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Wykaz skrotow

AD — choroba Alzheimera

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

AB — B-amyloid

DSM-IV — Diagnostic and Statistical Manual of Mental Disorders

DVP (deep vascular plexus) — splot naczyniowy gteboki

FAZ (foveal avascular zone) — dotkowa strefa beznaczyniowa

GCL (ganglion cell layer) — warstwa komdrek zwojowych

HC (health controls ) — zdrowa grupa kontrolna

ILM (internal limiting membrane) — btona graniczna wewnetrzna

INL (inner nuclear layer) — warstwa jadrzasta wewnetrzna

IPL (inner plexiform layer) — warstwa splotowata wewnetrzna

IRL (inner retinal layer) — warstwy wewnetrzne siatkdwki

MMSE (Mini-Mental State Examination) — test Mini-Mental

NIA/AA — National Institute on Aging and the Alzheimer's Association
OCT (optical coherence tomography) — optyczna koherentna tomografia

OCTA (optical coherence tomography angiography) — angiografia optycznej

koherentnej tomografii

OPL (outer plexiform layer) —warstwa splotowata zewnetrzna
ORL (outer retinal layer) — warstwy zewnetrzne siatkédwki
OUN - osrodkowy uktad nerwowy

PET — pozytonowa tomografia emisyjna



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

pPRNFL (peripapillary retinal nerve fiber layer) — okototarczowa warstwa

wtdkien nerwowych siatkdwki
RGC (retinal ganglion cell) — komorki zwojowe siatkdwki

RPC (radial peripapillary capillaries) — warstwa radialna okofotarczowych

kapilar
RPE (retinal pigment epithelium) — nabtonek barwnikowy siatkéwki
SVP (superficial vascular plexus) — splot naczyniowy powierzchowny

VEGF (vascular endothelial growth factor) — naczyniowo-srédbtonkowy

czynnik wzrostu



Nota informacyjna i wykaz publikacji stanowiacych
rozprawe doktorska

Zgodnie z warunkami ubiegania sie o stopie naukowy doktora nauk
medycznych, ktére zostaty wyszczegdlnione w uchwale nr 89 Senatu
Uniwersytetu Mikotaja Kopernika w Toruniu z dnia 25 czerwca 2019 roku: ,,w
sprawie postepowania o nadanie stopnia doktora na Uniwersytecie Mikotaja
Kopernika w Toruniu”, niniejsza rozprawa doktorska: ,Poréwnanie gestosci
naczyn siatkdwki oraz grubosci warstw siatkéwki za pomocg optycznej
koherentnej tomografii u pacjentow z chorobg Alzheimera oraz zjaskrg
pierwotnie otwartego kata” ma forme spdjnego tematycznie zbioru czterech
artykutéw opublikowanych w czasopismach naukowych wymienionych w
czesci A listy czasopism punktowanych Ministerstwa Nauki i Szkolnictwa
Wyiszego. Doktorant jest pierwszym autorem kazdej z czterech publikacji
wiaczonych do cyklu. Trzy prace sg pracami oryginalnymi a jedna jest praca
przegladowa. tgczna wartos¢ wspoétczynnika Impact Factor dla cyklu wynosi
8,628, a taczna wartos¢ punktdw ministerialnych wedtug czasopism
punktowanych Ministerstwa Nauki i Szkolnictwa Wyzszego wynosi 350
punktow.

Lista prac:

1. Diagnosis of Alzheimer’'s Disease by Assessing Structural and
Microvasculature Changes in the Retina Using Optical Coherence
Tomography Angiography — aReview of Eye Biomarkers for
Alzheimer’s Disease.
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2. Peripapillary retinal nerve fiber layer thickness in patients with
Alzheimer’s disease: a comparison of eyes of patients with Alzheimer’s
disease, primary open-angle glaucoma, and preperimetric glaucoma

and healthy controls.



Medical Science Monitor: international medical journal of experimental
and clinical research, 2019, 25, 1001.
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Gebska-Totoczko Martyna, Suwata Karolina, Kucharski Robert,
Araszkiewicz Aleksander.
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Comparison of retinal microvasculature in patients with Alzheimer’s
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tomography angiography.

