
nerve head (ONH) independent of glaucoma (7, 8), and these
changes are often difficult to distinguish from those observed
in glaucoma.

Many studies have reported the prevalence of ONH ovality, tilt
and torsion and their associations with myopia, particularly with
high myopia (9-20). However, these studies often used manual
methods to measure ovality, tilt and torsion parameters based on
measurements of two- dimensional fundus photographs or two-
dimensional fundus photographs projected on spectral-domain
optical coherence tomography (OCT) scans. Although manual
or semi-automated measurement of ovality, tilt and torsion
from photographs are the most common methods reported
in the literature, they are not based on anatomical landmarks
such as Bruch’s membrane opening (BMO). Furthermore, two-
dimensional viewing of the ONH at an oblique angle may lead
to inaccurate observations with regard to the shape of the disc,
especially its horizontal diameter (19). We previously reported
an automated custom-software based method to measure ONH
ovality index, tilt and rotation (torsion) angles based on the BMO
assessed on OCT scans (21). The purpose of the current study is
to compare semi-automated measurements of optic disc ovality
index (often referred to as tilt) and rotation angle based on the
manually demarcated clinical disc margin identified on optic disc
stereophotographs with automated measurements based on the
BMO identified from ONH-OCT scans in eyes with no axial
myopia, mild axial myopia and high axial myopia, with and
without glaucoma.

MATERIALS AND METHODS

This cross-sectional comparison of semi-automated photograph-
based vs. automated OCT-based assessment involved healthy
individuals and glaucoma patients with varying levels of axial
myopia, from the Diagnostic Innovations in Glaucoma Study
(DIGS). The DIGS is an ongoing prospective, longitudinal study
conducted at the Hamilton Glaucoma Center, University of
California, San Diego, designed to evaluate anatomical structures
in glaucoma. Details of the DIGS protocol have been described
elsewhere (22). All methods adhered to the tenets of the
Declaration of Helsinki and the Health Insurance Portability
and Accountability Act and were approved by the Institutional
Review Board of the University of California, San Diego.

Participants

Study participants were a subset of glaucoma patients and
healthy individuals with varying degrees of axial myopia
enrolled in DIGS (clinical trials.gov identifier NCT00221897).
All participants were >18 years old, had open anterior chamber
angles, and had undergone a full ophthalmologic examination
including refractometry, best-corrected visual acuity assessment,
standard automated perimetry [Humphrey Field Analyzer; 24-2
Swedish interactive thresholding algorithm (SITA) standard;
Carl-Zeiss Meditec], Goldmann applanation tonometry,
gonioscopy, dilated fundus examination, central corneal
thickness (CCT) measurement by ultrasound pachymetry
(DGH Technology, Inc., Exton, PA), coherence interferometry
measurement of the axial length (IOLMaster, Carl Zeiss Meditec,
Dublin, CA), and simultaneous stereophotography and OCT
imaging of the optic disc and macula.

Patients with primary open angle glaucoma (POAG) were
clinically defined by the DIGS conventional standard of visual
field loss or photograph-based optic disc damage (22)*.

Standard automated perimetry glaucomatous visual field
damage was defined as two repeatable and reliable visual field
tests (rate of fixation losses and false negatives and false positives
responses of <33%) with a glaucoma hemifield test (GHT)
outside normal limits and/or a pattern standard deviation
(PSD) with a p-value of <0.05 with a similar defect on
consecutive abnormal tests (22). Healthy subjects were required
to have intraocular pressure <21 mmHg and no structural
abnormalities or functional loss. The Visual Field Assessment
Center (VisFACT) Reading Center completed the quality control
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of all visual fields according to standard protocols and excluded
unreliable visual field tests (22).

Stereophotograph-based optic disc damage was defined as
focal or diffuse narrowing of the neuroretinal rim, and/or
detection of RNFL defects characteristic of glaucoma based on
masked assessment by two trained reviewers (JR and CB) after a
high myopia optic disc grading training with a senior consultant
(JBJ). Optic disc damage was defined by consensus between both
graders and in case of disagreement, diagnosis was defined by
adjudication by the senior consultant. Intergrader agreement
was good with agreement on 131/175 (76.6%) eyes; 41/175
(23.4%) required consensus meetings between the two graders to
determine diagnosis. Adjudication by the senior consultant was
needed in 3/175 (1.7%) of eyes.

Axial Myopia Categories

Elongation of the globe in the axial plane can lead to
morphological changes of the optic disc and the fundus.3>*?
Such elongation and associated changes are not always
directly correlated with myopia defined by the refractive error.
Furthermore, refractive error is subject to change after patients
undergo cataract surgery or refractive procedures. In this study
we were interested in morphological changes of the optic disc
due to axial elongation and for these reasons myopia was defined
by axial length and not by refractive error. Based on population-
based studies (23, 24), axial myopia was stratified into three
groups: no axial myopia (AL <24.0mm), mild axial myopia
(AL = 24.0-26.0mm) and high axial myopia (AL >26.0 mm).
For each eye, ovality and rotation angle were measured based on:
(1) stereophotographs using manual annotation of the clinical
disc margin and (2) OCT images of the ONH using automated
analysis of BMO.

Image Acquisition

Simultaneous stereophotographs centered on the optic disc were
obtained for all participants. Poor quality images due to low
lighting, haziness or otherwise obscured features of the optic disc
were excluded.

ONH radical circle (ONHRC) scans from the Spectralis
Glaucoma Module Premier Edition (version 6.10; Heidelberg
Engineering Inc., Heidelberg, Germany) were acquired on all
participants. The ONHRC scan consists of 24 high-resolution
ONH radial scans and 3 RNFL circle scans. Images were
electronically transferred for quality assessment to the UC San
Diego Imaging Data Evaluation and Analysis (IDEA) Reading
Center. Low quality images, with quality score <15, or poor
centering (based on the distance between the BMO center of the
ONHRC scans and the center of the image) were excluded.

Semi-automated Photograph-Based
Measurement of the Clinical Optic Disc
Margin and Optic Disc Ovality Index and
Rotation Angle

Digital stereophotographs were reviewed through a stereo viewer
and annotated manually in Image] (ver. 1.53a, NIH) on a touch-
screen tablet. The photographs of left eyes were transformed into

right eye format for all analyses. The clinical disc margin, defined
as the inner margin of the scleral ring was manually demarcated
by one study author (AT) and its location was confirmed by all 3
senior reviewers (JR, CB, NEN). A best-fit ellipse was generated
by Image]. From the best-fit ellipse, the length of the major
(longest) axis, minor (shortest) axis, and ultimately the angle
between the major axis and the vertical axis were automatically
generated by Image] and exported to.csv files to calculate ovality
index and rotation angle and direction (Figure 1). Annotations
were made on the image and the best-fit ellipse from which
the measurements were derived and saved for later review to
confirm proper selection of the disc margin as well as appropriate
calculation of rotation angle and direction.

As described in our previous study (21), optic disc ovality
index can be defined on a 2- or 3-dimensional level, whereas optic
disc tilt is calculated on a 3-dimensional level. As photograph-
based measurements can only be performed on a 2-dimensional
level, we assessed the optic disc ovality index and not the optic
disc tilt angle in this report. Ovality index was calculated by
dividing the minor axis by the major axis, with a value closer
to 0 indicating a more oval optic disc. For this report, we used
the term “rotation” rather than the more commonly used term
“torsion,” as “torsion” implies shearing of the tissue that can only
be detected at a histological level (25). The optic disc rotation
angle was defined as the smaller angle formed by either the major
axis or minor axis and the vertical axis extending from the center
of the best-fit ellipse (Figure 2). We adjusted for whether a right
eye or left eye was analyzed, and conserved the magnitude of the
rotation angle, regardless of the direction.

Automated OCT-Based BMO Ovality Index

and Rotation Angle Measurements

Opvality index and rotation angle measurements based on BMO
points were calculated for the segmented Spectralis ONHRC
scans using the San Diego Automated Layer Segmentation
Algorithm (SALSA) Image Processing Pipeline. Details of SALSA
and its validation have been described previously (21, 26, 27).
In brief SALSA is a python-based automated algorithm that
segments retinal layers in OCT scans. Spectralis OCT raw image
(vol) files were exported to the SALSA-Image Processing Pipeline.
SALSA identified the Bruch’s membrane (BM) and the 2 BMO
points in each scan, produced a fitted ellipse and documented
the results as a.csv file. The accuracy of the BMO locations
was reviewed by one of the authors (JR) on a randomly chosen
subset of 30 non-, mild- and high axial myopic eyes and showed
good performance. Ovality index was defined as the minor axis
(shortest axis) divided by the major axis (longest axis) of the fitted
BMO ellipse.

The OCT-based rotation angle is defined as the angle between
the major axis and the temporal axis (0°, horizontal axes of
the enface OCT image). In another words, we characterize
rotation as the angle of rotation around the sagittal axis (z axis).
Angles are reported after transforming the vectors used in their
computations into physical space by scaling according to the
scale x and scale z constants in the image volume metadata as
described previously (26, 27). All measurements were calculated
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FIGURE 1 | Delineation of semi-automated measurement of ovality index and rotation angle from photographs. (a) Stereophotograph of a glaucomatous mild myopic
eye, (b) Clinical disc margin manually delineated in white, (c) Best-fitted ellipse overlaid in white. Ovality index is calculated as the minor axis (green) divided by the
major axis (blue). Rotation angle (6, blue arrow) is defined as the angle between the vertical axis (yellow) and major axis (blue).

b-scan of optic nerve head with BMO points in red.

FIGURE 2 | Ovality and Rotation angle measurements on photographs and OCT. (a) Stereophotograph of a healthy eye, (b) clinical disc margin annotated in white,
labeled with major axis (blue), minor axis (red), rotation angle (purple); Ovality index (minor axis/major axis), (c) en-face OCT optic nerve head image of Bruch’s
Membrane Opening (BMO) (red); Ovality index (minor axis (red)/major axis (blue). Please note as described previously, the calculations use the 3D OCT scan. (21) (d)

with respect to individual anatomies by factoring in the Fovea-
BMO center (FOBMOc) angle captured by the Spectralis OCT.

Details of how the automated BMO ovality index and rotation
angle measurements were completed have been described
previously (21).

Statistical Analyses

Statistical analysis was conducted to compare ONH ovality
index and rotation angle values determined by semi-automated
assessment of photographs and automated assessment of
OCT images. Data is presented as mean (95% confidence
interval) or count (percentage) for continuous and categorical
variables, respectively. The statistical significance of comparisons
between patient-level characteristics across myopia groups was
determined by analysis of variance (ANOVA) for continuous
variables and Fisher’s exact test for categorical variables. For
eye-level characteristics, mean and confidence interval estimates
were derived from linear mixed effect models, with a random
intercept to account for within-subject correlation before and
after adjusting for age and visual field mean deviation. Linear
mixed effect models were used to compare semi-automated-
derived ovality index and rotation angle values (separately)
from photographs with those automatically derived from OCT
images, stratified by axial myopia. R-squared values for reported
for correlation between semi-automated photograph-based and

automated OCT-based ovality index and rotation angle. Bland-
Altman plots were used to characterize the agreement between
photograph- and OCT-based measurements of ovality index
and rotation angle. We considered p-values <0.05 to indicate
statistical significance throughout. All statistical analyses were
performed using the R (version 3.5.2).

RESULTS

Demographics and Clinical Characteristics
One hundred and seventy-five eyes from 146 patients were
included in this study, with 64 eyes (56 patients) in the no axial
myopia group, 70 eyes (58 patients) in the mild axial myopia
group and 41 eyes (32 patients) in the high myopia group
(Table 1). The no myopia and mild axial groups have a larger
proportion of healthy participants than the high axial myopia
group (42.2, 41.4, and 26.8%, respectively). The mean (95% CI)
age of the participants in the no axial myopia group was older
[70.7 (67.3, 74.1)] years than those in the mild [65.2 (61.1, 69.4)]
years, followed by the high [63.3 (58.0, 68.7)] years axial myopia
groups (p < 0.040). Mean (95% CI) spherical equivalent was
significantly lower in high axial myopic eyes [—4.01 (—4.78,
—3.23)] D compared to that of eyes with mild [—1.51 (—2.09,
—0.93)] D or no axial myopia [0.09 (—0.50, 0.69)] D (visual field
MD/age adjusted; p < 0.001). There was no significant difference
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TABLE 1 | Patient characteristics by myopia status.

No myopia Mild myopia High myopia Overall P-value MD/Age Adj.
(n = 56) (n = 58) (n =32) (n = 146) p-value
Patient specific data
Age (years) 70.7 (67.3, 74.1) 65.2 (61.1, 69.4) 63.3 (58.0, 68.7) 66.9 (64.5, 69.3) 0.04
Sex
Female 39 (69.6%) 31 (563.4%) 2 (37.5%) 82 (56.2%) 0.01
Male 7 (30.4%) 27 (46.6%) 0 (62.5%) 64 (43.8%)
Race
Asian 5 (8.9%) 6 (10.3%) 11 (34.4%) 22 (156.1%) 0.02
Black or African American 16 (28.6%) 20 (34.5%) 4 (12.5%) 40 (27.4%)
White 32 (567.1%) 31 (563.4%) 16 (50.0%) 79 (54.1%)
Unknown or not reported 3(5.4%) 1(1.7%) 1(3.1%) 5 (3.4%)
Eye specific data
BMO area (mm?) n=64 n=268 n=238 n=170 0.15 0.24
2.12(1.97,2.27) 2.20 (2.05, 2.35) 2.37(2.17,2.58) 2.20 (2.11, 2.30)
Axial length (mm) n==64 n=70 n=41 n=175 <0.001 <0.001
23.2 (23.0, 23.3) 24.8 (24.7, 25.0) 26.8 (26.6, 27.0) 24.6 (24.4, 24.9)
Spherical equivalent (Dpt) n==64 n=70 n=41 n=175 <0.001 <0.001
0.09 (-0.50, 0.69) -1.51 (-2.09, -0.93) -4.01 (-4.78, -3.23) -1.44 (-1.88, -1.00)
Eye classification n=64 n=70 n=41 n=175 - -
Healthy 27 (42.2%) 29 (41.4%) 11 (26.8%) 67 (38.3%)
Glaucoma 37 (568.8%) 41 (568.5%) 30 (73.1%) 108 (61.7%)
Visual field MD (dB) n==64 n=70 n=41 n=175 0.27 0.08
-3.14 (-4.72,-1.55) -3.89 (-5.45, -2.34) -5.29 (-7.38, -3.21) -3.91 (-4.89, -2.93)
Results are presented as mean (95% Cl) or counts (percentages).
TABLE 2 | Ovality Index (closer to O=more oval, closer to 1=more circular) and Rotation Angle by Myopia Status.
No Myopia Mild Myopia High Myopia Overall P-value* **Visual field MD
and age adjusted
p-value
Ovality index Photograph-based n=64 n=70 n=41 n=175 0.002 0.002
0.89 0.90 0.85 0.89
(0.88, 0.91) (0.89, 0.92) (0.83, 0.88) (0.88, 0.90)
OCT-based n==64 n=70 n=4 n=175 0.01 0.008
0.88 0.88 0.84 0.87
(0.86, 0.89) (0.86, 0.90) (0.81, 0.86) (0.86, 0.88)
Rotation angle Photograph-based n =63 n==69 n =238 n =169 0.078 0.108
(degrees) 156.2 19.9 20.9 18.4
(11.8,18.7) (16.6, 23.3) (16.4, 25.4) (16.2, 20.5)
OCT-based n =63 n=~68 n=238 n=169 0.83 0.96
35.9 34.4 33.7 34.8
(31.3, 40.6) (29.9, 39.0) (27.6, 39.9) (32.0, 37.7)

*p-value based on linear mixed models adjusting for both eyes in the model. **p-value based on linear mixed models adjusting for age, visual field mean deviation (MD) and both eyes

in the model. Results are presented as mean (95% confidence interval).

in the visual field MD (p = 0.27), pattern standard deviation
(PSD) (p=0.37), BMO area (p = 0.15), or CCT (p = 0.12) among
myopia groups.

Ovality Index and Rotation Angle

Measurements
Overall, we found that the mean ovality index values derived
from photographs were similar to those derived from OCT

in each myopia category (Table2). Specifically, mean
(95% CI) photograph-based ovality index was significantly
lower (i.e, ONH was more oval) in high axial myopic
eyes [0.85 (0.83, 0.88)] compared to eyes with mild [0.90
(0.89-0.92)] or no [0.89 (0.88-0.91)] axial myopia (MD/age
adjusted p = 0.002). Similarly, mean OCT-based ovality
index was significantly lower in high axial myopic eyes
[0.84 (0.81, 0.86)] compared to eyes with mild [0.88
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FIGURE 3 | Ovality index: Scatterplots showing stronger associations between semi-automated clinical disc margin photograph-based ovality index and automated,
BMO OCT-based ovality index in eyes with axial high myopia compared to eyes with mild or no axial myopia.
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(0.85-0.89)] or no
adjusted p = 0.008).

In contrast, the mean values of OCT-based rotation angles
were much larger than photograph-based measures (34.8 and
18.4 degrees, respectively). Moreover, photograph-based rotation
angles tended to be larger in high axial myopic eyes (20.9 degrees)
compared to eyes with mild (19.9 degrees) and no myopia
(15.2 degrees) (visual field MD and age-adjusted p = 0.108)
but there was no difference in the OCT-based rotation angles
across the three categories of myopia (visual field MD and
age-adjusted p = 0.96.

[0.88 (0.88-0.90)] myopia (MD/age

Agreement Between Photograph-Based
and OCT-Based Measurements of Optic
Disc Ovality Index and Rotation Angle

There was a statistically significant association [R? (95% CI)]
between semi-automated photograph-based and automated
OCT-based assessment of ONH ovality index for all eyes [0.26
(0.16; 0.36); p < 0.001]. This association was weakest in non-
myopic eyes [0.09 (0.01, 0.26); p = 0.02], followed by mild-axial
myopic eyes [0.13 (0.02, 0.29); p = 0.004] and strongest in high-
axial myopic eyes [0.40 (0.19, 0.60); p < 0.001] (Figure 3). In

addition, Bland-Altman plots suggest that the mean difference in
the photograph- and OCT-based ovality index values was close
to zero and did not vary by the degree of ovality or myopia
status (Figure 4).