Investigative Ophthalmology & Visual Science, 2019, 60 (10),
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Gebska-Totoczko Martyna, Suwata Karolina, Zabel Katarzyna, Kucharski
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Quantitative assessment of retinal thickness and vessel density using
optical coherence tomography angiography in patients with
Alzheimer’s disease and glaucoma.

Plos One, 2021, 16 (3), e0248284.

Zabel Przemystaw, Katuzny J. Jakub, Zabel Katarzyna, Katuzna Martyna,
Lamkowski Aleksander, Jaworski Damian, Makowski Jarostaw, Gebska-
Totoczko Martyna, Kucharski Robert.

MNiSW= 100 pkt; IF=3.240



Wstep

Choroba Alzheimera (AD) stanowi najczestszg przyczyne otepienia
u 0séb starszych. Szacuje sie, ze na Swiecie cierpi na nig okoto 36 milionéw
ludzi. Istotg choroby jest apoptoza komdrek nerwowych iutrata potgczen
miedzy neuronami. Proces neurodegeneracyjny rozpoczyna sie lata wczesniej,
zanim choroba zostanie w petni wyrazona klinicznie. Gtéwng przyczyna
powstania i progresji tego schorzenia jest gromadzenie sie nieprawidtowych
biatek — zewnatrzkomérkowego B-amyloidu (AB) oraz tworzacego
wewnatrzkomdrkowe sploty neurofibrylarne biatka tau. Diagnostyka opiera
sie gtdwnie na ocenie funkcji kognitywnych, aponiewaz badania
neuroobrazowe nadal s3 bardzo drogie itrudno dostepne, dlatego
poszukiwanie nowych, nieinwazyjnych oraz tanich biomarkeréw stanowi
obiecujacy obszar badan.

Od lat 90. XX wieku, gdy wprowadzano do uzytku optyczng koherentna
tomografie (ang. optical coherence tomography — OCT), pomiar grubosci
okototarczowej warstwy witdkien nerwowych siatkdwki (ang. peripapillary
retinal nerve fiber layer — pRNFL) stat sie parametrem powszechnie
stosowanym w diagnostyce oraz monitorowaniu schorzen siatkdwki, nerwu
wzrokowego (n.ll), aw szczegdlnosci jaskry. Jaskra nalezy do
neurodegeneracyjnych choréb oczu, ktérej cechg jest apoptoza komérek
zwojowych siatkowki (ang. retinal ganglion cell — RGC) i zwigzany z nig zanik
RNFL prowadzacy do typowych dla tej choroby zmian w wygladzie tarczy n. Il
oraz ubytkéw w polu widzenia. Zauwazono, ze uszkodzenie RGC skutkujgce
obnizeniem grubosci pRNFL oraz warstwy komérek zwojowych siatkéwki (ang.
ganglion cell layer — GCL) mozna réwniez zaobserwowaé w innych chorobach
neurodegeneracyjnych, takich jak: choroba Parkinsona, stwardnienie rozsiane,
otepienie z ciatami Lewy’ego oraz przede wszystkim w AD. Rozszerzenie
techniki obrazowania OCT stanowi angiografia oparta na optycznej
koherentnej tomografii (OCTA), dajgca dodatkowe mozliwosci w postaci
nieinwazyjnej oceny ilosciowej ijakosciowej stanu mikronaczyn w obrebie

plamki itarczy n.ll. Po$Smiertne badania pacjentéw z AD wykazaty, ze



apoptozie komdrek nerwowych w osrodkowym uktadzie nerwowym (OUN)
towarzyszg naczyniowe zmiany w postaci angiopatii amyloidowe;.
Patologiczne zmiany zwigzane z AD dotyczg nie tylko uszkodzenia komérek
nerwowych w OUN, ale takze uktadu naczyniowego, dlatego zastosowanie
nieinwazyjnej techniki OCTA do obrazowania naczyn wewnatrzgatkowych
moze stanowi¢ nowy biomarker AD.

N. Il, wsktad ktérego wchodzg aksony RGC, nie ma swoistych cech
nerwu obwodowego — zasadniczo jest peczkiem istoty biatej mdzgowia
otoczonej oponami mdzgowo-rdzeniowymi. W fazie embriogenezy siatkdwka
oraz n. Il rozwijajg sie jako bezposrednie przedtuzenie miedzymdzgowia,
dlatego nieprawidtowosci zachodzgce w médzgu u pacjentéw z AD mozemy
rowniez obserwowa¢ na dnie oka. Uwaza sie, ze uszkodzenie RGC
w przypadku AD moze mie¢ podobng patogeneze jak jaskra pierwotnie
otwartego kata (ang. primary open-angle glaucoma — POAG). W zwigzku z tym
coraz czesciej podnosi sie temat wspdlnych czynnikéw ryzyka oraz
mediatorow odpowiedzialnych za ich powstanie irozwéj. McKinnon i wsp.
w badaniach na modelu zwierzecym zasugerowali, ze przyczyng smierci RGC
u pacjentéw z nadci$nieniem ocznym moze by¢ przewlekta neurotoksycznosé
spowodowana odktadaniem sie AP indukowanego wzrostem cisnienia
wewnatrzgatkowego oraz zmniejszony poziom naczyniowo-
Srodbtonkowego czynnika wzrostu (ang. vascular endothelial growth factor —
VEGF), co na poziomie molekularnym przypomina AD. Yoneda i wsp. w swoich
badaniach nad patogeneza jaskry wykazali znaczacy spadek wolnego AP, co
mogto by¢ spowodowane odktadaniem sie go w okolicach naczyn siatkdwki,
a takze wzrost poziomu nieprawidtowego biatka tau w ciele szklistym.

W 1986 roku Hinton iwsp. jako pierwsi opisali, ze zmiany
neurodegeneracyjne zachodzace w modzgu pacjentéw z AD dotyczg réwniez
n. Il oraz siatkdéwki. Zgodnie z wynikami badan posmiertnych u pacjentéw
z AD, wykorzystujac in vivo obrazowanie OCT, potwierdzono znaczny spadek
grubosci pRNFL, zaobserwowano rdwniez zmiany w grubosci iobjetosci
siatkéwki w plamce, podobnie jak dzieje sie to u pacjentdw z neuropatia

jaskrowa. W 2001 roku jako pierwsi Parisi i wsp. przy uzyciu Stratus OCT 3

10


https://pl.wikipedia.org/wiki/Opony_m%C3%B3zgowo-rdzeniowe

wykazali istotne obnizenie grubosci pRNFL w kazdym z czterech ocenianych
kwadrantéw u pacjentéw z AD w stosunku do oséb zdrowych. W kolejnych
latach badania post mortem pacjentéw z demencjg typu Alzheimera wykazaty,
ze choroba powoduje takze patologie naczyniowo-mdzgowe. Pomimo wiedzy
dotyczacej dysfunkcji matych naczyd mdzgu, zwigzanej z powstaniem
i rozwojem otepienia, mikrokrgzenie w OUN nadal pozostaje trudne do
zbadania in vivo. Dzieki temu, ze naczynia krwionosne mozgu i siatkdwki maja
wspdlne pochodzenie embriologiczne iwykazujg podobienstwo pod
wzgledem cech anatomicznych oraz wiasciwosci fizjologicznych, badanie
naczyn siatkdwki moze by¢ cennym podejsciem w dostarczaniu nowych
informacji na temat AD. Zidentyfikowano potencjalny zwigzek miedzy
odktadaniem sie nieprawidtowego AP w okolicach naczyn azaburzeniem
przeptywu  krwi oraz $rednica naczyn w siatkbwce u pacjentéw
z rozpoznang AD.