There was no association between semi-automated
photograph-based and automated OCT-based assessment
of rotation angle with R? values ranging from 0.00 (0.00, 0.08)
in non-myopic eyes to 0.03 (0.0, 0.21) in high-axial myopic eyes
(all associations p > 0.33) (Figure 5). The Bland-Altman plots
suggest that the difference in the photograph- and OCT-based
rotation angle was close to 20 degrees and did not vary by
rotation angle (Figure 6).

DISCUSSION

To our knowledge, this is the first study to compared semi-
automated measurements of ONH ovality index and rotation
angle based on the clinical disc margin manually identified
on optic disc photographs to automated OCT measurements
based on the BMO in healthy and glaucomatous eyes with
high-, mild- and no axial myopia. We found a statistically
significant, weak to moderate association between manual
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photograph-based and automated OCT-based assessment of
ONH ovality index (R?> = 0.26), which was strongest in highly
myopic eyes (R*> = 0.40), followed by weaker associations in
mild-myopic (R*> = 0.13), and non-myopic eyes (R> = 0.09).
No association was found between photograph-based and OCT-
based assessment of the rotation angle with R? values ranging
from 0.00 to 0.03 (all p > 0.33). The large difference between
photographs and OCT-based rotation angle measurements
suggests that these parameters cannot be used interchangeably,
and the results should not be directly compared.

Axial elongation can cause pathological changes located
at the posterior pole, such as myopic maculopathy, Bruch’s
membrane defects and posterior staphyloma (28). The clinical
challenge to diagnose glaucoma in (highly) myopic eyes is
that the appearance of the ONH can mimic changes that are
pathognomonic for glaucoma. Those changes include optic disc
ovality/tilt, rotation and peripapillary atrophy. At the same
time, myopic changes can also mistakenly be interpreted as
glaucoma (29). We hypothesize that objective characterization of
the morphological characteristics of myopic disks can be used to
help identify features related more to myopia than glaucoma (and
vice versa). A precise characterization of the myopic optic disc
is the first step to elucidate parameters that can ultimately help

improve clinicians’ ability to differentiate between (high) myopia
and glaucoma.

We previously reported methods to characterize the myopic
optic disc with an OCT based automated three-dimensional
approach to characterize the ONH morphology in myopic eyes
(21). We used this automated custom software to measure
optic disc ovality index and rotation angle in the current
study. Most previous studies characterized the myopic optic
disc using manual photograph-based methods (9-13, 18, 30—
35). The current study suggests that the characterization of the
degree of ovality and rotation of the myopic optic disc based on
photographs and OCT is not interchangeable.

It has been reported previously that optic disc features that
are assessed two-dimensionally based on the clinical disc margin
of optic disc photographs and three-dimensionally based on
the BMO from OCT scans often do not agree (36). Based on
measurements of fundus photographs relative to the clinical disc
margin, myopic optic disks have been reported to have a more
oval configuration (11, 18, 30-32, 34, 37), a higher degree of disc
tilt (12, 13, 18, 30, 33-35) and rotation (11, 12, 18, 31, 34, 35).
The current study confirms greater ovality (lower ovality index)
in eyes in the high axial myopia group compared to eyes in the
no and mild axial myopia groups using both semi-automated
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FIGURE 5 | Scatterplots showing no association between semi-automated, clinical disc margin photograph-based rotation angle and automated, BMO OCT-based

photograph- and automated OCT measurements. However, the
rotation angle is larger in the high myopia group, but only when
measured from the photographs and not when measured from
OCT scans. These differences are in large part due to the fact that
the features and anatomy used to delineate optic disc margins
from clinical examination or fundus photography are often
different from features identified in OCT as the BMO, resulting in
different rotation angle values. The OCT-based rotation angle is
a 3-dimensional BMO-based assessment while the 2-dimensional
photographed-based rotation angle is measured relative to the
clinical disc margin, which does not always correspond with the
BMO, particularly in myopic eyes. Previous studies co-localized
optic disc stereophotographs to OCT images of the optic disc
and found that the clinically identified disc margin does not
correspond to one single anatomic structure in OCT images
(38). For example, in some eyes, in specific regions of the optic
disc, Bruch’'s membrane extends beyond the clinically identified
disc margin and is therefore not visible on a photograph or a
clinical exam (36, 38, 39). For example in myopic eyes, OCT
ONH images often show a temporal displacement of the BMO
relative to the anterior scleral opening and the clinical disc
margin (40). Another possible explanation for the differences in
rotation angle is that there is an error in our automated OCT

measurement of rotation angle. To investigate this issue, the
rotation angle was calculated using an independent automated
and histologically validated OCT method (41). Similar results
were observed suggesting strongly that the rotation angle is
not larger in eyes of the high myopic group compared to eyes
in the mild and no myopia group (data not shown, personal
communication with Massimo Fazio—June 2020).

A limitation of photograph-based measurements is that
especially in tilted disks, which are more common in high myopic
eyes (21), the optic disc is seen as more oval because of the
oblique observation angle (33). It should be noted that we use
the term rotation (25) instead of the more commonly used term
torsion to describe the rotation of the BMO around a sagittal
axis (instead of vertical axis, as measured by the 3D tilt angle)
(42, 43). In contrast, measuring optic disc configuration based on
an objective anatomical BMO-based feature improves our ability
to obtain repeatable measurements of the ONH. However, we
documented recently, objective detection of the BMO in OCT
scans can also be challenging, particularly in some eyes with high
axial myopia (44).

Given the results of the current study and the consistent
evidence that the subjective delineation of the clinical disc
margin often does not represent the anatomical BMO-based
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FIGURE 6 | Rotation angle Bland-Altman plots documenting the agreement between photograph and OCT based rotation angle by myopia status.

disk configuration, particularly in myopic eyes (36, 39), objective
measurement and characterization of the optic disc using OCT
appears to be a more appropriate tool to objectively characterize
the morphology of the optic disc. Characterizing the ONH based
on OCT anatomical morphology may facilitate the identification
of biomarkers that can help clinicians differentiate between high
myopes with and without glaucoma.

This study has several limitations. First, manual
measurements were assessed by only one of the authors
and we therefore did not provide interobserver variability and
reproducibility. However, all measurements were re-evaluated
by three expert graders. Second, OCT measurements were based
only on Spectralis OCT imaging. Our results are therefore not
generalizable to other OCT devices. Third, the horizontal axis
for semi-automated photograph-based rotation angle calculation
was not defined by the Fovea-BMO axis and therefore was not
adjusted for an individual’s anatomy of the eye. Fourth, there is a
significant difference in age and race within the different myopia
groups. However, it is unlikely that this may affect the results, as
in this study two different methods were compared in the exact
same eyes and results reported separately for non-, mild- and
high myopic eyes. Finally, as we included both glaucoma and

healthy eyes in the analysis it is possible that glaucomatous optic
nerve head changes may have influenced the mean ovality index
and rotation angle values. To address this issue, we adjusted for
visual field MD in the analysis comparing mean ovality index
and rotation angles by myopia status for both the photograph-
and OCT-based measurement strategy (Table 2). The significant
differences in ovality index across myopia status remained
after this adjustment, suggesting that including glaucoma
patients in the analysis is not driving the results. Moreover,
as the main objective of this report is to compare photograph
and OCT-based analysis strategies, regardless of diagnosis,
including glaucoma patients may increase the generalizability of
the results.

A strength of this study is that myopia groups were
defined by AL instead of using the spherical equivalent. Axial
length better represents the size of the eye and its axial
elongation than spherical equivalent which changes after cataract
and refractive surgery. In addition, both photograph-based
and OCT-based measurements were automated to improve
repeatability. Furthermore, the automated OCT-based ovality
index and rotation angle measurements were validated with an
independent method.
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In conclusion, we found weak to moderate associations
between manual photograph-based and OCT BMO-based
assessment of optic disc ovality and no association between
assessment of optic disc rotation angle. Our results indicate
that measurements based on these methods cannot be used
interchangeably and results should not be directly compared.
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ABSTRACT

Aims To identify clinically relevant parameters

for identifying glaucoma in highly myopic eyes, an
investigation was conducted of the relationship between
the thickness of various retinal layers and the superficial
vessel density (sVD) of the macula with axial length (AL)
and visual field mean deviation (VFMD).

Methods 270 glaucoma patients (438 eyes)
participating in the Diagnostic Innovations in Glaucoma
cross-sectional study representing three axial myopia
groups (non-myopia: =163 eyes; mild myopia: n=218
eyes; high myopia (AL>26 mm): n=57 eyes) who
completed macular optical coherence tomography
(OCT) and OCT-angiography imaging were included.
Associations of AL and VFMD with the thickness of the
ganglion cell inner plexiform layer (GCIPL), macular
retinal nerve fibre layer (MRNFL), ganglion cell complex
(GCQ), macular choroidal thickness (mCT) and sVD were
evaluated.

Results Thinner Global GCIPL and GCC were
significantly associated with worse VFMD (R?=34.5%
and R?=32.9%; respectively p<0.001), but not with AL
(all p>0.1). Thicker mRNFL showed a weak association
with increasing AL (R*=2.4%; p=0.005) and a positive
association with VFMD (global R’=19.2%:; p<0.001).
Lower sVD was weakly associated with increasing AL
(R?’=1.8%; p=0.028) and more strongly associated with
more severe glaucoma VFMD (R?=29.6%: p<0.001).
Thinner mCT was associated with increasing AL
(R?=15.5% p<0.001) and not associated with VFMD
(p=0.194). mRNFL was thickest while mCT was thinnest
in all sectors of high myopic eyes.

Conclusions As thinner GCIPL and GCC were
associated with increasing severity of glaucoma but were
not significantly associated with AL, they may be useful
for monitoring glaucoma in highly myopic eyes.

INTRODUCTION

With its potential vision threatening risk and with
its prevalence increasing globally, myopia, espe-
cially high myopia, has become increasingly prob-
lematic.! Although optical coherence tomography
(OCT)-based measurements of peripapillary retinal
nerve fibre layer (pRNFL) thickness can accurately
discriminate between healthy and glaucomatous
eyes,” there is concern that in myopic eyes (and
especially those that are highly myopic), the diag-
nostic accuracy of OCT measures is decreased.

> Robert N Weinreb @ '

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies have reported that macular
measurements can be used to detect glaucoma
in myopic eyes; however, little is known about
the topographic distributions of macular layer
thickness and microvasculature (vessel density)
in glaucoma eyes with and without (high)
myopia.

WHAT THIS STUDY ADDS

= In this study, we analysed the sectoral
distribution of macular retinal layers, superficial
vessel density and choroidal thickness in
glaucoma eyes without axial myopia, with
mild axial myopia and with high axial myopia.
We found that all sectors of the ganglion cell
inner plexiform layer and ganglion cell complex
thickness were significantly associated with the
severity of glaucomatous visual field damage
but not with axial length.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These results suggest that ganglion cell layer
thickness measurements can be used to
monitor glaucoma in clinically challenging high

axial myopic eyes.

Optic disc changes in myopic eyes such as morpho-
logic changes in the parapapillary region and
optic disc enlargement pose significant challenges
to the use of optical imaging and clinical optic
disc evaluation to detect and monitor glaucoma
(figure 1)." In part, this is due to differences in the
regional arrangement of the peripapillary retinal
nerve fibres between myopic eyes and emmetropic
eyes that may result in sectoral values incorrectly
classified as outside normal limits by instrument-
specific software analysis in healthy myopic eyes.*®

Approximately 50% of the retinal ganglion cells are
concentrated within 10° of the fovea.® As a result, the
macula region is useful for diagnosing optic neurop-
athies including glaucoma, especially in myopic eyes
because myopic axial elongation primarily affects
the optic nerve head (ONH) region. Previous studies
have reported that early glaucomatous damage can be
detected in the macula region” and that measurements
of the ganglion cell inner plexiform layer (GCIPL) can
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A AL<24 mm

Figure 1

Optic disc photograph (left), optical coherence tomography
optic nerve head en face image (middle) and optical coherence
tomography macula posterior pole image (right) of an eye with (A) no
axial myopia (axial length=23.8 mm), (B) mild axial myopia (axial
length=24.7 mm and (C) high axial myopia (axial length=29 mm). AL,
axial length.

be used for detecting glaucoma in highly myopic eyes.*'* However,
little information is available about differences in the topographic
distribution of either the thickness of the various macular retinal
layers or the retinal vessel density in glaucomatous eyes with and
without myopia. Sectoral measurements of the underlying macular
vasculature may offer additional insight into differences in glauco-
matous eyes with and without myopia.

Several studies using OCT-angiography (OCTA) have demon-
strated a strong relationship between macular capillary density
and the severity of glaucoma.’® '* Furthermore, recent studies
have reported the peripapillary choroid and the macula choroid
to be thinner in highly myopic eyes compared with non-myopic
eyes.”> 177 18 Ty date, to the best of our knowledge, the local
distribution of macular choroidal thickness (mCT) in glaucoma-
tous eyes with and without high myopia has not been reported.

The purpose of this study was to characterise the local distribu-
tion of GCIPL, ganglion cell complex (GCC), macular retinal nerve
fibre layer (mMRNFL), choroidal thickness (CT) and superficial vessel
density (sVD) in glaucoma eyes with and without axial myopia. By
better understanding, how the topographic distribution of these
parameters varies with axial length (AL) and severity of disease,
macula parameters that may be useful for detecting and monitoring
glaucoma in myopic eyes can be identified.

METHODS

Study sample

This cross-sectional study included all glaucoma patients
enrolled in the University of California, San Diego Diagnostic
Innovations in Glaucoma Study (DIGS; clinicaltrials.gov

identifier NCT00221897) with available AL measurements and
good-quality macula OCT scans acquired between 2015 and
2020. The study was approved by the institutional review board
of the University of California San Diego and according to the
tenets of the Declaration of Helsinki written informed consent
was obtained from all patients. As described previously,”
participants underwent a complete ophthalmologic examina-
tion including assessment of refractive error, AL measurement
(IOLMaster, Carl Zeiss Meditec, Dublin, California), visual field
(VF) testing, simultaneous stereophotography of the optic disc
and macula and macular OCT and OCTA imaging. Study partic-
ipants were =18 years with best-corrected visual acuity =20/40
and open anterior chamber angles at baseline.

VF testing was performed using the standard Humphrey
Field Analyzer 24-2 Swedish interactive thresholding algorithm.
Primary open-angle glaucoma was defined as the presence of
glaucomatous ONH damage based on masked assessment by
two trained observers and corresponding glaucomatous VF
loss in eyes with open angles. Stereo photograph-based optic
disc damage was defined as focal or diffuse narrowing of the
neuroretinal rim, and/or detection of retinal nerve fibre layer
(RNFL) defects characteristic of glaucoma. ONH stereophoto-
graphs of highly myopic eyes were graded for glaucoma by two
experts (CB and JR) after training with a senior consultant (JBJ).
Diagnosis was defined by consensus between the two graders
and adjudication by the senior consultant in case of disagree-
ment. Glaucomatous VF damage was defined as two repeatable
and reliable VF tests (rate of fixation losses and false-negative
and false-positive responses of <33%) with a glaucoma hemi-
field test outside normal limits and/or a pattern standard devia-
tion with a p value of <0.05 with a similar defect on consecutive
abnormal tests."

Myopia definition

Several morphological changes of the optic disc and the fundus
can occur due to axial elongation.”’*! However, myopia defined
by the current refractive error does not always imply axial elon-
gation that can lead to those morphological changes. Moreover,
a change in refractive error can occur after refractive or cata-
ract surgery in eyes that are axially elongated but do no longer
appear to be (highly) myopic as defined by refractive error. For
these reasons, myopia was classified by AL into the following
three groups.

» No axial myopia: AL <24.0 mm.

» Mild axial myopia: 24.0mm < AL <26.0mm.

» High axial myopia: AL >26.0 mm.

OCT and OCT angiography imaging

OCT imaging of the macula was performed with the Spectralis
OCT (V.6.10; Heidelberg Engineering, Heidelberg, Germany).
Details of this instrument have been previously described.'
Macula horizontal posterior pole (p-Pole) scans covering an
area of 30°%25° (6 X6 mm) were obtained. GCIPL, mRNFL and
GCC (GCIPL +mRNFL) thickness measurements were gener-
ated from each retinal layer from the central 1-mm, 3-mm and
6mm circles as inner rings (I-mm and 3mm circle) and outer
rings (3-mm and 6mm circle) according to the Early Treatment
Diabetic Retinopathy Study defined sectors (temporal, superior,
nasal and inferior).

OCTA imaging of the macula was performed with the Avanti
AngioVue OCT system (V.2017.1.0.151; Optovue, Fremont
California).?’ Macular whole image vessel density was calculated
on a 3x3mm? field macula scan (304 B-scans x 304 A-scans
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per B-scan) centred on the fovea. Whole image vessel density of
the temporal, superior, nasal and inferior sectors were reported.
Macular parafoveal sVD was calculated within an annulus
centred on the fovea, with an inner diameter of 1mm and an
outer diameter of 2.5 mm.

All images were reviewed by the Imaging Data Evaluation
and Analysis (IDEA) Reading Center for image quality, accurate
segmentation of the mRNFL, ganglion cell layer and inner plexi-
form layer (IPL). The automated Spectralis software segmenta-
tion was manually corrected if needed, according to the standard
IDEA Reading Center protocols."’

Choroidal thickness measurement using deep learning
As choroidal thickness is not available from standard software,
custom deep learning-based software, the San Diego Auto-
mated Layer Segmentation Algorithm—Deep, was developed to
automatically measure mCT.*" A trained grader (JR) manually
segmented the Bruch’s Membrane (BM)/retinal pigment epithe-
lium (RPE) complex and the posterior boundary of the choroid
in 120 p-Pole scans in the SPX software (V.1.9.204.0; Heidelberg
Engineering, Heidelberg, Germany) in a subset of 20 eyes, which
was used as ground truth to train a deep convolutional neural
network model (BCDU-Net).?? Two thousand two hundred fifty
seven scans (753 eyes) with automated choroid segmentation
were reviewed for accuracy (JR). The overall performance of
the deep-learning algorithm for segmenting the choroid was very
good with 400/401 (99.8%) eyes included (no myopia: 146/146
(100%), mild myopia: 208/208 (100%) and high myopia: 46/47
(97.9%)).

mCT was obtained for the inner and outer rings of the
macular p-Pole scans defined above. Each ring was subdivided

into temporal, superior, nasal and inferior sectors and global
and sectoral choroidal thickness was calculated. The MCT was
defined as the perpendicular distance between the posterior
border of BM/RPE complex and the posterior boundary of the
choroid.