Wprowadzenie nowoczesnej inieinwazyjnej techniki obrazowania
mikrokrazenia za pomocg OCTA umozliwia nie tylko badanie jakosciowe, lecz
takze pomiary ilosciowe gestosci naczyn na réznych gtebokosciach siatkowki.
Badania, w ktdrych wykorzystano OCTA do oceny mikrokrazenia u pacjentéw
z AD, wykazaty, ze gestos¢ naczyn siatkdwki jest istotnie obnizona
w porownaniu do zdrowej grupy kontrolnej. Bulut iwsp. jako pierwsi
zastosowali technike OCTA do oceny zmian naczyniowych wytgcznie w splocie
powierzchownym siatkdwki (ang. superficial vascular plexus — SVP)
u pacjentéw z AD. Stwierdgzili, ze gestos$é naczyn w SVP byta u nich mniejsza niz
w grupie kontrolnej, co moze by¢ zwigzane ze zredukowang angiogenezg oraz
osadzaniem sie wewnatrz $cian naczyn krwionosnych ztogéw amyloidu,
prowadzac do okluzji izmniejszenia przeptywu krwi. Kolejne doniesienia
naukowe réwniez potwierdzity, ze u pacjentdw z AD dochodzi do obnizenia
gestosci naczyn w kazdym splocie siatkowki. Podobne zmiany naczyniowe
opisywano w mikrokrazeniu siatkdwki u pacjentéw z POAG. Do tej pory nie
istnialy badania porédwnujgce AD z POAG pod wzgledem unaczynienia
siatkéwki z wykorzystaniem OCTA, co skionito nas do pogtebienia wiedzy

w tym temacie.
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Aktualnie coraz wieksze nadzieje wigze sie z ocznymi biomarkerami
AD. Najbardziej obiecujgce wydajg sie zmiany strukturalnie w siatkéwce oraz
jej mikrokrazeniu, ktére mogg miec¢ bezposredni zwigzek z odktadaniem sie
AP. Nowe technologie, takie jak OCT oraz OCTA, przyczyniajg sie do postepu
wiedzy w diagnostyce AD. Niestety zmiany strukturalne stwierdzane na dnie
oka u pacjentéw z AD, obserwowane za pomocg obrazéw OCT, mogg by¢
niespecyficzne i wspdlne dla innych choréb neurodegeneracyjnych, jak np. dla
jaskry czy choroby Parkinsona. Niemniej jednak jednoczesna ocena zmian
strukturalnych siatkdwki technikg OCT oraz mikrokrgzenia w poszczegdlnych
splotach siatkowki z wykorzystaniem techniki OCTA potencjalnie moze
ujawni¢ swoiste dla poszczegdlnych jednostek chorobowych zmiany, co
zwiekszy  zdolnosci  diagnostyczne  ibedzie cennym  podejsciem

w prognozowaniu AD.
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PRACE POGLADOWE

Diagnosis of Alzheimer’s Disease hy Assessing
Structural and Microvasculature Changes

in the Retina Using Optical Coherence
Tomography Angiography — a Review of Eye
Biomarkers for Alzheimer's Disease

Diagnoza choroby Alzheimera poprzez oceng zmian strukturalnych
i mikronaczyniowych w siatkowce za pomocg angiografii optycznej
koherencyjnej tomografii — przeglad ocznych biomarkerow choroby Alzheimera

oo

Przemystaw Zabel'**, Jakub J. Kaluiny'?, Katarzyna Zabel'**, Martyna Gehska-Toloczko',
Klaudia Dlownia‘, Monika Witkosé-Debczynska®

' Department of Sensory Organs Studies, Collegium Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland
Head: Professor Jakub J. Katuimy, MD, PhD
2 Dftalmika Eye Hospital, Bydgoszee, Poland
Head: Professor Jakub J. Katuiny, MD, PhD
* Department of Ophthalmology, Collegium Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland
Head: Professor Grazyna Malukiewicz, MD, PhD
* Department of General Psychology and Health, Kazimierz \Wielki University, Bydgoszcz, Poland
Head: Monika Witko$¢-Debezyniska, PhD

Rbstract: Alzheimer’s disease is a chronic neurodegenerative disorder that manifests as cognitive decline and memaory mpaimment. Diagnosis s
mainly based on the assessmant of cognitive functions, whie naurcimaging techniques are stil very expensive and difficult to access.
During the embryogenesis phase, the retina and optic nerve develop as a direct extension of the diencephalon, so that abnormalities
occuring in the brain can also be observed n the fundus of the eye. Using optical coherence tomography, a significant decrease in
thickness of the retinal nerve fiber layer and a reduction in retinal thickness and volume in the macular area have been demonstrated.
In post-martemn studies of patients with Alzheimer’s disease, it has bean proven that the disease, in addition to nerve cell damage,
also has its cerebrovascular pathology. A patential association wath the accumulation of abnormal AR around vascular walls, mpaired
blood floww and the diameter of the vessels in the retina have been identified in patients with AD. Using optical coherence tomography
angiography to retinal microcirculstion imaging showed a reduction in retingl vascuiar density compared to the control group. Unfar-
tunately, the structural changes in the retina in patients with dementia observed by means of optical coherence tomography iImages
rnay be non-specific and common to other neurodegenarative diseases, such as reduction in the thickness of the retinal nerve fiber
layer in glaucoma, Nevertheless, combined measurements of retinal structural changes and microvasculatire assessment in each
retinal plexusas using optical coherence tomography angiography potentially increase the diagnostic ability of Alzheimer's diseage.

Key words: Alzheimer's disease, retinal microvasculature, peripapillary retinal nerve fiber layer, optical coherence tomography angiography.

Rbstrala: Charoba Alzheimera jest przewleklym zaburzeniem neurodegeneracyinym, ktdra obiawia sip spadkiem funkcji poznawczych i zabu-
rzeniem pamigci. Diagnostyka opiera sie gldwnie na ocenie funkcji poznawczych, a badania neuroobrazowe nadal sg bardzo drogie
i trudno dostepne. W fazie embriogenazy siatkowka oraz nerw wzrokowy rezwijaa sie jako bezposrednie przediuzenie migday-
mézgowia, diatego nieprawidlowosci zachodzace w mdzgu u pacjentow z choroba Alzheimera mozemy réwnisz obserwowad na
dnie oka. Przy zastosowaniu nowoczesne] techniki cbrazowania za pomocq optyczne] koherentnej tomografii wykazano znacza-
cy spadek grubosci warstwy widkien nerwowych siatkowki araz zmniejszenia grubosci | objetosci siatkowki w plamce. W bada-
niach posmiertnych pacjentéw z demencjg udowodniono, ze choroba Alzheimera poza uszkodzeniem komdrek nerwowych cechuje
sig takie patologia naczyniowo-mdzgowa. Zidentyfikowano potencjalny zwiazek 2 odkladaniem sie nieprawidlowego p-amyloidu
w okolicach naczyfi a zaburzeniem przeplywu krwi oraz drednicg naczylh w siatkowee. Zastosowanie niginwazyjnej metody obra-
zowania mikrokrazenia za pomoca angiografii optycane] koherentnej tomografii wykazalo zmniejszenie gestosci naczyn siatkaw-
ki w poréwnaniu do grupy kontrolngj. Niestaty zmiany strukturaine siatkéwki U pacjentow z demencja obserwawane za pomoca
obraziw optyczne) koherentne] tomografi megg byE niespecyficzne | wspdlne dla innych choréb neurodegeneracyjnych, jak np.
Imniejszenie grubosci warstwy widkien nerwowych siatkowki w jaskrze. Niemnigj jednak kambinowane pomiary zmian struktu-
ralnych siatkdwki oraz ocena mikrokegzenia w poszezegélnyeh splotach siatkdwki 2 wykorzystaniem technikl angiografii optycznej
kaherentne] tomografil patencialnie moga zwiskszad zdaino$é diagnostycng choroby Alzhemera,

Stowa kluczowe:  Chioroba Alzheimera, mikrokrazenie siatkéwkowe, okolotarczowa warstwa widkien nerwowych siatkéwhki, angiografia optycina
kaherentna tomografia
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Introduction

Alzheimer's disease (AD) is a chronic neurodegenerative
disorder and the most common cause of dementia among the
elderly (1). It is estimated that the prevalence of AD is about
36 million people worldwide. Due to the increase in life expec-
tancy and the demographic ageing, the number of patients
affected may double every 20 years, reaching the number of
115 million patients in 2050 (2).