Statistical analyses

Data are presented as mean (95% CI) and count (percentage) for
continuous and categorical variables, respectively. Patient and
eye characteristics were compared across myopia groups using
analysis of variance and y? tests for continuous and categorical
patient-level variables (respectively) and linear mixed effects
models for continuous eye-level variables, with a random inter-
cept to account for within-patient correlation. Univariable and
age and VFMD-adjusted multivariable models were applied to
evaluate the association between AL and ocular parameters. P
values less than 0.05 were considered statistically significant. All
statistical analyses were performed using R (V.3.6.3).

RESULTS

Four-hundred and thirty-eight glaucoma eyes of 270 patients
were included with 163 eyes (94 patients) in the non-myopic
group, 218 eyes (133 patients) in the mild myopic group and 57
highly myopic eyes (36 patients) (table 1). P values are reported
as age adjusted.

The participants in the high myopia group were significantly
younger (mean (95%CI) 66.6 (63.2 to 70.1) years) than the
members of the mild (72.6 (70.7 to 74.5) years) myopic group
and the non-myopic individuals (77.1 (74.9 to 79.4) years) groups
(p<0.001). There proportion of individuals of Asian descent in

Table 1 Glaucoma patient and eye characteristics by myopia group
No axial myopia Mild axial myopia High axial myopia  Overall Age-adjusted
(n=94; 163 eyes) (n=133; 218 eyes) (n=36; 57 eyes) (n=270; 438 eyes) P value p value

Age 77.1 (74.9,79.4) 72.6 (70.7, 74.5) 66.6 (63.2, 70.1) 73.2 (71.8,74.6) <0.001*t%
Gender

Female 59 (62.8%) 58 (43.6%) 17 (39.5%) 134 (49.6%) 0.006*t

Male 35 (37.2%) 75 (56.4%) 26 (60.5%) 125 (50.4%)
Race

African Descent 21 (22.3%) 25 (18.8%) 3(7.0%)7 49 (18.1%) 0.022t%

Asian Descent 8 (8.5%) 16 (12.0%) 12 (27.9%) 36 (13.3%)

European Descent 63 (67.0%) 88 (66.2%) 25 (58.1%) 176 (65.2%)
Axial length (mm) 23.4(22.3,23.5) 24.9 (24.8, 25.0) 26.6 (26.4, 26.7) 24.6 (24.4,24.7) <0.001 <0.001
SE (dpt) -0.09 (-0.51, 0.34) —1.46 (-1.84,-1.08) -3.50 (-4.16,-2.85) —1.16 (-1.53,-0.80) <0.001 <0.001
CccT 536.8 (528.9,544.6)  534.6 (527.9, 541.3) 535.4 (525.1,547.6)  535.6 (530.2, 541.0) 0.868 0.737
VFMD (db) -5.96 (-7.22,-4.69) -7.19(-8.28,-6.11) 7.17 (-9.20 to -5.14) —6-73 (=7.53 to —5.93) 0.303 0.160
10P (mm Hg) 14.3(13.4,15.1) 13.8(13.1,14.5) 14.3(12.9,15.6) 14.0 (13.5, 14.6) 0.619 0.181
Cataract surgery

No 90 (55.2%) 132 (60.6%) 41 (71.9%) 263 (60.0%) 0.085

Yes 73 (44.8%) 86 (39.4%) 16 (28.1%) 175 (40.0%)
Refractive surgery

No 163 (100.0%) 206 (94.5%) 55 (96.5%) 424 (96.8%) 0.003*

Yes 0(0.0%) 12 (5.5%) 2 (3.5%) 14 (3.2%)

Results are presented as mean (95% Cl) or percentage. Race was compared using a chi-squared test. Continuous variables were compared using ANOVA (for age) or linear mixed

models (for eye level data).

No myopia: AL<24.0 mm; mild myopia: AL:>24 mm and <26.0 mm; high myopia: AL>26.0 mm.

Missing 13a, 2b, and 8c values.
*No versus mild myopia p<0.05.
tNo versus high myopia p<0.05.
#Mild versus high myopia p<0.05.

AL, axial length; ANOVA, analysis of variance; CCT, central corneal thickness; SE, spherical equivalent; VFMD, visual field mean deviation.
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the high myopia group was significantly higher compared with
the no-myopic and the mild myopic group (p=0.022).

There was no significant difference in intraocular pressure
(p=0.181) and central corneal thickness (p=0.737) among the
three groups (table 1). Non-myopes tended (p=0.160) to have
less severe glaucoma than the mild myopic group and the high
myopic group (mean VF mean deviation (VFMD) —5.96dB,
—7.19dB and —7.17 dB, respectively).

Macular thickness measurements

A total of 43 eyes were excluded from the analysis for not
meeting image quality criteria (Spectralis quality score >15dB
or segmentation failure) with 14/140 (10.1%), 12/220 (5.5%)
and 17/64 (26.6%) eyes excluded from the no-axial, mild-axial
and high-axial myopia groups, respectively. Macular thickness
measures are presented in figure 2 and online supplemental table
1.

Associations with AL

There were no statistically significant associations between
global and sectoral GCC or GCPIL thickness measurements
and AL except for a weak association of the GCIPL outer supe-
rior (R2=1.1%, p=0.047) and outer nasal sector (R2=1.9%,
p=0.011). All mRNFL measurements, except for the inner
temporal, inner inferior and outer inferior sector were signifi-
cantly (all p<0.029) but relatively weakly (all R2<5%) associ-
ated with AL. We found weak associations between lower global
and sectoral vessel density measurements and longer AL (all
R2<2.7%, all p<0.04) and stronger associations between thinner
choroidal measures and longer AL (R2 range: 9.3%~19.8%, all
p<0.001) (figure 3 and online supplemental table 2).

Associations with severity of glaucoma (VFMD)

In multivariable models adjusted for age and AL, we found rela-
tively strong associations between thinner global and sectoral
GCIPL measures and worse VFMD (R2 range: 10.3%-36.9%,
all p<0.001). Thinner mRNFL was also significantly associ-
ated with worse VEMD in all sectors (R? range: 3.1%-27.4%,
all p<0.001) with exception of the inner nasal and temporal
sectors (p>0.088). Thinner global and sectoral Spectralis and
Avanti GCC measures were significantly associated with worse
VFMD (R2 range: from 19.0% to 36.3% and 18.6% to 35.8%,
all p<0.001, respectively). In addition, we found a relatively
strong association between lower macular vessel density and
worse VFMD (R? ranged from 17.2% to 33.5%, all p<0.001).
mCT was not associated with VEMD (figure 4 and online supple-
mental table 3).

Secondary analysis of differences by axial myopia group

As a secondary analysis, we compared macular thickness and
vascular measurement differences across the three axial myopia
groups and adjusted for age and VFMD. In general, there was a
trend that mRNFL was thickest in high myopic eyes in all sectors
and globally (all p>0.137) and significantly thicker in the outer
superior sector (p=0.013) (figure 2B), while mCT was signifi-
cantly thinner in all sectors in high myopic eyes (figure 2F). The
pattern of other macular thickness and vessel density measure-
ments was less consistent across the three axial myopia groups
(online supplemental table 1 and figure 2A-F.)

Specifically, global and sectoral GCC (both Spectralis and
Avanti) and GCIPL thickness values were similar across myopic
groups (all p>0.17) (see figure 2A,C,D). Parafoveal vessel
density tended to be slightly higher in non-myopes compared

with mild and high myopes, but only reached statistical signifi-
cance in the nasal sector (mean (95% CI)); nasal vessel density in
high myopes (43.1% (41.2% to 45.0%)), in mild myopes (42.7%
(41.7% to 43.7%), in non-myopes (44.4% (43.6% to 45.3%))
(p=0.011) (figure 2E). Global and sectoral mean MCT was
significantly thinner in high myopes compared with mild and
non-myopes (all p<0.001, see figure 2F).

DISCUSSION

The results of this work have implications for diagnosing glau-
coma in patients with high myopia. Our results suggest that
macula measurements can be useful to diagnose and monitor
glaucoma in myopic eyes as the GCIPL and GCC thinned with
increasing severity of glaucoma but were not associated with
AL. Except for choroidal thickness, all other macula thickness
measures obtained in this study were associated with the severity
of glaucoma. Because ganglion cell-related macular thickness
measurements are strongly associated with VFMD but do not
vary with AL, GCIPL and GCC show promise for detecting glau-
coma in myopic eyes. However, future studies including healthy
control eyes are needed to confirm our findings.

Because the macula is devoid of morphometric variations
such as tilt and peripapillary atrophy, its diagnostic role in
detecting glaucoma in highly myopic eyes is gaining attention
r. There is evidence that myopia can lead to a high rate of false
positives in the measurement of the pRNFL.* Earlier studies
examined the diagnostic ability of GCIPL, pRNFL and GCC;
they reported that GCIPL thickness has been reported as supe-
rior®? 2***” or comparable to pRNFL thickness®® for diagnosing
glaucoma in myopic eyes. Shoji et al found that GCC parame-
ters had high diagnostic accuracy to detect glaucoma in highly
myopic eyes and that the diagnostic ability was higher than that
of the pRNFL.® In another study, these authors reported that
GCC parameters were not significantly related to refractive
errors and had good accuracy to detect glaucoma in non-myopes
and in high myopes.” Similarly, Kim et al determined that in
highly myopic eyes, the accuracy of glaucoma detection based
on the macular GCC thickness was comparable to that based
on the pRNFL thickness.”” These findings and those of other
studies® ? % are consistent with our results that GCIPL and GCC
thickness measured using both Spectralis and Avanti showed no
association between the GCIPL thickness and AL . This suggests
that GCIPL thickness is less sensitive to changes due to axial
elongation. Moreover, in our study, GCIPL and GCC measure-
ments showed the strongest association with VFMD, suggesting
that both are useful for measuring ganglion cell loss associated
with glaucoma in both non-highly myopic and highly myopic
eyes. These results are generalisable across instruments as both
Spectralis GCC and Avanti GCC showed similar results.

High myopia is characterised by marked structural changes in
the retina and choroid and the corresponding vasculature.*® 3!
With the introduction of the non-invasive technique, OCTA
images can provide a microvascular map from different retinal
layers. To the best of our knowledge, this is the first study
comparing both macular tissue thickness and vascular measure-
ments in axial non-myopic, mild and high myopic glaucomatous
eyes.

In the current study, the macular vessel density showed a weak
association with AL and a moderate association with VFMD.
Previous studies reported conflicting results. This inconsistency
can be explained in part by differences in study populations
and image acquisition and analysis protocols. For instance, we
employed a 3 X3 mm imaging area, whereas Yang et al employed
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Figure 3  Scatterplots showing associations between axial length and global macula ganglion cell inner plexiform layer (GCIPL), retinal nerve fibre
layer (mRNFL), ganglion cell complex (GCC) and choroidal (CHR) thickness, superficial vessel density. R2 values are reported as percentages.

alarger 6x6 mm area.’' A large scan size can be more sensitive to
image artefacts and also may identify microvasculature dropout
in outer regions.”’ We found only a weak association between
superficial macula vessel density and AL but a moderate asso-
ciation between vessel density and VFMD. Our results suggest
that although myopic changes might affect vessel density in the

macula, effects due to glaucoma are much stronger as indicated
by the stronger association to the VEMD. Therefore, they also
may be useful for monitoring glaucoma in myopic eyes.**

We also examined choroidal thickness and found that as AL
increased, the choroid thinned in all sectors. Previously reported
results have demonstrated choroidal thinning in highly myopic
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Figure 4 Scatterplots showing associations between visual field (VF) mean

deviation (MD) and global macula ganglion cell inner plexiform layer

(GCIPL), retinal nerve fibre layer (mRNFL), ganglion cell complex (GCC) choroidal (CHR) thickness and superficial vessel density. R2 values are reported

as percentages.

eyes.> ™ Ho et al*® reported that subfoveal choroidal thickness
decreased by 6.20 um for each diopter of myopia and was thin-
nest in the nasal sectors in all groups. These results are similar
to the distributions of non-axial myopes, mild axial myopes and
high axial myopes in our study. The choroid is a highly vascular
layer. Supplied by the posterior ciliary arteries, it provides the
retinal photoreceptors and the retinal pigment epithelium with
oxygen and nourishment.*® Our results did not show an associ-
ation between choroidal thickness and VFMD, which suggests
that choroidal thickness is not a useful metric for differentiating

glaucomatous from healthy eyes or for monitoring glaucomatous
progression.

The current study has several limitations. First, individuals
with high myopia were younger. As retinal tissue is known to
thin in older eyes,®” we adjusted for age and VFMD in all anal-
yses. In addition, we compared the three axial myopic groups
after age-matching and found similar results (data not shown)
with respect to the pattern of the retinal and vascular measure-
ments in the three groups. Second, it has been suggested that
AL might affect retinal vessel density measurements and lead to
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incorrect scaling in OCTA imaging, which should be taken into
account when interpreting our results.>® Third, as vessel density
measurements vary across instruments,’” these sVD results are
not necessarily generalisable to macula vessel density measure-
ments from other OCTA instruments or to macula deep layer
vessel density measurements. Furthermore, AL impacts the
OCTA image magnification, which can result in differences in
the retinal area measured for calculating sVD, which may affect
mean vessel density measurements. However, the differences in
parafoveal sVD before and after magnification correction have
been shown to be less than 5%, so the impact on our results is
likely to be small.

In addition, axial elongation often leads to retinal layer
segmentation errors and measurement failures. However, we
reviewed the OCT images meticulously for segmentation errors
and excluded data with uncorrectable segmentation failures.
Another limitation of this study is that we did not include a
healthy control group to assess if GCIPL and GCC are asso-
ciated with AL in healthy eyes. It is possible that GCIPL and
GCC thinning in glaucoma eyes masks associations with AL that
would be found in healthy eyes. Finally, the sample size of the
high myopic group was relatively small compared with the other
two groups and the mean AL was only 26.6 mm. Therefore, we
cannot generalise these results to eyes with longer AL.