Recent studies have shown that AD begins decades before
it is fully clinically expressed (3-5). Before the onset of a full-
-blown disease, cognitive impairment progresses slowly wi-
thout significant interference in daily activities. This prodromal
phase is known as mild cognitive impairment (MCI) (6, 7). It is
currently believed that MCI is an intermediate condition betwe-
en normal aging and early dementia, in which patients may
experience impairment of one or even more cognitive doma-
ins without compromising daily life perfermance {(8). Although
some MCI patients may remain stahle over the life course, it is
well known that the amnestic and multi-domain phase of MCI
increases the risk of progression to AD (9).

Taking into consideration the fact that the diagnosis of
AD remains still complicated, especially at the MCI stage,
tha search for new, non-invasive and inexpensive hiomarkers
is @ promising area of research (10). In clinical practice, the
diagnosis of AD is mainly based on the assessment of co-
gnitive function, which may be unreliable in people with high
cognitive reserve (11). Additionally used diagnostic techniqu-
as that include brain neurcimaging (e.g. magnetic resonance
imaging (MR), positron emission tomography (PET)) or mo-
lecular measurement of protein levels in cerebrospinal fluid
(CSF) (e.g. Tau and Amyloid-f (Aj3)) can be used to confirm AD
diagnosis. The disadvantage of these methods are their high
costs or invasiveness associated with the collection of CSF In
addition, there are still doubts as to whether they are sensitive
and specific enough to allow establishing definitive diagnosis
of AD (12, 13).

Since the 1990s, when optical coherence tomography
(OCT) was introduced, the measurement of the peripapillary
retinal nerve fiber layer (pRNFL) thickness has become a pa-
rameter commonly used in the disease diagnosis and mani-
toring including disorders of retina, optic nerve (CNIl) and, in
particular, glaucoma (14, 15). It has been noticed that damage
to the retinal ganglion cells (RGC) leading to thinning of pRNFL
and the retinal ganglion cell layer (GCL) thickness can also be
seen in neurodegenerative diseases such as Parkinson's dise-
ase (16-18), multiple sclerosis (19, 20), dementia with Lewy
bodies (21) and primarily in AD (22, 23). The optical coheren-
ce tomography angiography (OCTA) is an extension of the OCT
imaging technique, which provides additional capabilities in the
form of non-invasive method far the quantitative and qualitati-
ve assessment of vascularization status within the macula and
optic nerve head (ONH). Post-mortem studies of patients with
AD have shown that apoptosis of nerve cells in the central ne-
rvous system (CNS) is accompanied by vascular lesions in the
form of amyloid angiopathy (24). Pathological changes involve
not only the CNS, but also the vascular system, so using the
OCTA technique for examining intraocular vessels may become
a new AD biomarker (25).

An eye as a "window to the brain"

CNIl consisting of RGC axons does not have the specific fe-
atures of a peripheral nerve — it is basically a bunch of white
matter of the brain surrounded by meninges. However, in the
embryogeneasis phase, the retina and CNIl develop as a direct
extension of the diencephalon, so we can also observe CNS
abnormalities in patients with AD while performing fundu-
scopic examination (26, 27). It is believed that RGC damage
in AD may have similar pathogenesis as primary open-angle
glaucoma (POAG), therefore the issue of common risk factors
and mediators responsible for their emergence and develop-
ment is increasingly raised (28). Both diseases are characteri-
zed by initial changes in neuronal circuits and phosphorylation
of mitogen-activated protein kinases {MAPK]. Propagation of
neuradegenerative processes related to glial reaction, neuro-
inflammation, mitochondrial abnormalities with the production
of reactive oxygen species and oxidative stress, etc., leads to
nerve cells apoptosis (29, 30). In animal model studies, McKin-
non et al. suggested that the RGC death in patients with ocular
hypertension may also be due to chronic neurctoxicity caused
by the accumulation of A3 induced by an increase of intrancular
pressure, and a reduced VEGF level which at the molecular level
resembles AD (31). Yoneda at al. in their research on the pa-
thogenesis of glaucoma showed a significant decrease in free
AP which was caused by its accumulation around the retinal
vessels, as well as an increase in the level of abnormal tau pro-
tein in the vitreous body (32). Similar changes in the amount of
these prateins occur in the CSF of people with AD (33).