In conclusion, GCIPL and GCC thickness may be useful
measurements to monitor glaucoma in myopic eyes as they
thinned with increasing severity of glaucoma but did not vary
with AL.
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No Myopia Low Myopia High Myopia Overall p-value
Spectralis GCIPL (um)
94 (163) 133 (218) 43 (57) 270 (438)
Global thickness 62.4 (61.0,63.9) 61.3 (59.7, 62.8) 62.1 (59.2, 65.0) 61.8 (60.8, 62.8) 0.543 ()
Inner ring thickness 72.1(70.2,74.0) 70.9 (68.8, 73.0) 72.3 (68.2,76.3) 71.5(70.2,72.9) 0.659 ()
Outer ring thickness 52.8 (51.7, 53.9) 51.6 (50.6, 52.7) 51.9 (49.9, 54.0) 52.1(51.4,52.8) 0.341 ()
Inner T thickness 65.7 (63.4, 68.0) 65.2 (62.9, 67.5) 68.0 (63.9,72.2) 65.7 (64.2, 67.3) 0.498 ()
Inner S thickness 76.3 (74.2,78.4) 74.9 (72.7,77.1) 76.1(71.9,80.3) 75.6 (74.1,77.0) 0.647 ()
Inner N thickness 76.6 (74.5,78.6) 74.6 (72.3,76.9) 75.6 (70.9, 80.3) 75.5(74.0,76.9) 0.490 ()
Inner | thickness 69.9 (67.6,72.2) 68.8 (66.4, 71.3) 69.4 (64.3,74.5) 69.3 (67.7,70.9) 0.838 ()
Outer T thickness 51.8 (50.4, 53.2) 50.9 (49.6, 52.2) 51.1 (48.6, 53.6) 51.3(50.4, 52.2) 0.680 ()
Outer S thickness 52.4 (51.1,53.7) 51.4 (50.3, 52.6) 51.5(49.4, 53.7) 51.8 (51.0, 52.6) 0.527 ()
Outer N thickness 58.1 (56.7,59.4) 56.6 (55.3, 57.8) 56.9 (54.4,59.5) 57.2 (56.3, 58.0) 0.267 ()
Outer | thickness 48.8 (47.7, 50.0) 47.6 (46.7, 48.6) 48.1 (45.8,50.3) 48.1(47.4,48.8) 0.287 ()
Spectralis RNFL (um)
94 (163) 133 (218) 43 (57) 270 (438)
Global thickness 25.0 (24.3,25.6) 24.7 (24.0,25.4) 26.2 (24.8,27.5) 25.0 (24.5, 25.5) 0.137 ()
Inner ring thickness 21.0 (20.4, 21.5) 20.9 (20.4, 21.5) 22.0 (21.0,23.1) 21.1(20.7,21.4) 0.148 ()
Outer ring thickness 28.9 (28.0,29.8) 28.6 (27.6, 29.5) 30.3 (28.5, 32.1) 28.9 (28.3,29.5) 0.194 ()
Inner T thickness 19.1 (18.6, 19.5) 18.8 (18.4,19.3) 19.1 (18.4,19.7) 19.0 (18.7,19.2) 0.670 ()
Inner S thickness 22.3(21.6,23.0) 22.1(21.4,22.8) 24.6 (22.9, 26.3) 22.5(22.0,23.0) 0.004 ()
Inner N thickness 20.4 (19.7,21.1) 20.5(19.8,21.2) 21.8(20.2,23.4) 20.6 (20.2, 21.1) 0.172 ()
Inner | thickness 22.1(21.4,22.7) 22.3 (21.6,23.0) 22.6 (21.2,24.0) 22.2(21.8,22.7) 0.791 ()
Outer T thickness 19.1(18.8,19.5) 19.1 (18.7, 19.5) 19.5(18.9, 20.2) 19.2(18.9, 19.4) 0.528 ()
Outer S thickness 30.4 (29.1, 31.6) 29.2(28.1,30.4) 32.9(30.5,35.2) 30.1(29.3, 30.9) 0.013 ()
Outer N thickness 38.4 (37.1,39.8) 37.8(36.3,39.3) 40.2 (37.4, 43.0) 38.3(37.4,39.3) 0.280 ()
Outer | thickness 27.9 (26.6, 29.1) 28.1(26.9,29.3) 28.6 (25.9,31.4) 28.1(27.2,28.9) 0.842 ()
Spectralis GCC (um)
94 (163) 133 (218) 43 (57) 270 (438)
Global thickness 87.4 (85.5,89.3) 86.0 (83.9, 88.1) 88.3(84.4,92.2) 86.8 (85.5, 88.2) 0.458 ()
Inner ring thickness 93.1(90.9,95.2) 91.8 (89.3,94.3) 94.3 (89.7,98.8) 92.6 (91.0,94.2) 0.548 ()
Outer ring thickness 81.7 (79.9, 83.5) 80.2 (78.4, 82.0) 82.2(78.7,85.7) 81.0(79.8, 82.2) 0.386 ()
Inner T thickness 84.8 (82.4,87.1) 84.0 (81.6, 86.4) 87.1(82.9,91.4) 84.7 (83.1, 86.3) 0.461 ()
Inner S thickness 98.6 (96.1, 101.1) 97.0 (94.3,99.6) 100.7 (95.5, 105.9) 98.1 (96.3, 99.8) 0.356 ()
Inner N thickness 96.9 (94.6, 99.3) 95.1(92.5,97.8) 97.4 (92.0, 102.8) 96.1(94.4,97.8) 0.532 ()
Inner | thickness 92.0(89.2,94.7) 91.1 (88.2,94.1) 92.0 (86.0,97.9) 91.5 (89.6, 93.5) 0.908 ()
Outer T thickness 70.9 (69.3, 72.5) 70.1 (68.5, 71.6) 70.7 (67.7,73.6) 70.4 (69.4,71.5) 0.738 ()
Outer S thickness 82.8 (80.5, 85.0) 80.7 (78.6, 82.7) 84.4 (80.2, 88.6) 81.9(80.5, 83.4) 0.171 ()
Outer N thickness 96.5 (94.3, 98.7) 94.3(91.9,96.7) 97.1(92.7,101.6) 95.5(93.9, 97.1) 0.333 ()
Outer | thickness 76.7 (74.5,78.9) 75.7 (73.7,77.7) 76.7 (72.3,81.1) 76.2 (74.8,77.6) 0.788 ()
Spectralis Choroid (um)
73 (126) 119 (187) 31 (40) 223 (353)
Global thickness 168.7 (160.0, 177.5)  158.8 (152.1, 165.5)  122.5(109.5,135.5)  158.2(153.1,163.4)  <0.001 ()
Inner ring thickness 181.8(171.9,191.7) 173.8(166.1,181.6)  132.8(117.0,148.5) 172.0(166.2,177.9)  <0.001 ()
Outer ring thickness 164.9 (156.4,173.4)  154.3(147.8,160.9) 119.5(107.2,131.9)  154.2(149.2,159.1)  <0.001 ()
Inner T thickness 183.3(174.6,191.9) 178.1 (170.7,185.5)  145.4(128.1,162.8) 176.3(170.8,181.7)  <0.001 ()
Inner S thickness 181.9(171.0,192.9) 171.4(163.0,179.8)  131.8(114.5,149.2)  170.7 (164.3,177.1)  <0.001 ()
Inner N thickness 173.2(161.1,185.4)  158.8 (149.8, 167.8) 109.5 (93.6, 125.4) 158.4 (151.4,165.3)  <0.001 ()
Inner | thickness 188.7 (178.7,198.7)  186.9(179.0,194.9) 144.0(128.1,160.0) 182.7(176.8,188.6)  <0.001 ()
Outer T thickness 174.3(167.4,181.2) 166.2(159.9,172.4) 140.6 (125.7,155.4) 166.2(161.6,170.7)  <0.001 ()
Outer S thickness 168.4 (157.9,178.9)  154.7 (146.7,162.6)  121.9(106.4,137.4)  155.9(149.8,161.9)  <0.001 ()
Outer N thickness 125.4 (115.2,135.7)  107.5(100.5, 114.5) 70.8 (61.5, 80.2) 109.7 (104.2,115.3)  <0.001 ()
Outer | thickness 191.2(182.0,200.3)  188.9(181.4,196.4) 144.7(128.9,160.5)  184.7 (179.1,190.3)  <0.001 ()
Avanti GCC (um)
74 (125) 106 (164) 33 (40) 213 (329)
Whole image thickness 85.5(83.3,87.7) 84.8 (82.3,87.3) 84.3(79.4,89.3) 85.0 (83.4, 86.6) 0.882 ()
Parafovea thickness 91.0 (88.7,93.4) 89.9 (87.2,92.5) 89.6 (84.3, 95.0) 90.3 (88.6, 92.0) 0.797 ()
T thickness 82.9 (80.4, 85.5) 82.6 (80.0, 85.3) 83.0(77.7,88.3) 82.8 (81.1,84.5) 0.984 ()
S thickness 95.8 (93.1, 98.5) 93.9(91.0, 96.8) 95.1 (89.4, 100.8) 94.8 (92.9, 96.7) 0.652 ()
N thickness 94.8 (92.3,97.2) 93.6 (90.8, 96.4) 92.2 (86.5, 97.8) 93.8 (92.1, 95.6) 0.655 ()
| thickness 90.3 (87.3,93.3) 89.2 (86.0,92.3) 87.6 (80.4,94.7) 89.4 (87.3,91.5) 0.730 ()
Avanti Vessel Density (%)
74 (125) 106 (164) 33 (40) 213 (329)
Whole image density 40.9 (40.0, 41.7) 39.9 (39.0, 40.7) 39.9(38.1,41.7) 40.2 (39.7, 40.8) 0.256 ()
Parafovea density 44.0 (43.0, 44.9) 42.6 (41.7,43.5) 42.8 (40.8, 44.8) 43.1(42.5,43.8) 0.127 ()
T density 41.9 (41.0,42.9) 41.0 (40.1, 42.0) 40.9 (39.0, 42.9) 41.4 (40.7,42.0) 0.374 ()
S density 455 (44.5,46.4) 44.1 (43.1,45.1) 45.1 (43.1,47.2) 44.7 (44.1,45.4) 0.141 ()
N density 44.4 (43.6,45.3) 42.7 (41.7, 43.7) 43.1 (41.2,45.0) 43.4 (42.8,44.1) 0.049 ()
| density 44.0 (42.8,45.2) 42.5 (41.4, 43.6) 41.9 (39.2, 44.6) 43.0 (42.2,43.8) 0.141 ()

Supplemental Table 1. Results are presented as mean (95% confidence interval). Significance is
determined by linear mixed models.

No myopia: AL £24.0mm; Mild myopia: AL: >24mm and<26.0mm; High myopia: AL>26.0mm

TNo vs. Mild Myopia p < 0.05; 2No vs. High Myopia p < 0.05; Mild vs. High Myopia p < 0.05

Rezapour J, et al. Br J Ophthalmol 2022;0:1-9. doi: 10.1136/bjophthalmol-2021-320430



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s) Br J Ophthalmol

Univariable Multivariable

Patients (eyes)

Regression Regression

Estimate R? (p-value) Estimate R*™ (p-value)
Age n =270 (438) -0.28 (-0.58, 0.02) 0.2 (0.069) -0.27 (-0.57, 0.03) 0.1 (0.130)
VFMD n =270 (438) -0.34 (-0.94, 0.26) 0.3 (0.273) -0.52 (-1.15,0.11) 0.7 (0.107)
Spectralis
GCIPL (um)
Gilobal n =270 (438) -0.31(-1.18, 0.56) 0.1 (0.488) -0.59 (-1.34, 0.16) 0.7 (0.125)
Inner ring n =270 (438) -0.25 (-1.45, 0.95) 0.1(0.678) -0.53 (-1.56, 0.50) 0.3 (0.312)
Outer ring n =270 (438) -0.36 (-0.98, 0.26) 0.4 (0.260) -0.65 (-1.22, -0.07) 1.5 (0.028)
Inner temporal n =270 (438) 0.11(-1.20, 1.43) 0.0 (0.867) 0.07 (-1.05, 1.18) 0.0 (0.904)
Inner superior n =270 (438) -0.56 (-1.83,0.71) 0.2 (0.388) -0.97 (-2.16, 0.23) 0.8 (0.113)
Inner nasal n =270 (438) -0.32(-1.61, 0.97) 0.1(0.628) -0.65 (-1.85, 0.56) 0.3 (0.292)
Inner inferior n =270 (438) -0.13 (-1.52, 1.26) 0.0 (0.852) -0.32 (-1.55, 0.90) 0.1 (0.607)
Outer temporal n =270 (438) -0.42(-1.18,0.35) 0.3 (0.287) -0.52 (-1.20, 0.17) 0.6 (0.140)
Outer superior n =270 (438) -0.30 (-0.99, 0.40) 0.2 (0.408) -0.70 (-1.38, -0.01) 1.1 (0.047)
Outer nasal n =270 (438) -0.43(-1.18,0.32) 0.4 (0.260) -0.94 (-1.66, -0.22) 1.9 (0.011)
Outer inferior n =270 (438) -0.21 (-0.82, 0.40) 0.1 (0.501) -0.34 (-0.94, 0.26) 0.4 (0.264)
Spectralis RNFL
(um)
Global n =270 (438) 0.32(-0.07,0.72) 0.8(0.111) 0.55(0.17,0.93) 2.4 (0.005)
Inner ring n =270 (438) 0.32 (-0.00, 0.64) 1.1 (0.053) 0.46 (0.14,0.79) 2.2 (0.006)
Outer ring n =270 (438) 0.33 (-0.20, 0.87) 0.4 (0.223) 0.64 (0.15,1.13) 2.0 (0.011)
Inner temporal n =270 (438) 0.02 (-0.22, 0.26) 0.0 (0.866) 0.17 (-0.08, 0.42) 0.5(0.182)
Inner superior n =270 (438) 0.57 (0.14, 1.00) 1.9 (0.010) 0.73(0.29, 1.18) 2.9 (0.001)
Inner nasal n =270 (438) 0.42 (-0.00, 0.84) 1.1 (0.053) 0.58 (0.14, 1.02) 1.9 (0.010)
Inner inferior n =270 (438) 0.26 (-0.13, 0.65) 0.5(0.197) 0.38 (-0.02, 0.77) 1.0 (0.061)
Outer temporal n =270 (438) 0.09 (-0.12, 0.30) 0.2 (0.389) 0.23 (0.02, 0.43) 1.3 (0.029)
Outer superior n =270 (438) 0.40 (-0.29, 1.09) 0.4 (0.260) 0.76 (0.11, 1.42) 1.5 (0.024)
Quter nasal n =270 (438) 0.59 (-0.25, 1.43) 0.6 (0.173) 1.00 (0.20, 1.80) 1.8 (0.014)
Outer inferior n = 270 (438) 0.24 (-0.48, 0.96) 0.1(0.510) 0.57 (-0.10, 1.23) 0.8 (0.095)
Spectralis GCC
(pm)
Gilobal n =270 (438) 0.02 (-1.16, 1.20) 0.0 (0.978) -0.04 (-1.09, 1.00) 0.0 (0.935)
Inner ring n =270 (438) 0.07 (-1.31, 1.44) 0.0 (0.925) -0.07 (-1.30, 1.16) 0.0 (0.910)
Outer ring n =270 (438) -0.02 (-1.08, 1.03) 0.0 (0.967) -0.01 (-0.97, 0.95) 0.0 (0.982)
Inner temporal n =270 (438) 0.14 (-1.22, 1.50) 0.0 (0.841) 0.24 (-0.92, 1.41) 0.0 (0.682)
Inner superior n =270 (438) 0.01 (-1.52, 1.54) 0.0 (0.989) -0.23 (-1.70, 1.25) 0.0 (0.762)
Inner nasal n =270 (438) 0.10 (-1.41, 1.60) 0.0 (0.900) -0.09 (-1.54, 1.37) 0.0 (0.905)
Inner inferior n = 270 (438) 0.12 (-1.54, 1.78) 0.0 (0.886) 0.04 (-1.45, 1.54) 0.0 (0.955)
Outer temporal n =270 (438) -0.33(-1.21, 0.55) 0.2 (0.467) -0.30 (-1.10, 0.51) 0.2 (0.472)
Outer superior n =270 (438) 0.08 (-1.17,1.33) 0.0 (0.900) 0.03 (-1.17,1.24) 0.0 (0.958)
Outer nasal n =270 (438) 0.15 (-1.23, 1.54) 0.0 (0.827) 0.06 (-1.25, 1.37) 0.0 (0.930)
Outer inferior n =270 (438) 0.02 (-1.20, 1.25) 0.0 (0.969) 0.21 (-0.94, 1.36) 0.0 (0.718)
Avanti GCC (pm)
Whole image n=213(329) -0.03 (-1.41, 1.34) 0(0.961) -0.09 (-1.32, 1.14) 0(0.881)
Parafovea n=213(329) -0.18 (-1.65, 1.28) 0(0.810) -0.28 (-1.59, 1.03) 1(0.675)
Temporal n=213(329) -0.24 (-1.71,1.23) 0(0.748) -0.21 (-1.45, 1.04) 0(0.742)
Superior n =213 (329) -0.30 (-1.92, 1.32) 1(0.720) -0.39 (-1.95, 1.17) 1(0.625)
Nasal n=213(329) 0.08 (-1.47, 1.63) 0(0.918) -0.08 (-1.56, 1.40) 0(0.917)
Inferior n =213 (328) -0.24 (-2.03, 1.54) 0 (0.790) -0.41 (-2.00, 1.18) 1(0.616)
Avanti Vessel
Density (%)
Whole image n=213(329) -0.24 (-0.74, 0.26) 0.3 (0.355) -0.48 (-0.90, -0.05) 1.8 (0.028)
Parafovea n=213(329) -0.32(-0.85, 0.21) 0.5 (0.241) -0.59 (-1.04, -0.15) 2.5(0.010)
Temporal n=213(329) -0.33 (-0.87,0.21) 0.5 (0.237) -0.47 (-0.92, -0.02) 1.5 (0.040)
Superior n=213(329) -0.20 (-0.76, 0.36) 0.2 (0.494) -0.54 (-1.04, -0.05) 1.6 (0.033)
Nasal n=213(329) -0.30 (-0.84, 0.25) 0.4 (0.286) -0.60 (-1.09, -0.10) 2.0 (0.020)
Inferior n=213(328) -0.48 (-1.15, 0.19) 0.7 (0.159) -0.80 (-1.37, -0.23) 2.7 (0.006)
Spectralis
Choroid (pm)
Gilobal N=247 (400) -10.95 (-14.96, -6.94) 9 (<0.001) -15.17 (-18.96, -11.38) 17.3 (<0.001)
Inner Ring N=247 (400) -11.51 (-16.18, -6.84) 5 (<0.001) -16.04 (-20.49, -11.58) 14.6 (<0.001)
Outer Ring N=247 (400) -10.81 (-14.70, -6.92) 2 (<0.001) -14.97 (-18.64, -11.30) 17.9 (<0.001)
Inner Temporal N=247 (400) -8.05 (-12.53, -3.57) 1 (<0.001) -12.33 (-16.64, -8.02) 9.6 (<0.001)
Inner Superior N=247 (400) -12.56 (-17.72, -7.40) 3 (<0.001) -17.30 (-22.26, -12.34) 13.8 (<0.001)
Inner Nasal N=247 (400) -16.87 (-22.38, -11.36) 11.1 (<0.001) -21.73 (-27.06, -16.41) 17.9 (<0.001)
Inner Inferior N=247 (400) -9.28 (-14.19, -4.37) 5 (<0.001) -14.19 (-18.87, -9.51) 10.8 (<0.001)
Outer Temporal N=247 (400) -6.56 (-10.30, -2.83) 0 (<0.001) -11.03 (-14.47, -7.60) 11.8 (<0.001)
Outer Superior N=247 (400) -13.07 (-17.89, -8.24) 8.9 (<0.001) -17.45 (-22.12, -12.78) 15.5 (<0.001)
Outer Nasal N=247 (400) -14.37 (-18.70, -10.04) 12.8 (<0.001) -18.10 (-22.34, -13.86) 19.3 (<0.001)
Quter Inferior N=247 (400) -10.15 (-14.80, -5.50) 6.0 (<0.001) -14.92 (-19.32, -10.51) 13.1 (<0.001)

Supplemental Table 2. Ocular associations with axial length
*Linear mixed models slope estimates (with 95% confidence intervals) from univariable and multivariable models
adjusted for age and VFMD. "R? reported as a percentage
Abbreviations: GCC; Ganglion cell complex, GCIPL; Ganglion cell inner plexiform layer, RNFL; Retinal nerve fiber layer, VFMD;
Visual field mean deviation
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Patients Univariable Multivariable
(eyes) Regression Regression
Estimate R’ (p-value) Estimate R*™ (p-value)
Age N=269 (438) -0.004 (-0.023, 0.015) 0.0 (0.673) -0.004 (-0.023, 0.014) 0.0 (0.646)
Axial length N=269 (438) -0.003 (-0.011, 0.006) 0.0 (0.527) -0.004 (-0.012, 0.005) 0.1 (0.380)
Spectralis GCIPL
(um)
Gilobal n =269 (438) 0.86 (0.75, 0.96) 34.9 (<0.001) 0.84 (0.74, 0.94) 34.5 (<0.001)
Inner ring n =269 (438) 1.23(1.09, 1.37) 37.4 (<0.001) 1.21(1.07, 1.35) 36.9 (<0.001)
Outer ring n =269 (438) 0.48 (0.40, 0.56) 22.3 (<0.001) 0.47 (0.39, 0.55) 21.8 (<0.001)
Inner temporal n = 269 (438) 1.36 (1.20, 1.53) 37.7 (<0.001) 1.35(1.19, 1.52) 37.2(<0.001)
Inner superior n =269 (438) 1.00 (0.83,1.17) 22.7 (<0.001) 0.98 (0.81,1.15) 22.0 (<0.001)
Inner nasal n = 269 (438) 1.08 (0.92, 1.24) 25.5 (<0.001) 1.06 (0.90, 1.22) 25.0 (<0.001)
Inner inferior n =269 (438) 1.40 (1.22, 1.59) 34.3 (<0.001) 1.38 (1.20, 1.57) 33.7 (<0.001)
Outer temporal n =269 (438) 0.70 (0.60, 0.80) 29.9 (<0.001) 0.68 (0.59, 0.78) 29.2 (<0.001)
Outer superior n =269 (438) 0.39 (0.29, 0.50) 11.2 (<0.001) 0.37(0.27, 0.47) 10.3 (<0.001)
Outer nasal n =269 (438) 0.45 (0.34, 0.55) 13.2 (<0.001) 0.42(0.32, 0.52) 12.6 (<0.001)
Quter inferior n =269 (438) 0.38 (0.30, 0.47) 14.6 (<0.001) 0.37(0.29, 0.46) 14.0 (<0.001)
Spectralis RNFL
(um)
Global n =269 (438) 0.28 (0.22, 0.33) 17.9 (<0.001) 0.29 (0.23, 0.34) 19.2 (<0.001)
Inner ring n =269 (438) 0.10 (0.05, 0.15) 3.6 (<0.001) 0.11(0.06, 0.16) 4.2 (<0.001)
Outer ring n = 269 (438) 0.45 (0.38, 0.52) 26.2 (<0.001) 0.46 (0.39, 0.53) 27.4 (<0.001)
Inner temporal n =269 (438) 0.02 (-0.01, 0.06) 0.4 (0.226) 0.03 (-0.01, 0.07) 0.6 (0.114)
Inner superior n = 269 (438) 0.11(0.05, 0.18) 2.5 (<0.001) 0.12(0.06, 0.19) 3.1 (<0.001)
Inner nasal n =269 (438) 0.05(-0.02, 0.11) 0.5 (0.159) 0.06 (-0.01, 0.12) 0.7 (0.088)
Inner inferior n =269 (438) 0.21(0.15,0.27) 10.0 (<0.001) 0.22(0.16, 0.28) 10.6 (<0.001)
Outer temporal n =269 (438) 0.06 (0.03, 0.10) 3.6 (<0.001) 0.07 (0.04, 0.10) 4.7 (<0.001)
Outer superior n = 269 (438) 0.52 (0.43, 0.62) 20.8 (<0.001) 0.53 (0.44, 0.63) 21.7 (<0.001)
Quter nasal n =269 (438) 0.64 (0.53, 0.74) 21.2 (<0.001) 0.65 (0.55, 0.76) 22.2 (<0.001)
Outer inferior n = 269 (438) 0.58 (0.48, 0.68) 23.8 (<0.001) 0.59 (0.50, 0.69) 24.5 (<0.001)
Spectralis GCC
(pm)
Gilobal n =269 (438) 1.13(0.99, 1.28) 33.4 (<0.001) 1.13(0.98, 1.27) 32.9 (<0.001)
Inner ring n =269 (438) 1.34 (1.17, 1.50) 33.4 (<0.001) 1.33 (1.16, 1.50) 32.8 (<0.001)
Outer ring n =269 (438) 0.93 (0.80, 1.06) 28.8 (<0.001) 0.93(0.79, 1.06) 28.3 (<0.001)
Inner temporal n =269 (438) 1.39 (1.21, 1.56) 36.7 (<0.001) 1.38 (1.21, 1.56) 36.3 (<0.001)
Inner superior n =269 (438) 1.12(0.92, 1.33) 19.8 (<0.001) 1.11(0.90, 1.32) 19.2 (<0.001)
Inner nasal n =269 (438) 1.14 (0.95, 1.34) 21.0 (<0.001) 1.13(0.94, 1.33) 20.5 (<0.001)
Inner inferior n = 269 (438) 1.62 (1.40, 1.84) 32.2 (<0.001) 1.61(1.38, 1.83) 31.6 (<0.001)
Outer temporal n =269 (438) 0.76 (0.64, 0.87) 27.2 (<0.001) 0.75 (0.64, 0.87) 26.6 (<0.001)
Outer superior n =269 (438) 0.92 (0.74, 1.09) 19.5 (<0.001) 0.91 (0.73, 1.08) 19.0 (<0.001)
Outer nasal n = 269 (438) 1.08 (0.91, 1.26) 22.9 (<0.001) 1.08 (0.91, 1.25) 22.4 (<0.001)
Outer inferior n =269 (438) 0.97 (0.80, 1.13) 23.0 (<0.001) 0.97 (0.80, 1.13) 22.7 (<0.001)
Avanti GCC (pm)
Whole image n =213 (329) 1.17 (0.99, 1.35) 30.7 (<0.001) 1.17 (0.99, 1.34) 30.5 (<0.001)
Parafovea n =213 (329) 1.26 (1.07, 1.45) 31.3 (<0.001) 1.26 (1.07, 1.44) 31.1 (<0.001)
Temporal n =213 (329) 1.36 (1.17, 1.56) 36.1 (<0.001) 1.36 (1.16, 1.55) 35.8 (<0.001)
Superior n =213 (329) 1.08 (0.85, 1.30) 18.8 (<0.001) 1.07 (0.84, 1.30) 18.6 (<0.001)
Nasal n =213 (329) 1.05 (0.84, 1.25) 19.6 (<0.001) 1.04 (0.83, 1.25) 19.5 (<0.001)
Inferior n =213 (328) 1.57 (1.32, 1.82) 31.4 (<0.001) 1.56 (1.31, 1.81) 31.2 (<0.001)
Avanti Vessel
Density (%)
Whole image n =213 (329) 0.42 (0.34, 0.49) 28.9 (<0.001) 0.41(0.34, 0.47) 29.6 (<0.001)
Parafovea n=213(329) 0.44 (0.37,0.51) 28.9 (<0.001) 0.43 (0.36, 0.50) 29.8 (<0.001)
Temporal n =213 (329) 0.48 (0.41, 0.56) 33.3 (<0.001) 0.48 (0.40, 0.55) 33.5 (<0.001)
Superior n =213 (329) 0.38 (0.29, 0.47) 19.2 (<0.001) 0.37 (0.29, 0.45) 19.7 (<0.001)
Nasal n =213 (329) 0.35(0.26, 0.43) 17.1 (<0.001) 0.34 (0.26, 0.42) 17.2 (<0.001)
Inferior n=213(328) 0.56 (0.47, 0.66) 29.1 (<0.001) 0.55 (0.45, 0.64) 29.7 (<0.001)
Spectralis Choroid
(pm)
Gilobal N=247 (400) 0.35 (-0.11, 0.80) 0.3 (0.137) 0.25 (-0.19, 0.69) 0.2 (0.262)
Inner Ring N=247 (400) 0.51 (-0.04, 1.06) 0.5 (0.068) 0.39 (-0.13, 0.92) 0.4 (0.144)
Outer Ring N=247 (400) 0.31 (-0.14, 0.75) 0.2 (0.177) 0.21 (-0.22, 0.63) 0.2 (0.335)
Inner Temporal N=247 (400) 0.43 (-0.17,1.04) 0.4 (0.159) 0.27 (-0.30, 0.85) 0.2 (0.355)
Inner Superior N=247 (400) 0.67 (0.01, 1.33) 0.7 (0.046) 0.49 (-0.14, 1.12) 0.5 (0.127)
Inner Nasal N=247 (400) 0.77 (0.10, 1.44) 0.8 (0.025) 0.59 (-0.05, 1.22) 0.6 (0.071)
Inner Inferior N=247 (400) 0.48 (-0.14, 1.10) 0.4 (0.130) 0.33 (-0.26, 0.93) 0.2 (0.274)
Outer Temporal N=247 (400) 0.40 (-0.09, 0.88) 0.5 (0.108) 0.25 (-0.20, 0.71) 0.3 (0.281)
Outer Superior N=247 (400) 0.27 (-0.33, 0.88) 0.1 (0.376) 0.12 (-0.46, 0.69) 0.0 (0.687)
Outer Nasal N=247 (400) 0.34 (-0.20, 0.87) 0.2 (0.217) 0.18 (-0.32, 0.69) 0.1 (0.477)
Quter Inferior N=247 (400) 0.46 (-0.11,1.02) 0.4 (0.118) 0.32 (-0.23, 0.86) 0.2 (0.253)

Supplemental Table 3. Ocular characteristics associations with Visual Field mean deviation

*Linear mixed models slope estimates (with 95% confidence intervals) from univariable and multivariable models
adiusted for age and axial length.

"R* reported as a percentage

Abbreviations: GCC; Ganglion cell complex, GCIPL; Ganglion cell inner plexiform layer, RNFL; Retinal nerve fiber layer

Rezapour J, et al. Br J Ophthalmol 2022;0:1-9. doi: 10.1136/bjophthalmol-2021-320430
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Diagnostic Accuracy of Optic Nerve Head and ®
Macula OCT Parameters for Detecting

Check for
updates

Glaucoma in Eyes With and Without High
Axial Myopia

JASMIN REZAPOUR, EVAN WALKER, AKRAM BELGHITH, CHRISTOPHER BOWD, MASSIMO A. FAZIO,
ANUWAT JIRAVARNSIRIKUL, LESLIE HYMAN, JOST B. JONAS, ROBERT N. WEINREB, AND
LINDA M. ZANGWILL

e PURPOSE: To characterize structural differences and as-
sess the diagnostic accuracy of optic nerve head (ONH)
and macula optical coherence tomography (OCT) param-
eters to detect glaucoma in eyes with and without high
axial myopia.

* DESIGN: Cross-sectional study.

e METHODS: Three hundred sixty-eight glaucoma and
411 healthy eyes with no axial myopia, 393 glaucoma
and 271 healthy eyes with mild axial myopia and 124
glaucoma and 85 healthy eyes with high axial myopia
were included. Global and sectoral peripapillary retinal
nerve fiber layer thickness (pRNFLT), Bruch’s mem-
brane opening minimum rim width (BMO-MRW), gan-
glion cell inner plexiform layer thickness (GCIPLT), and
macula RNFLT (mRNFLT) were compared and the di-
agnostic accuracy for glaucoma detection was evaluated
using the adjusted area under the receiver operating char-
acteristic curve (AUC).

e RESULTS: Diagnostic accuracy for ONH and macula
parameters to detect glaucoma was generally high and dif-
fered by myopia group. For ONH parameters the diagnos-
tic accuracy was highest for global (AUC = 0.95) and
inferotemporal (AUC = 0.91) pRNFLT for high myopes
and global BMO-MRW for nonmyopes (AUC = 1.0) and
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mild myopes (AUC = 0.97). For macula parameters, the
diagnostic accuracy was higher in high myopes with 6 of
the 11 GCIPLT global/sectors having adjusted AUCs >
0.90 compared to nonhigh myopes with no AUCs > 0.90.
In all myopia groups, mRNFLT had lower AUCs than
GCIPLT.

e CONCLUSIONS: The diagnostic accuracy for pRNFL
and GCIPL was high for high axial myopic eyes and
shows promise for glaucoma detection in high myopes.
Further analysis is needed to determine whether the high
diagnostic accuracy can be confirmed in other popula-
tions. (Am ] Ophthalmol 2024;266: 77-91. © 2024
Elsevier Inc. All rights are reserved, including those for
text and data mining, Al training, and similar technolo-
gies.)

INTRODUCTION

YOPIA IS PROJECTED TO AFFECT APPROXIMATELY
50% of the world’s population by 2050.! The dra-
matically increasing prevalence is of concern, as
glaucoma is 2 to 3 times more prevalent in myopic eyes.”’
The glaucoma prevalence in highly myopic eyes is even 5 to
6 times higher than in nonhigh myopes.* The myopic eye
is not only one of the fastest growing phenotypes in open-
angle glaucoma (OAG) management, but with their char-
acteristic tilted discs, large parapapillary zones, and other
morphologic changes in the peripapillary region, myopic
eyes are among the most challenging to correctly diagnose
with the disease based on clinical optic nerve head (ONH)
evaluation.”® Therefore, it is not surprising that OAG is
relatively often over-diagnosed in myopic eyes.”>'°
Optical coherence tomography (OCT) based measure-
ments of the optic nerve head (ONH) have become more
and more important in the past decades in discriminating
healthy and glaucoma eyes. However, there is concern that
the diagnostic accuracy of OCT-based ONH measurements
such as the peripapillary retinal nerve fiber thickness (pRN-

© 2024 ELSEVIER INC. ALL RIGHTS ARE RESERVED, INCLUDING THOSE FOR TEXT AND DATA 77
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FLT) and Bruch’s membrane opening minimum rim width
(BMO-MRW) is reduced due to segmentation failures and a
variety of different anatomic configurations of the ONH in
highly myopic eyes which are typically poorly represented
in the OCT devices’ normative databases.'!"'> The ONH
appearance such as more “tilted” discs and morphologic
changes in the peripapillary region might in part explain
the challenges in interpreting OCT-based imaging of the
ONH and challenges in clinical optic disc evaluation to de-
tect glaucoma in myopic eyes.

In view of the myopia-related changes in ONH morphol-
ogy, macular measurements could be a useful tool to diag-
nose glaucoma, as the fovea contains approximately 50%
of the retinal ganglion cells.”” Previous studies have shown
that macula parameters, such as the ganglion cell inner
plexiform layer thickness (GCIPLT) can be used for de-
tecting glaucoma.'* However, little information has been
available on how the topographic distribution of macular
retinal layers is affected by axial elongation, especially in
eyes with axial lengths of more than 26 mm. Regional vari-
ations in GCIPLT or macula retinal nerve fiber layer thick-
ness (mRNFLT) also can have an impact on the evaluation
of glaucoma in highly myopic eyes.'” Furthermore, myopic
eyes are typically not included in instruments’ normative
ONH or macula databases, which can result in reduced di-
agnostic accuracy of glaucoma detection in myopic, and in
particular in highly myopic eyes.!¢!%

The purpose of this study is to characterize the local dis-
tribution of OCT-based measurements of the ONH (pRN-
FLT and BMO-MRW) and macula (GCIPLT and mRN-
FLT), in healthy and glaucoma eyes with mild axial myopia,
high axial myopia and without axial myopia. Furthermore,
we aimed to assess the diagnostic accuracy of ONH and
macula parameters to detect glaucoma in high axial myopic
eyes. The results of this study may elucidate which parame-
ters are best for detecting and monitoring glaucoma in the
rapidly growing population of myopic individuals.

METHODS

e STUDY POPULATION: This study included all patients
enrolled in the University of California, San Diego Di-
agnostic Innovations in Glaucoma Study (DIGS; clinical-
trials.gov identifier NCT00221897) with available axial
length measurements, visual field (VF) measurements and
good quality ONH and macula OCT scans. The study was
approved by the institutional review board of the Univer-
sity of California San Diego and according to the tenets
of the Declaration of Helsinki, written informed consent
was obtained from all participants. A detailed study proto-
col was published previously.'” All participants underwent
a complete ophthalmologic examination including assess-
ment of refractive error, visual acuity, axial length measure-

ment (IOLMaster, Carl Zeiss Meditec, Dublin, CA), VF
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testing, simultaneous stereophotography of the optic disc
and macula, and ONH and macular OCT imaging. Partici-
pants were required to be >18 years old with best-corrected
visual acuity >20/40 and open anterior chamber angles at
baseline.

e GLAUCOMA DEFINITION: VF testing was performed us-
ing the standard Humphrey Field Analyzer 24-2 Swedish
interactive thresholding algorithm [SITA] and the Visual
Field Assessment Center (VisFACT) Reading Center com-
pleted the quality control according to standard protocols.