Pathophysiological changes in AD

AD is a progressive neurodegenerative disease characte-
rized by cognitive decline and memory impairment (34). The
essence of the disease is apoptosis of nerve cells and loss of
connections between neurons (35). It accounts for 60-80% of
dementia cases and remains the main reason for their occur-
rence over the age of 60 (36). AD may occur sporadically or
be genetically conditioned. The incidence of familial cases, with
an autosomal dominant pattern of inheritance, is low (5-10%),
associated with mutations in three different genes: amyloid
precursor protein (APP), presenilin 1 (PSEN-1) and presenilin 2
{PSEN-2). Sporadic cases account for 90-95% of all cases and
have multifactorial pathogenesis, consisting of a combination of
genetic and environmental factors, with age as a leading risk
factor (37). The main gene associated with the sporadic mani-
festation of the disease is the apolipoprotein E (APOE) gene lo-
cated on chromosome 21. From among three isoforms, APOE 4
occurs in 50% of patients affected by AD and carries a threefold
higher risk of developing the disease (38, 39). The main reason
for the emergence and progression of the disease is the accu-
mulation of abnormal proteins: extracellular Af arising from the
APP and the formation of intracellular neurcfibrillary tangles of
the tau protein (40, 41). These characteristic changes are well
reflected in CSFE which demonstrates abnormal levels of tau
protein and Ap {42).

In 1986, Hinton et al. were the first to describe that neurode-
generative changes in the brain of AD patients also affect CNII
and retina (43). Further reports on this issue have also shown
a loss of RGC leading to GCL and RNFL thinning in AD {44-46).
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Koranyo-Hamaoui et al. identified post mortem Aj3 deposits in
the retina of AD patients. In another study, by using a modified
scanning laser ophthalmoscope, they demonstrated in vivo in-
crease in retinal fluorescence after curcumin supplementatian in
AD patients, which hypothetically reflected A deposits. As in
the case of the brain, these deposits were accumulated mainly
around the blood vessels (47, 48). A potential association with
the accumulation of abnormal Ap around the retinal vessels
was observed, namely impaired blood flow, increased vascular
permeability and their diameter in the retina in patients diagno-
sed with AD (49, 50). As other researchers have not confirmed
the presence of abnormal protein deposits, the incidence of Ap
in the retina of AD patients is still controversial and provides the
basis for further studies in this direction (51, 52).

Visual symptoms in patients with AD

Visual symptoms are often one of the earliest manifesta-
tions in people with AD, with visual impairment affecting most
patients, contributing to reduced quality of life.

Pathological changes in the visual function mainly concern
disturbances in the visual field (most often the lower hemisphe-
re is damaged), abnormal electrophysiological tests, incomect
perception of colours and contrast sensitivity, disturbances in
perception of depth and movement sensitivity (53, 54). More
complex symptoms such as visual memary deficits and visual
hallucinations may appear earlier, even before other AD symp-
toms anise (55, 56). In addition, abnormalities in eye move-
ments were chserved in patients with AD and MCI. Smooth
pursuit and saccadic movements become slower and less pre-
cise as a result of the disease (57, 58).

Visual symptoms in AD are not only caused by damage to
the associative visual areas, but there is more and more eviden-
ce that the involvement of retina and CNIl is also a contributing
factor of developing visual symptoms, which raises the interest
of ophthalmologists in the search for new AD biomarkers in the
retina (59-62).

The appearance of the retina and optic disc

in AD patients

Morphometric studies in vivo using non-invasive diagnostic
tachniques have provided evidence of the involvement of retina,
CNIl and choroid in neurodegenerative processes occurring in
patients with AD.