Glaucomatous VF damage was defined as two repeatable
and reliable VF tests (rate of fixation losses and false neg-
atives and false positives responses of <33%) with a glau-
coma hemifield test (GHT) outside normal limits and/or a
pattern standard deviation (PSD) with a P-value of <.05
with a similar defect on consecutive abnormal tests.'” Pri-
mary open-angle glaucoma was defined as the presence of
glaucomatous ONH damage and corresponding glaucoma-
tous VF loss in open-angle eyes. Stereophotographs were
assessed by two trained observers and optic disc damage
was defined as focal or diffuse narrowing of the neuroreti-
nal rim, and/or detection of RNFL defects characteristic of
glaucoma. Because of morphologic ONH changes due to
axial elongation stereophotographs of highly myopic eyes
were graded by two experts (J.R. and C.B.) with extensive
expertise after training with a senior consultant (JBJ). Diag-
nosis was defined by consensus between the two graders and
adjudication by the senior consultant in case of disagree-
ment.”

e MYOPIA DEFINITION: Because axial elongation can lead
to several morphological changes of the optic disc and the
fundus but is not necessarily represented by the refractive
status, we defined myopia by axial length.”'">> Furthermore,
cataract- or refractive surgery can result in a change of re-
fractive error in eyes that are axially elongated but do no
longer appear to be (highly) myopic as defined by refractive
error. We therefore classified eyes by axial length into the
following groups:

- No axial myopia: axial length < 24.0 mm
- Mild axial myopia: 24.0 mm < axial length < 26.0 mm
- High axial myopia: axial length > 26.0 mm

e OPTICAL COHERENCE TOMOGRAPHY IMAGING: OCT
imaging of the ONH and macula was performed with the
Spectralis OCT (version 6.10; Heidelberg Engineering Inc,
Heidelberg, Germany). Details of this instrument have
been previously described.”* 24 high-resolution ONH ra-
dial scans and 3 RNFL circle scans centered on the ONH
were obtained using the ONH radical circle (ONHRC)
scan from the Glaucoma Module Premier Edition soft-
ware (version 6.10; Heidelberg Engineering Inc. Heidel-
berg, Germany). The Spectralis standard software was used
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TABLE 1. Patient and Eye Characteristics Stratified by Diagnosis in the No Myopia, Mild Myopia, and High Myopia Group

No Myopia Mild Myopia High Myopia
Healthy n = 214 Glaucoma P-value  Healthy n = 142 Glaucoma P-value Healthy n = 45 Glaucoman =76 P-value
(411) n =213 (368) (271) n = 225 (393) (85) (124)
Age 52.7 (50.5, 74.7 (731, <.001 51.4 (48.7, 71.6 (70.0, <.001 49.0 (43.6, 70.6 (68.3, <.001
54.9) 76.3) 54.2) 73.2) 54.5) 72.9)
Sex n (%)
Female 157 (73.4%) 143 (67.1%) 170 73 (51.4%) 100 (44.4%) .200 22 (48.9%) 33 (43.4%) 577

Male 57 (26.6%)
Race n (%)

African descent

Asian descent

70 (32.9%)

93 (43.5%)
4 (1.9%)

92 (432%)  .095
9 (4.2%)

69 (48.6%)

43 (30.3%)
3 (2.1%)

125 (55.6%) 23 (51.1%) 43 (56.6%)
11 (14.5%)  .009

15 (19.7%)

90 (40.0%)  .066
10 (4.4%)

6 (13.3%)
13 (28.9%)

European 110 (51.4%) 111 (52.1%) 92 (64.8%) 123 (54.7%) 18 (40.0%) 48 (63.2%)
descent
Other / unknown 7 (3.3%) 1(0.5%) 4 (2.8%) 2 (0.9%) 8 (17.8%) 2 (2.6%)
Ethnicity n (%)
Hispanic or 10 (4.7%) 4 (1.9%) .035 8 (5.6%) 5 (2.2%) <.001 6 (13.3%) 2 (2.6%) .048
Latino
Not Hispanic or 172 (80.4%) 190 (89.2%) 118 (83.1%) 214 (95.1%) 35 (77.8%) 70 (92.1%)
Latino
Unknown / Not 32 (15.0%) 19 (8.9%) 16 (11.3%) 6 (2.7%) 4 (8.9%) 4 (5.3%)
Reported
Axial length (mm)  23.2 (23.1, 23.3 (23.3, .003 247 (24.6, 24.8(24.7, .081 26.8 (26.5, 26.4 (26.2, .068
23.3) 23.4) 24.7) 24.8) 27.1) 26.7)
Spherical -0.22 (-0.39, -0.25(-0.42, 775 -1.78 (-2.07, -1.37 (-1.60, .033 -6.48 (-7.49, -4.56 (-5.34, .004
equivalent (D) -0.05) -0.08) -1.49) -1.14) -5.47) -3.77)
Visual field MD -0.16 (-0.76, -6.56 (-7.16, <.001 -0.11 (-0.94, -768(-8.35, <.001 -1.30(-2.91, -8.34(-9.60, <.001
(dB) 0.44) -5.95) 0.72) -7.01) 0.31) -7.07)
IOP (mmHg) 14.7 (14.3,15.2) 14.6 (14.1, 719 14.4 (13.6, 14.8 (14.2, 448 15.1 (13.9, 13.2 (12.4, .013
15.1) 15.2) 15.4) 16.2) 14.1)
BMO area (mm?) 1.93 (1.81,2.05) 2.11 (2.02, .024 1.96 (1.81, 2.12 (2.03, .069 2.28 (2.04, 2.14(1.92, .399
2.19) 2.11) 2.20) 2.52) 2.36)
Image quality 29.2 (28.8, 27.6 (271, <.001 29.5(28.9, 272 (26.8, <.001 28.7 (27.7, 26.9 (26.2, .005
score 29.7) 28.1) 30.0) 27.7) 29.7) 27.7)
Cataract/refractive
surgery n (%)
No 392 (95.4%) 196 (563.3%) <.001 253 (93.4%) 205 (52.2%) <.001 78 (91.8%) 66 (53.2%) <.001
Yes 19 (4.6%) 172 (46.7%) 18 (6.6%) 188 (47.8%) 7 (8.2%) 58 (46.8%)

All values are means (95% ClI) unless otherwise indicated. BMO = Bruch’s membrane opening; IOP = intraocular pressure; MD = mean

deviation.

Significance is determined by ANOVA / t tests and Fisher’s exact test for patient-level continuous and categorical variables, respectively, and

linear mixed models for eye-level variables.

to calculate BMO-MRW and RNFLT from ONHRC scans.
The BMO-MRW was defined as the shortest distance from
the BMO point to the internal limiting membrane (ILM)?
and was automatically computed by the instrument software
for each radial B-scan and then averaged for all 24 B-scans.
For macula measurements, macula horizontal posterior pole
(p-Pole) scans typically covering an area of 30° x 25° were
obtained. GCIPLT and mRNFLT measurements were gen-
erated from each retinal layer from the central 1-, 3-, and
6-mm circles as inner rings (1- and 3-mm circle) and outer
rings (3- and 6-mm circle)’® according to the Early Treat-
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ment Diabetic Retinopathy Study defined sectors (tempo-
ral, superior, nasal, and inferior).

To avoid low quality images and segmentation failures
that could bias study results, all images were reviewed by
the Imaging Data Evaluation and Analysis (IDEA) Read-
ing Center for image quality (centering, focus) and accurate
segmentation of the BMO in the radial B-scans and accu-
rate ILM, RNFL and Bruch’s membrane (BM) segmenta-
tion in the circle scans. Macula p-Pole scans were reviewed
for correct and accurate segmentation of the mRNFL,
and GCIPL. Automated segmentations were manually cor-
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FIGURE 1. Global and sectoral distribution of peripapillary retinal nerve fiber layer thickness by diagnosis in the no myopia, mild
myopia, and high myopia group. The top row presents global and sectoral peripapillary retinal nerve fiber layer thickness (PRNFLT)
distribution (in pum) in the three myopia groups in healthy eyes (from left to right: no myopia, mild myopia, high myopia). The
bottom row presents global and sectoral pRNFLT distribution (in um) in the three myopia groups in glaucoma eyes (from left
to right: no myopia, mild myopia, high myopia). pPRNFLT values are presented as absolute values and are color coded according
to the diagram on the right. * states statistical significance between healthy and glaucoma group and # states statistical significance
between myopia groups. G = global; I = inferior; IR = inner ring; N = nasal; NI = inferonasal; NS = superonasal; OR = outer ring;
pRNFLT = peripapillary retinal nerve fiber layer thickness; S = superior; T = temporal; T1 = inferotemporal; TS = superotemporal.

rected if needed, according to standard IDEA Reading Cen-
ter protocols.'” Segmentation failures that could not be
manually corrected or poor quality images (quality score
<15) were excluded.

o STATISTICAL ANALYSIS: Patient and eye-level charac-
teristics were presented as mean (95% confidence interval
[CI]) and count (percentage) for continuous and categor-
ical variables, respectively. Patients were stratified by di-
agnosis and myopia status, and demographic and clinical
characteristics were compared between cohorts with statis-
tical significance determined by ANOVA for patient-level
continuous variables and chi-squared and Fisher’s exact test
for patient-level categorical variables. Linear mixed-effects
models were applied for eye-level comparisons and included
a random intercept to account for within-subject correla-
tion between eyes. Models were adjusted for age, VF mean
deviation (VEMD), and image quality, where applicable.
The area under the receiver operating characteristic curve
(AUC) was used to evaluate the diagnostic accuracies of
ONH parameters (BMO-MRW and pRNFLT) and macula
parameters (GCIPLT and mRNFLT) and adjusted for age,
VEMD, and image quality.
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Sensitivities at fixed specificities are reported along with
the optimized sensitivities and specificities. Optimized sen-
sitivities and specificities are defined as the highest sensitiv-
ity and specificity combinations, per optic nerve head and
macula parameter. Differences in AUC were assessed using
bootstrap testing, where bootstrap resampling (n = 2000)
was clustered at the subject-level and sampled with replace-
ment. A subanalysis was performed to evaluate proportion
of eyes with pRNFLT within normal limits, outside normal
limits, and borderline cases across myopia status separately
for healthy and glaucoma eyes. P-values less than .05 were
considered statistically significant. All statistical analyses
were performed using the R programming language for sta-
tistical computing, version 4.2.3 (R Core Team, 2022; Vi-
enna, Austria).?’

RESULTS

e STUDY POPULATION: Eight-hundred-eighty-five glauco-
matous eyes of 514 patients were included with 368 eyes
(213 patients) in the nonmyopic group, 393 eyes (225 pa-

MonNTH 2024



TABLE 2. Diagnostic Accuracy of Peripapillary Retinal Nerve Fiber Layer Thickness for Diagnosing Glaucoma in Different Myopia

Groups
Adjusted AUC Sensitivity at Fixed Specificities Optimized Sensitivity? ~ Optimized Specificity”
85%. Specificity 95%. Specificity

pRNFL Global All subjects 0.90 0.75 0.59 0.86 0.76
No myopia 0.90 0.77 0.58 0.85 0.81

Mild myopia 0.85 0.70 0.62 0.62 0.95

High myopia 0.95 0.94 0.73 0.91 0.88

pRNFL Temporal All subjects 0.66 0.37 0.25 0.51 0.76
No myopia 0.64 0.33 0.20 0.5 0.74

Mild myopia 0.63 0.38 0.30 0.43 0.83

High myopia 0.74 0.52 0.30 0.65 0.75

pRNFL TS All subjects 0.81 0.57 0.36 0.78 0.70
No myopia 0.80 0.57 0.39 0.77 0.69

Mild myopia 0.83 0.63 0.43 0.83 0.69

High myopia 0.79 0.47 0.45 0.83 0.62

pRNFL TI All subjects 0.84 0.66 0.53 0.72 0.82
No myopia 0.83 0.60 0.47 0.82 0.71

Mild myopia 0.82 0.68 0.54 0.68 0.87

High myopia 0.91 0.87 0.72 0.87 0.85

pRNFL Nasal All subjects 0.78 0.54 0.31 0.61 0.82
No myopia 0.79 0.59 0.26 0.64 0.81

Mild myopia 0.72 0.50 0.27 0.53 0.84

High myopia 0.82 0.63 0.51 0.69 0.82

pRNFL NS All subjects 0.82 0.62 0.38 0.61 0.87
No myopia 0.83 0.63 0.44 0.59 0.91

Mild myopia 0.77 0.54 0.36 0.76 0.64

High myopia 0.89 0.71 0.50 0.88 0.74

pRNFL NI All subjects 0.81 0.56 0.43 0.72 0.73
No myopia 0.82 0.58 0.37 0.79 0.71

Mild myopia 0.80 0.56 0.46 0.71 0.76

High myopia 0.84 0.73 0.45 0.73 0.85

Adjusted area under the receiver operating characteristic curve (AUC) with sensitivities at 85%, and 95% specificity.
NI = inferonasal; NS = superonasal; pPRNFL = peripapillary retinal nerve fiber layer; Tl = inferotemporal; TS = superotemporal.
AUC is adjusted for visual field mean deviation, age, and image quality score.

2Highest sensitivity per optic nerve head parameter.
PHighest specificity per optic nerve head parameter.

tients) in the mild myopic group, and 124 eyes (76 patients)
in the highly myopic group. In addition, 767 healthy eyes of
401 subjects were included with 411 eyes (214 patients) in
the nonmyopic group, 271 eyes (142 patients) in the mild
myopic group, and 85 eyes (45 patients) in the highly my-
opic group (Table 1). There was no significant difference in
axial length between the healthy and glaucoma eyes with
high myopia (mean [95% CI] AL: (26.8 mm [26.5, 27.1]
and 26.4mm [26.2, 26.7], P = .068)

In each of the 3 myopia groups, compared to the glau-
coma patients, the healthy participants were significantly
younger (all P < .001), had significantly better image qual-
ity scores (all P < .005) and fewer cataract/refractive surg-
eries (all P < .001). BMO area tended to be larger in

glaucoma eyes compared to healthy eyes in the no myopia
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(mean difference glaucoma eyes — healthy eyes: 0.18 mm?,

P = .024) and mild myopia group (mean difference glau-
coma eyes — healthy eyes: 0.16 mm2 (P = .069). In the high
myopia group, BMO area tended to be higher in the healthy
eyes (mean difference glaucoma eyes — healthy eyes: -0.16
mm’ but did not reach statistical significance (P = .399).
As expected, mean VFMD was significantly worse in glau-
coma compared to healthy eyes. VEMD also tended to be
worse in high myopia compared to no myopia and mild
myopia in both the healthy (mean (95% CI) VFEMD: -
1.30(—2.91,0.31) dB, —0.16 (—0.76, 0.44) dB, and —0.11
(—0.94, 0.72) dB respectively, P < .001)) and glaucoma
eyes (mean (95% CI) VEMD: —8.34 (—9.60, —7.02) dB,
—6.56 (—7.16, —5.95) dB, and —7.68 (—8.35, —7.01) dB,
respectively, P < .001). (Table 1).

OCT PARAMETERS FOR DETECTING GLAUCOMA IN HIGH MYOPIA 81



TABLE 3. Diagnostic Accuracy of Bruch’s Membrane Opening Minimum Rim Width for Diagnosing Glaucoma in Different Myopia

Groups
Adjusted AUC Sensitivity at Fixed Specificities Optimized Sensitivity? ~ Optimized Specificity”
85% Specificity 95% Specificity

BMO-MRW Gilobal All subjects 0.94 0.93 0.86 0.91 0.87
No myopia 1.00 1.00 0.85 1.00 0.96

Mild myopia 0.97 0.93 0.62 0.93 0.95

High myopia 0.89 0.82 0.91 0.82 0.91

BMO-MRW Temporal All subjects 0.87 0.84 0.51 0.84 0.86
No myopia 0.91 0.90 0.5 0.98 0.84

Mild myopia 0.88 0.90 0.43 0.90 0.89

High myopia 0.83 0.76 0.65 0.74 0.91

BMO-MRW TS All subjects 0.89 0.76 0.78 0.93 0.74
No myopia 0.97 1.00 0.77 1.00 0.96

Mild myopia 0.96 0.97 0.83 0.97 0.89

High myopia 0.81 0.73 0.83 0.72 0.88

BMO-MRW TI All subjects 0.94 0.93 0.72 0.93 0.93
No myopia 1.00 1.00 0.82 1.00 0.98

Mild myopia 0.97 0.97 0.68 0.95 0.98

High myopia 0.88 0.87 0.87 0.87 0.93

BMO-MRW Nasal All subjects 0.90 0.73 0.61 0.69 0.97
No myopia 0.98 1.00 0.64 1.00 0.98

Mild myopia 0.91 0.87 0.53 0.86 0.86

High myopia 0.89 0.72 0.69 0.72 0.97

BMO-MRW NS All subjects 0.93 0.89 0.61 0.89 0.87
No myopia 0.99 1.00 0.59 0.91 0.99

Mild myopia 0.96 0.94 0.76 0.93 0.92

High myopia 0.87 0.79 0.88 0.79 0.89

BMO-MRW NI All subjects 0.91 0.78 0.72 0.91 0.81
No myopia 1.00 1.00 0.79 1.00 0.96

Mild myopia 0.92 0.94 0.71 0.92 0.87

High myopia 0.86 0.84 0.73 0.79 0.96

Adjusted area under the receiver operating characteristic curve (AUC) with sensitivities at 85%, and 95% specificity.
AUC is adjusted for visual field mean deviation, age, and image quality score.
NI = inferonasal; NS = superonasal; pRNFL = peripapillary retinal nerve fiber layer; Tl = inferotemporal; TS = superotemporal.

2Highest sensitivity per optic nerve head parameter.
PHighest specificity per optic nerve head parameter.

e OPTIC NERVE HEAD AND MACULA PARAMETERS BY MY-
OPIA GROUP: In each of the 3 myopia groups, all global
and sectoral pRNFLT and BMO-MRW values were signif-
icantly higher in healthy compared to glaucoma eyes (all
P < .01, Figure 1 and 2, Supplemental Table 1). All global
and sectoral GCIPLT values were also significantly thicker
in healthy eyes compared to glaucoma eyes in the 3 my-
opia groups (all P <.013), except for the nasal sector where
statistical significance was not reached in eyes with no my-
opia and mild myopia (P > .211, Figure 3, Supplemental
Table 2). Moreover, regardless of myopia group and diag-
nosis, all eyes tended to have thickest GCIPL in the inner
superior sector and thinnest GCIPL in the outer inferior
sector. Global mRNFLT was significantly thicker in all 3
myopia groups in healthy eyes compared to glaucoma eyes
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(P < .001 Figure 4, Supplemental Table 2). In the high my-
opia group, all sectoral mRNFLT values were significantly
thicker in the healthy compared to glaucoma eyes. In the
no myopia and mild myopia group, all sectoral mRNFLT
values were also significantly thicker in the healthy com-
pared to glaucoma eyes with the exception of the inner ring
mRNFLT (specifically the inner nasal in the no myopia and
the inner temporal in the mild myopia group).

e DIAGNOSTIC ACCURACY OF ONH PARAMETERS: The
diagnostic accuracy to detect glaucoma varied by specific
ONH parameter, sector, and myopia group (Tables 2 and 3,
Figure 5). Specifically, in high myopes, the diagnostic accu-
racy adjusted for baseline VFMD, age, and scan quality was
highest for global pPRNFLT (adjusted AUC = 0.95), and in
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FIGURE 2. Global and sectoral distribution of Bruch’s membrane opening minimum rim width by diagnosis in the no myopia, mild
myopia, and high myopia group. The top row presents global and sectoral distribution of Bruch’s membrane opening minimum rim
width (BMO-MRW) (in um) in the three myopia groups in healthy eyes (from left to right: no myopia, mild myopia, high myopia).
The bottom row presents global and sectoral BMO-MRW distribution (in pm) in the three myopia groups in glaucoma eyes (from left
to right: no myopia, mild myopia, high myopia). BMO-MRW values are presented as absolute values and are color coded according
to the diagram on the right. * states statistical significance between healthy and glaucoma group and # states statistical significance
between myopia groups. BMO-MRW = Bruch’s membrane opening minimum rim width; G = global; I = inferior; IR = inner
ring; N = nasal; NI = inferonasal; NS = superonasal; OR = outer ring; S = superior; T = temporal; TI = inferotemporal;

TS = superotemporal.

the infero-temporal sector (adjusted AUC = 0.91) (Sup-
plemental Figure 1A). In contrast, the diagnostic accuracy
in eyes without myopia and with mild myopia was highest
for global BMO-MRW (adjusted AUC = 1.00 and 0.97, re-
spectively) (Supplemental Figure 1B) but not in eyes with
high myopia (adjusted AUC = 0.89) (Table 3).

The diagnostic accuracy of sectoral pPRNFLT was highest
for high myopic eyes (adjusted AUC ranged from 0.74 to
0.91) followed by nonmyopic eyes and mild myopic eyes
(adjusted AUC ranged from 0.64 to 0.83 and from 0.63 to
0.83, respectively) (Table 2, Supplemental Figure 1).

e DIAGNOSTIC ACCURACY OF MACULA PARAMETERS:
The diagnostic accuracy to detect glaucoma also varied by
specific macula parameter, sector, ring, and myopia group
(Tables 4 and 5, Figure 5). In general, in each of the my-
opia groups, the diagnostic accuracy for detecting glaucoma
based on the global GCIPLT and sectoral values was higher
than the accuracy based on mRNFLT. For example, in high
myopic eyes, the diagnostic accuracy for glaucoma detec-
tion of global GCIPLT overall and in the inner and outer
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circles (Supplemental Figure 1C) tended to be higher (ad-
justed AUC = 0.91, 0.90, 0.91, respectively) than the di-
agnostic accuracy of global mRNFLT (Supplemental Fig-
ure 1D) overall and in the inner and outer circles (adjusted
AUC = 0.84, 0.71, and 0.89, respectively). There were
however exceptions. With the exception of the outer nasal
and outer inferior sectors, sectoral GCIPLT had higher diag-
nostic accuracy (adjusted AUCs ranged from 0.79 to 0.92)
than sectoral mRNFLT (adjusted AUCs ranged from 0.52
to 0.89). In addition, the diagnostic accuracy for detecting
glaucoma of global outer ring GCIPLT (Supplemental Fig-
ure 1E) was similar to mRNFLT (Supplemental Figure 1F)
in each of the myopia groups. Compared to the diagnos-
tic accuracy in high myopic eyes (adjusted AUCs ranged
from 0.52 to 0.92), the diagnostic accuracy of GCIPLT and
mRNEFLT for detecting glaucoma tended to be lower in non-
myopic and mild myopic eyes (adjusted AUCs ranged from
0.59 t0 0.83 and from 0.52 to 0.80, (Tables 4 and 5, Supple-
mental Figures 1C-1F).

The overall diagnostic accuracy of mRNFLT was lower
for all eyes compared to other macula and ONH parameters.
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TABLE 4. Diagnostic Accuracy of Ganglion Cell Inner Plexiform Layer Thickness for Diagnosing Glaucoma in Different Myopia Groups

Adjusted AUC Sensitivity at Fixed Specificities Optimized Sensitivity?  Optimized Specificity”
85% Specificity 95% Specificity
GCIPL Global All subjects 0.83 0.68 0.56 0.68 0.85
No myopia 0.83 0.59 0.55 0.55 0.95
Mild myopia 0.78 0.56 0.52 0.77 0.66
High myopia 0.91 0.85 0.84 0.82 0.97
GCIPL Inner All subjects 0.81 0.65 0.54 0.65 0.87
No myopia 0.79 0.58 0.53 0.55 0.93
Mild myopia 0.77 0.57 0.48 0.56 0.87
High myopia 0.90 0.84 0.84 0.84 0.95
GCIPL Outer All subjects 0.83 0.66 0.50 0.66 0.85
No myopia 0.83 0.62 0.46 0.89 0.64
Mild myopia 0.79 0.56 0.47 0.66 0.76
High myopia 0.91 0.83 0.80 0.79 0.99
GCIPL Inner T All subjects 0.83 0.67 0.56 0.66 0.89
No myopia 0.83 0.62 0.54 0.60 0.92
Mild myopia 0.80 0.59 0.55 0.62 0.83
High myopia 0.92 0.87 0.87 0.87 0.95
GCIPL Inner S All subjects 0.75 0.56 0.42 0.56 0.86
No myopia 0.73 0.53 0.46 0.50 0.89
Mild myopia 0.70 0.46 0.35 0.33 0.99
High myopia 0.85 0.73 0.68 0.72 0.92
GCIPL Inner N All subjects 0.72 0.50 0.35 0.65 0.76
No myopia 0.70 0.45 0.33 0.45 0.85
Mild myopia 0.67 0.37 0.29 0.48 0.78
High myopia 0.86 0.79 0.63 0.77 0.92
GCIPL Inner | All subjects 0.82 0.67 0.56 0.65 0.88
No myopia 0.81 0.58 0.54 0.54 0.96
Mild myopia 0.80 0.60 0.59 0.59 0.96
High myopia 0.91 0.85 0.79 0.85 0.90
GCIPL Outer T All subjects 0.86 0.68 0.59 0.59 0.96
No myopia 0.87 0.67 0.55 0.66 0.92
Mild myopia 0.80 0.60 0.46 0.60 0.85
High myopia 0.92 0.85 0.76 0.75 0.99
GCIPL Outer S All subjects 0.79 0.63 0.45 0.66 0.83
No myopia 0.79 0.62 0.41 0.62 0.85
Mild myopia 0.75 0.49 0.45 0.42 0.99
High myopia 0.86 0.74 0.69 0.69 0.95
GCIPL Outer N All subjects 0.74 0.48 0.33 0.50 0.84
No myopia 0.74 0.37 0.25 0.87 0.51
Mild myopia 0.73 0.45 0.38 0.38 0.96
High myopia 0.79 0.64 0.62 0.62 0.95
GCIPL Outer | All subjects 0.81 0.63 0.48 0.61 0.88
No myopia 0.82 0.69 0.35 0.69 0.85
Mild myopia 0.79 0.57 0.46 0.70 0.78
High myopia 0.86 0.82 0.68 0.82 0.85
| = inferior; N = nasal; S = superior; T = temporal.
Adjusted area under the receiver operating characteristic curve (AUC) with sensitivities at 85%, and 95% specificity.
AUC is adjusted for visual field mean deviation, age, and image quality score.
2Highest sensitivity per macula parameter.
2Highest specificity per macula parameter.
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TABLE 5. Diagnostic Accuracy of Macular Retinal Nerve Fiber Layer Thickness for Diagnosing Glaucoma in Different Myopia Groups

Adjusted AUC Sensitivity at Fixed Specificities Optimized Sensitivity?  Optimized Specificity”
85% Specificity 95% Specificity

mRNFL Global All subjects 0.78 0.57 0.45 0.48 0.93
No myopia 0.76 0.46 0.31 0.50 0.83

Mild myopia 0.74 0.60 0.52 0.58 0.90

High myopia 0.84 0.71 0.62 0.62 0.95

mRNFL Inner All subjects 0.62 0.36 0.22 0.40 0.83
No myopia 0.59 0.23 0.21 0.29 0.80

Mild myopia 0.60 0.35 0.28 0.30 0.94

High myopia 0.71 0.37 0.35 0.40 0.78

mRNFL Outer All subjects 0.83 0.63 0.50 0.68 0.82
No myopia 0.81 0.53 0.39 0.50 0.90

Mild myopia 0.78 0.61 0.55 0.55 0.96

High myopia 0.89 0.79 0.67 0.79 0.85

mRNFL Inner T All subjects 0.63 0.26 0.12 0.68 0.60
No myopia 0.68 0.41 0.22 0.55 0.75

Mild myopia 0.63 0.29 0.14 0.50 0.80

High myopia 0.52 0.27 0.09 0.27 0.91

mRNFL Inner S All subjects 0.63 0.37 0.26 0.37 0.85
No myopia 0.61 0.24 0.14 0.44 0.76

Mild myopia 0.59 0.40 0.30 0.40 0.91

High myopia 0.68 0.34 0.34 0.60 0.70

mRNFL Inner N All subjects 0.55 0.18 0.18 0.50 0.71
No myopia 0.51 0.17 0.17 0.17 0.97

Mild myopia 0.52 0.18 0.11 0.11 0.96

High myopia 0.66 0.31 0.22 0.63 0.67

mRNFL Inner | All subjects 0.71 0.39 0.31 0.39 0.90
No myopia 0.68 0.34 0.24 0.24 0.96

Mild myopia 0.70 0.52 0.42 0.42 0.97

High myopia 0.75 0.50 0.46 0.44 0.99

mRNFL Outer T All subjects 0.69 0.49 0.25 0.49 0.85
No myopia 0.66 0.24 0.07 0.66 0.74

Mild myopia 0.62 0.45 0.27 0.45 0.80

High myopia 0.79 0.45 0.30 0.45 0.90

mRNFL Outer S All subjects 0.78 0.56 0.44 0.55 0.87
No myopia 0.77 0.49 0.40 0.40 0.95

Mild myopia 0.75 0.56 0.48 0.47 0.97

High myopia 0.80 0.63 0.55 0.63 0.91

mRNFL Outer N All subjects 0.76 0.49 0.36 0.59 0.76
No myopia 0.73 0.38 0.28 0.50 0.78

Mild myopia 0.71 0.53 0.45 0.52 0.90

High myopia 0.82 0.65 0.42 0.65 0.90

mRNFL Outer | All subjects 0.85 0.70 0.64 0.64 0.95
No myopia 0.81 0.66 0.61 0.61 0.96

Mild myopia 0.83 0.65 0.62 0.60 0.98

High myopia 0.92 0.80 0.72 0.80 0.90

Adjusted area under the receiver operating characteristic curve (AUC) with sensitivities at 85%, and 95% specificity.
AUC is adjusted for visual field mean deviation, age, and image quality score.

mRNFL = macular retinal nerve fiber layer; | = inferior; N = nasal; S = superior; T = temporal.

2Highest sensitivity per macula parameter.

bHighest specificity per macula parameter.
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FIGURE 3. Global and sectoral distribution of ganglion cell inner plexiform layer thickness by diagnosis in the no myopia, mild
myopia, and high myopia group. The top row presents global and sectoral distribution of ganglion cell inner plexiform layer thickness
(GCIPLT) (in um) in the three myopia groups in healthy eyes (from left to right: no myopia, mild myopia, high myopia). The
bottom row presents GCIPLT (in um) in the three myopia groups in glaucoma eyes (from left to right: no myopia, mild myopia,
high myopia). GCIPLT values are presented as absolute values and are color coded according to the diagram on the right. * states
statistical significance between healthy and glaucoma group and # states statistical significance between myopia groups. G = global;
GCIPLT = ganglion cell inner plexiform layer thickness; I = inferior; IR = inner ring; N = nasal; OR = outer ring; S = superior;

T = temporal.

Specifically, global mRNFLT was highest for high myopic
eyes (AUC = 0.84) compared to nonmyopic (AUC = 0.76)
and mild myopic eyes (AUC = 0.74) (Supplemental Figure
1D). In high myopic eyes the AUCs of mRNFLT vary sig-
nificantly by sector and range between 0.52 (inner temporal
sector) and 0.92 (outer inferior sector) (Supplemental Fig-
ure 1F). The AUCs range in nonmyopic eyes between 0.51
and 0.81 and between 0.52 and 0.83 in mild myopic eyes.
(Table 5). All AUCs were adjusted for age, VEMD and im-
age quality.

DISCUSSION

The current study characterized topographic differences in
ONH and macula parameters and found that the diagnostic
accuracy for detecting glaucoma in nonaxial myopic eyes,
mild axial myopic eyes, and high axial myopic eyes varied
by myopia status. As expected, we found that global ONH
pRNFLT, BMO-MRW, mRNFLT, and GCIPLT values were
significantly lower in glaucoma compared to healthy eyes
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within each myopia group. Most importantly, we found spe-
cific ONH and macula parameters that had good diagnos-
tic accuracy for glaucoma detection in each of the myopic
groups (adjusted AUC > 0.85 or 0.90). However, the pa-
rameters with the highest diagnostic accuracy varied by my-
opia status and topographic location of the measurement.
In general, pRNFLT and GCIPLT measures had the high-
est diagnostic accuracy in eyes with high myopia, whereas
BMO-MRW had the highest diagnostic accuracy in the no-
myopia and mild myopia groups.

Our study shows that pRNFLT, mRNFLT, and GCIPLT
have similar diagnostic accuracy to predict glaucoma in eyes
across all myopia ranges. Peripapillary RNFL is an estab-
lished OCT parameter for predicting glaucoma and widely
used to detect and monitor glaucoma. The peripapillary
RNFL represents the axons of almost all retinal ganglion
cells axons (except for those few ganglion cells which are lo-
cated between the measurement ring and the optic disc bor-
der), and it has been assumed that it is not affected by macu-
lar pathologies and therefore a good marker for glaucoma as-
sessment.”® Because of changes in ONH configuration sec-
ondary to axial elongation such as disc “tilting,” ovalization
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FIGURE 4. Global and sectoral distribution of macular retinal nerve fiber layer thickness by diagnosis in the no myopia, mild
myopia, and high myopia group. The top row presents global and sectoral distribution of macular retinal nerve fiber layer thickness
(mRNFLT) (in pm) in the three myopia groups in healthy eyes (from left to right: no myopia, mild myopia, high myopia). The
bottom row presents mRNFLT (in um) in the three myopia groups in glaucoma eyes (from left to right: no myopia, mild myopia,
high myopia). mRNFLT values are presented as absolute values and are color coded according to the diagram on the right. * states
statistical significance between healthy and glaucoma group and # states statistical significance between myopia groups. G = global;
mRNFLT = macula retinal nerve fiber layer thickness; I = inferior; IR = inner ring; N = nasal; OR = outer ring; S = superior;

T = temporal.

of the disc shape and increased size of parapapillary zones, it
was unclear whether these changes affect the diagnostic ac-
curacy of both pRNFLT and BMO-MRW. We found that in
highly myopic eyes, pPRNFLT had better diagnostic accuracy
for glaucoma detection than BMO-MRW. In contrast, in
the no-myopia and mild myopia group, BMO-MRW tended
to have higher diagnostic accuracy than pRNFLT. This
lower diagnostic accuracy of BMO-MRW in highly myopic
eyes is likely due to the ONH morphologic changes associ-
ated with axial elongation. It is unclear why the diagnostic
accuracy of BMO-MRW was so high in the nonhigh myope
groups.”’ It was previously shown that the neuroretinal rim
performs well in diagnosing glaucoma in nonhigh myopic
eyes. One possible reason it performs worse in high myopes
could be, that due to morphologic changes in high myopes
as disc tilting, the neuroretinal rim measurements are not
as sensitive as other parameters.

These axial elongation-related morphologic changes can
also lead to a change in the distribution of pRNFLT profile,
with a dislocation of the temporal superior and temporal
inferior pPRNFLT peaks into the temporal region in myopic
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eyes,”?%°l which can result in eyes incorrectly classified

outside normal limits. Additionally, It remains unknown
whether retinal ganglion cell axon loss that is responsible
for RNFL bundle defects proceeds or follows retinal gan-
glion cell body loss.” It is therefore of interest to exam-
ine the retinal ganglion cells and with more than 50% of
the retinal ganglion cells concentrated in the perifoveal re-
gion, the macula is of special interest."” It has been assumed
that the macula is less affected by morphologic changes
due to axial elongation and that the examination of mac-
ula parameters like the GCIPLT and ganglion cell complex
(GCC; the sum of the GCIPLT and mRNFLT) can be useful
parameters to detect glaucomatous changes.””*’ We found
that the diagnostic ability of GCIPLT was similar to that of
pRNEFLT and not superior in the high axial myopia group.
Previous studies comparing the diagnostic accuracy of
GCIPLT and pRNFLT showed conflicting results. Choi
and associates found similar results to the current study
and stated that inferior RNFL (AUC 0.906) and infer-
otemporal GCIPLT (AUC 0.852) were the best parame-
ters for discriminating healthy from glaucomatous highly
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myopic eyes with no statistically significant difference be-
tween both parameters.”® In our study the inferotemporal
pRNEFLT also had the best diagnostic accuracy (adjusted
AUC = 0.91) among the pRNFLT parameters for high my-
opes. For GCIPLT, the sectors with best diagnostic accuracy
for glaucoma detection in high myopes were the inner in-
ferior, the inner temporal and the outer temporal sectors
(all adjusted AUC> 0.91). Similar results were obtained
by Kim and associates with higher AUC for GCC (0.89)
than for pRNFLT (0.83) to detect glaucomatous changes
in highly myopic eyes, however with no statistical signifi-
cance (P = .442) between both parameters.’* The pPRNFLT
might generally be a good marker for glaucomatous changes,
as the axonal fibers of almost all retinal ganglion cells con-
verge towards the ONH, where RNFL loss can be detected,
whereas the perifoveal region only comprises information
only on ganglion cell loss located in that region.’** How-
ever Shoji and colleagues compared the diagnostic ability
of the GCC and pRNFLT in highly myopic eyes and found
that GCC was the best OCT parameter to diagnose glau-
coma in a highly myopic eye.’® Because the RNFL is in-
cluded in the GCC, the diagnostic ability of the GCC is
dependent on that of the RNFL. Both GCIPL and RNFL
have different sectoral diagnostic accuracy and it is impor-
tant to consider the topographic distribution of nerve fiber
bundles when interpreting the results, especially in high
myopic eyes, which are reported to have a more temporally
located peak of the RNFLT.’*** The region inferotemporal
to the fovea is reported to be affected prior to other sectors
by glaucoma’’ and also in our study the temporal and infe-
rior GCIPLT had a higher diagnostic accuracy compared to
other GCIPLT sectors.

In this study, we found high diagnostic accuracy for both
pRNFLT and GCIPLT parameters in high myopic eyes. One
possible reason for the high diagnostic accuracy could be
the selection bias we had for high myopic eyes as these
eyes underwent a separate grading process where diagnosis
was defined by consensus between two graders and adjudi-
cation by a senior consultant based on assessment of op-
tic disc photographs. By having a separate grading process
for high myopic eyes, we likely included fewer “borderline
cases” in the high myopia group compared to the other two
myopia groups. The borderline cases were mostly graded as
healthy high myopic eyes. This could explain in part the
high AUCs, however only a few high myopic eyes (5 in to-
tal) were excluded because of unclassified diagnosis.
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There are several possible limitations to this study. First,
Individuals with healthy eyes were significantly younger
than those with glaucomatous eyes, which could lead to an
overestimate of the diagnostic accuracy of both ONH and
macula parameters. For these reasons, we adjusted for age
in our analysis. Second, it is possible that selection bias led
to an overestimate of the diagnostic accuracy in the highly
myopic group, as these eyes were more challenging to detect
glaucoma based on our standard definition using consensus
between two graders reviewing optic disc photographs, or in
cases of disagreement, adjudication by a third expert grader.
For the highly myopic eyes, the same process of grading of
optic disc photographs was completed, except adjudication
was conducted by a senior consultant (].].) who is an expert
on the myopic disc. It is possible that our study includes eyes
that were mistakenly identified as glaucomatous, resulting
in false positive or overcalling of glaucoma. To minimize
the possibility of false positive cases of glaucoma, the two
independent graders trained with a senior consultant (J.J.)
with extensive expertise in high myopic eyes, and the pro-
tocol required consensus on the determination of glaucoma
with adjudication by the same senior consultant when nec-
essary. If there is indeed a substantial number of individuals
mistakenly identified as having glaucoma, then any differ-
ences identified would be conservative as they would un-
derestimate true differences between groups. It should be
noted, that in contrast to other studies,’® highly myopic
glaucoma eyes did not have more severe glaucoma, as mea-
sured by VEMD, than the glaucoma eyes in the no-myopia
and mild myopia groups, suggesting that possible selection
bias of more severe glaucoma in the highly myopic eyes may
be limited. Third, the majority of individuals in our study
were of African and European descent. Consequently, the
generalizability of our findings to other populations may be
limited. This limitation should be considered when inter-
preting the results.

In conclusion, the diagnostic ability of the GCIPLT and
pRNEFLT was high for high axial myopic eyes and both OCT
parameters can be used in glaucoma management in high
myopes. Further studies with larger sample sizes for healthy
high myopic eyes are needed to determine which combina-
tion of parameters is best in glaucoma management of high
myopic eyes.
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Supplemental Table 1 Mean (95% Cl) Peripapillary Retinal Nerve Fiber Layer (pRNFL) Thickness, and Bruch’s Membrane Opening Minimum Rim

Width (BMO-MRW) by Diagnosis in the No Myopia, Mild Myopia and High Myopia Group

No Myopia Mild Myopia High Myopia p-value* p-value*
Glaucoma Healthy p- Glaucoma Healthy p- Glaucoma Healthy p- comparing | comparing
_ _ % _ _ * _ _ % Glaucoma Healthy
n=213 n=214 value n=225 n=142 value n=76 n=45 value
(368 eyes) (411 eyes) (394 eyes) (271 eyes) (125 eyes) (85 eyes) subgroups |~ subgroups
PRNFL
Global 74.3 100.6 <0.001 69.8 96.5 <0.001 65.9 100.0 <0.001 0.003 0.013
(72.7,75.9) (99.1, 102.2) (68.0, 71.5) (94.4,98.7) (62.6, 69.2) (95.8,104.2)
Temporal 58.7 67.5 <0.001 58.1 69.2 0.013 60.4 81.1 0.002 0.119 <0.001
(57.1, 60.2) (66.0, 69.1) (56.2, 60.1) (66.8, 71.6) (56.0, 64.9) (75.5, 86.7)
Temporal Superior 95.5 131.8 <0.001 88.0 130.1 <0.001 82.7 132.0 <0.001 0.010 0.846
(92.8,98.3) (129.0, 134.5) (85.2,90.8) (126.6, 133.6) (76.2, 89.3) (123.7, 140.3)
Temporal Inferior 923 141.3 <0.001 85.1 140.4 <0.001 78.7 146.6 <0.001 0.080 0.359
(88.9, 95.6) (137.9, 144.6) (81.4, 88.8) (135.8, 145.0) (72.3,85.2) | (138.6, 154.6)
Nasal 60.0 79.6 <0.001 57.7 73.7 <0.001 54.2 77.4 <0.001 0.082 <0.001
(58.3, 61.8) (77.9, 81.3) (56.0, 59.4) (71.5, 75.8) (50.8, 57.5) (73.2, 81.7)
Nasal Superior 81.2 114.7 <0.001 76.9 105.5 <0.001 68.0 117.4 <0.001 0.001 <0.001
(78.6, 83.9) (112.0, 117.3) (74.1, 79.6) (102.1, 108.9) (62.4,73.6) | (110.3,124.5)
Nasal Inferior 87.8 125.1 <0.001 77.5 113.7 <0.001 71.5 106.9 <0.001 <0.001 <0.001
(84.8,90.7) (122.2,128.1) (74.7, 80.3) (110.2, 117.2) (65.9, 77.0) (99.9, 114.0)
BMO-MRW
Global 189.0 330.8 <0.001 195.0 331.6 <0.001 185.5 311.5 <0.001 0.288 0.539
(141.6,236.5) | (303.5,358.1) (171.5,218.5) | (306.5, 356.6) (164.1, 206.8) | (294.8, 328.2)
Temporal 157.7 233.6 0.010 152.5 239.2 <0.001 163.0 241.0 <0.001 0.475 0.604
(119.8,195.7) | (211.8,255.5) (132.3,172.8) | (217.6, 260.8) (144.4, 181.6) | (226.7, 255.3)
Temporal Superior 180.5 319.3 0.002 156.5 320.8 <0.001 179.3 303.0 <0.001 0.479 0.222
(130.7, 230.4) (290.6, 347.9) (134.2,178.8) (297.0, 344.6) (151.4, 207.1) | (281.5, 324.5)
Temporal Inferior 139.5 355.0 <0.001 158.9 362.3 <0.001 159.7 343.1 <0.001 0.143 0.728
(80.0, 199.0) (320.9, 389.1) (128.9,188.9) | (330.3,394.3) (128.4,191.1) | (318.8, 367.3)
Nasal 216.2 361.9 <0.001 241.6 365.0 0.003 208.7 331.1 <0.001 0.725 0.319
(163.3, 269.0) (331.5,392.3) (209.0, 274.2) (330.2, 399.7) (183.4,234.0) | (311.2, 350.9)
Nasal Superior 209.6 382.0 <0.001 204.6 364.0 <0.001 186.6 343.3 <0.001 0.097 0.010
(150.3,268.9) | (347.8,416.1) (179.6,229.5) | (337.4,390.7) (154.2,218.9) | (318.0, 368.6)
Nasal Inferior 221.3 399.9 <0.001 227.6 398.3 <0.001 206.0 361.0 <0.001 0.660 0.403
(164.6, 278.1) (367.3, 432.5) (191.4, 263.8) (359.7, 436.8) (176.7, 235.3) | (338.9, 383.0)

*Significance is determined by linear mixed models. Models are adjusted for visual field mean deviation, age and image quality score.




Supplemental Table 2. Mean (95% Cl) Ganglion Cell Inner Plexiform Layer (GCIPL) Thickness and Macular Retinal Nerve Fiber Layer (mRNFL) Thickness by Diagnosis

No Myopia Mild Myopia High Myopia p-value* p-value*
Glaucoma Healthy p- Glaucoma Healthy p- Glaucoma Healthy p- comparing comparing
n=119 n=39 value* n=157 n=33 value* n=>55 36 value* Glaucoma Healthy
(197 eyes) (71 eyes) (267 eyes) (61 eyes) (84 eyes) (59 eyes) subgroups | subgroups
GCIPL
Global 61.8 76.5 <0.001 59.5 75.8 <0.001 57.7 26.2 <0.001 0.029 0.098
(60.4, 63.2) (74.3,78.8) (58.0, 61.0) (72.6,79.1) (55.3, 60.2) (24.5, 27.8)
Inner Ring 71.5 89.1 <0.001 68.7 89.0 0.002 66.3 92.2 <0.001 0.098 0.163
(69.7, 73.3) (86.2,92.1) (66.6, 70.8) (84.5, 93.5) (63.0, 69.6) (88.2, 96.2)
Outer Ring 52.1 63.9 <0.001 50.3 62.7 <0.001 49.1 63.1 <0.001 0.006 0.253
(51.0, 53.2) (62.0, 65.7) (49.2, 51.4) (60.4, 65.0) (47.3,50.9) (60.9, 65.3)
Inner Temporal 65.0 86.5 <0.001 62.9 86.9 <0.001 60.7 90.0 <0.001 0.649 0.619
(63.0, 67.0) (83.2, 89.8) (60.7, 65.1) (82.3,91.6) (57.2, 64.3) (85.8, 94.3)
Inner Superior 76.3 90.7 0.024 73.2 90.5 0.056 70.9 93.7 0.003 0.113 0.501
(74.2,78.3) (87.3,94.0) (71.0, 75.4) (85.9, 95.2) (67.3, 74.5) (89.3, 98.0)
Inner Nasal 76.2 89.0 0.126 72.9 88.0 0.211 70.3 93.3 0.001 0.040 0.111
(74.3,78.2) (85.7,92.2) (70.5, 75.2) (83.0, 93.0) (66.5, 74.1) (88.7,97.9)
Inner Inferior 68.6 90.4 <0.001 66.1 90.6 <0.001 63.4 91.8 <0.001 0.295 0.388
(66.4, 70.7) (86.9, 93.9) (63.7, 68.5) (85.6, 95.6) (59.7, 67.1) (87.4,96.2)
Outer Temporal 50.8 66.5 <0.001 49.4 64.8 <0.001 47.4 66.0 <0.001 0.100 0.006
(49.6, 52.1) (64.4, 68.5) (48.2, 50.7) (62.1, 67.5) (45.3, 49.4) (63.5, 68.5)
Outer Superior 52.1 62.4 <0.001 50.0 61.1 <0.001 48.7 61.8 <0.001 0.005 0.047
(50.8, 53.5) (60.1, 64.6) (48.9,51.1) (58.7, 63.5) (46.9, 50.6) (59.5, 64.0)
Outer Nasal 57.7 67.7 0.006 55.4 66.9 0.005 54.4 66.8 0.013 0.003 0.365
(56.4, 59.1) (65.4, 69.9) (54.0, 56.7) (64.1, 69.7) (52.0, 56.7) (63.9, 69.6)
Outer Inferior 47.6 59.0 <0.001 46.4 58.1 <0.001 46.0 58.0 <0.001 0.272 0.204
(46.5, 48.8) (57.2, 60.9) (45.4, 47.4) (55.9, 60.3) (44.1,47.9) (55.8, 60.3)
mRNFL
Global 24.4 28.2 <0.001 23.9 28.1 <0.001 24.1 31.0 <0.001 0.330 0.009
(23.8, 24.9) (27.3,29.2) (23.2, 24.5) (26.7, 29.4) (22.9, 25.3) (29.6, 32.5)
Inner Ring 20.5 21.2 0.806 20.4 21.3 0.402 20.7 23.3 0.006 0.193 <0.001
(20.1, 20.9) (20.5, 21.8) (20.0, 20.9) (20.5, 22.2) (19.8, 21.7) (22.2,24.4)
Outer Ring 28.2 35.3 <0.001 27.3 34.8 <0.001 27.5 38.8 <0.001 0.530 0.069
(27.4,29.1) (33.9, 36.7) (26.4, 28.2) (32.9, 36.8) (25.8,29.1) (36.8, 40.7)
Inner Temporal 18.5 17.4 0.005 18.5 17.5 0.009 18.5 18.3 0.238 0.483 <0.001
(18.2, 18.7) (16.9, 17.8) (18.2, 18.8) (16.9, 18.1) (17.8,19.2) (17.5,19.1)
Inner Superior 21.8 23.0 0.675 21.8 23.3 0.267 22.6 26.2 0.002 0.085 <0.001
(21.3,22.4) (22.0, 23.9) (21.2, 22.4) (22.1, 24.5) (21.2, 23.9) (24.5, 27.8)
Inner Nasal 20.2 20.0 0.491 20.0 20.1 0.727 20.7 22.3 0.043 0.093 <0.001
(19.6, 20.8) (19.0, 20.9) (19.5, 20.5) (19.1, 21.2) (19.5, 21.9) (20.8, 23.8)
Inner Inferior 21.4 24.4 0.005 215 24.5 0.035 211 26.4 <0.001 0.755 0.056
(20.9, 21.9) (23.5, 25.2) (20.9, 22.1) (23.3, 25.8) (20.0, 22.2) (25.1, 27.7)
Outer Temporal 18.8 19.1 0.102 18.7 19.2 0.041 18.6 20.4 <0.001 0.501 <0.001
(18.5, 19.1) (18.6, 19.6) (18.4, 19.0) (18.6, 19.9) (18.1, 19.2) (19.7, 21.0)
Outer Superior 29.9 37.0 <0.001 28.3 36.0 0.003 29.1 40.5 <0.001 0.327 0.005
(28.7,31.0) (35.1, 38.9) (27.2,29.5) (33.5, 38.4) (26.9, 31.3) (37.9,43.1)
Outer Nasal 37.7 46.2 0.002 36.2 45.9 0.002 36.8 52.5 <0.001 0.420 0.056
(36.4, 39.0) (44.0, 48.4) (34.7,37.7) (42.7,49.1) (34.0, 39.5) (49.2, 55.9)
Outer Inferior 26.6 38.9 <0.001 26.0 38.4 <0.001 25.3 41.6 <0.001 0.930 0.817
(25.4,27.7) (37.0, 40.8) (24.8,27.1) (35.9, 40.8) (23.2,27.4) (39.1,44.1)




*Significance is determined by linear mixed models. Models are adjusted for visual field mean deviation, age and image quality score.



Supplemental Figure 1 Legend: Diagnostic accuracy of selected
optic nerve head and macula OCT parameters for detecting
glaucoma in eyes with and without high axial myopia

Supplemental Figure 1 presents the diagnostic accuracy (AUC (95% Cl)) of selected global
and sectoral optic nerve head (peripapillary retinal nerve fiber layer (pPRNFL) thickness and
Bruchs Membrane Opening- Minimum Rim Width (BMO-MRW)) and macula (ganglion cell
inner plexiform layer (GCIPL) and macula RNFL (mRNFL) thickness to predict glaucoma in
no myopia- (red line), mild myopia- (green line), high myopia (blue line)- and all eyes (black
line), which is highest for high myopic eyes.

Supplemental Figure 1a. Diagnostic accuracy (AUC) of the infero-temporal sector of the
peripapillary retinal nerve fiber layer thickness to predict glaucoma in no myopia-, mild
myopia-, high myopia- and all eyes

Supplemental Figure 1b. Diagnostic accuracy of global Bruch’s membrane opening minimum
rim width to predict glaucoma in no myopia-, mild myopia-, high myopia- and all eyes

Supplemental Figure 1c. Diagnostic accuracy of the inner temporal ganglion cell inner
plexiform layer thickness sector to predict glaucoma in no myopia-, mild myopia-, high
myopia- and all eyes

Supplemental Figure 1d. Diagnostic accuracy of global macular retinal nerve fiber layer
thickness to predict glaucoma in no myopia-, mild myopia-, high myopia- and all eyes

Supplemental Figure 1e. Diagnostic accuracy of the outer nasal ganglion cell inner plexiform
layer thickness sector to predict glaucoma in no myopia-, mild myopia-, high myopia- and all
eyes

Supplemental Figure 1f. Diagnostic accuracy of the outer nasal macular retinal nerve fiber
layer thickness sector to predict glaucoma in no myopia-, mild myopia-, high myopia- and all
eyes
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6. Abkirzungsverzeichnis

AL

AUC

BMB

BMO
BMO-MRW

GCC
GCIPL

OCT
OCTA
POWG
PPA
mRNFL
pRNFL
RNFL
ROC
SALSA

SA
VFMD

VS.

Achsenlange

engl. Area under the curve

engl. Bruch’s membane boundary

Bruch’sche Membrandéffnung engl. Buch’s membrane opening

Bruch’sche Membran6ffnung — minimale Randsaumweite, engl.
Bruch’s membrane opening minimum rim width

Dioptrien
Ganglienzellkomplex, engl. ganglion cell complex

innere plexiforme Schicht der Gaglienzellen, engl. ganglion cell
inner plexiform layer

Optische Koharenztomographie

Optische Koharenztomographie-Angiographie

Primares Offenwinkelglaukom

peripapillare Atrophiezone

makulare retinale Nervenfaserschicht

peripapillare retinale Nervenfaserschicht

retinale Nervenfaserschicht, engl. Retinal nerve fiber layer
engl. Receiver operating characteristic

San Diego Automated Layer Segmentation Algorithm

Sphéarisches Aquivalent
engl. visual field mean deviation

im Vergleich zu, engl. versus
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7. Abbildungsverzeichnis

Abbildung 1a. Darstellung der Papille bei einem hoch-myopen Auge (AL=28,3mm)

mit Glaukom.

Abbildung 1b. Darstellung der Papille bei einem hoch-myopen Auge (AL=28,5mm)
ohne Glaukom.

Abbildung 2a. Papillen-OCT-B-Scans mit automatisierter Markierung der
Bruch’schen Membrano6ffnung (BMO, rote Kreuze) und dem Ende der Bruch-
Membran (BMB, gelbe Kreuze).

Abbildung 2b. Projektion der BMO-Ebene (grune Ellipse) und der BMB-Ebene in ein
Koordinatensystem zur Berechnung des BMO-Verkippungswinkels anhand der

Normalenvektoren.

Abbildung 3. lllustration einer hoch myopen glaukomatosen Papille (links im Bild)
und der korrespondierenden Makula-OCT (,Posterior Pole“-Scan) (rechts im Bild) mit

Reduktion der Ganglienzellschicht temporal unten.

Abbildung 4. Papillenfoto mit manueller Markierung der klinischen Papillengrenze
(weil3er Kreis) sowie automatisierter Ermittlung der grof3ten (blauer Pfeil) und
kleinsten Achse (gruner Pfeil) und Ermittlung des Rotationswinkels (8, zwischen

gelbem und blauem Pfeil).

Abbildung 5. Papillen-OCT-B-Scan einer hoch-myopen Papille mit inkorrekter
Lokalisation der BMO (roter Punkt, links im Bild).

Abbildung 6. Segmentierung der peripapillaren Aderhautdicke (zwischen roter und
gruner Markierung) eines hoch-myopen (6A) und nicht-myopen Auges (6B).
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