Fundus photography is the oldest, classic technique for do-
cumenting and imaging the retina and optic disc. Examination
of patients with AD on the basis of fundus photographs showed
abnarmalities in the RNFL (images using a green filter), as well
as changes in the appearance of optic disc. It has been found
that in patients with AD there is an increase in the volume of
optic nerve disc cup, an increased cup-to-dise (C/D) ratio and
decreased area of the neuroretinal rim, which may correlate
with the duration of the disease (23, 63).

In recent years, some efforts have been made to use fundus
photagraphs to analyze changes in the retinal blood vessels. By
measuring qualitatively and guantitatively microcirculation para-
meters, the fractal dimension, caliber, as well as the tortuosity
and branching patterns of the retinal vessels have been analy-
zed. Studies have shown that patients with AD have an altered

retinal microvascular network (narrower veins, increasing varia-
bility of vessel width, attenuate complexity of branching charac-
teristic, reduced optimality of the branching geometry and less
tortuous venules) compared to the control group. These changes
in retinal microvasculature may reflect similar pathophysiclogical
processes in brain microvasculature in AD patients. (64—67).

Application of OCT in AD diagnostics

OCT is a high-resclution, non-invasive imaging technigue for
retina based on the principle of low coherence interferometry,
which is commonly used to assess morphological changes in
the retina of the macular and optic disc area (14).

According to post-mortem studies in AD patients, a signi-
ficant decrease in pRNFL thickness was confirmed using in
vivo OCT imaging, as well as changes in retinal thickness and
volume of the macula. In 2001 Parisi et al. are the first using
the Stratus OCT 3 examined people with diagnosed AD diseasa.
They found a significant reduction in pRNFL thickness in each
of the 4 quadrants evaluated (68). Some analyzes have shown
that statistically significant changes occur only in the supe-
rior {69-71) or both superior and inferior quadrants {72, 73).
It has been suggested that the probable reason for the differen-
ces in the results of the above tests may be the severity of the
disease assessed on the basis of the Mini-Mental State Exa-
mination (MMSE) test. Kelser et al. have shown a correlation
between MMSE results and a reduction in pRNFL thickness,
which suggests that retinal nerve fiber degeneration and CNS
damage happen simultaneously (73). In studies, where patients
ohtained low results in the MMSE, statistically significant re-
duction in pRNFL thickness involved all quadrants (68, 74). In
contrast, in the trials conducted by Berish et al. and Paguet
et al,, in which patients with AD obtained high MMSE results,
there was a reduction in pRNFL thickness only in the superior
quadrants, postulating that this is the area of the earliest RGC
axonal damage in AD patients (75, 76).

Recently, the OCT technique has evolved from older gene-
rations, i.e. time domain OCT (TD-OCT) to spectral domain OCT
{SD-0CT) and swept source OCT (S5-0CT), which have faster
scanning speeds, higher axial resolution and smaller measure-
ment variation (77). Thanks to the progress in OCT technology,
it is possible to precisely assess the individual retinal layers in
which RGCs are located (78). Macular lesions in the form of
damage to the ganglion cell complex (GCC) consisting of three
inner layers of the retina: RNFL, GCL and the inner plexiform
layer {IPL) are also sensitive markers of neurodegenerative di-
sease (79). Macula contains more than 50% of all RGCs, whose
cell body size is 10 to 20 times the diameter of their axons, the-
refore lowering the thickness of GCL and IPL may be more sen-
sitive to patholegical changes in AD than lowering the thickness
of pRNFL {80). In addition, individual variability has less effect
on GCL and IPL thickness compared to pRNFL thickness (81).
In studies where the thickness of individual retinal layers in the
macula was assessed in patients with AD, it was confirmed
that lowering the thickness of GCL-IPL complex may be a new
marker for detecting nerve cell damage in MCI and AD which is
associated with the process of neurodegeneration {80, 82-84).

SD-OCT with the use of enhanced depth imaging (EDI SD-
-0CT) is a technigue that allows visualization of deeper struc-
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Fig. 1.

267 pm

Measurements of retinal thickness in the fovea and choroidal thickness in the subfoveal, nasal and temporal regions as assessed with en-

hanced depth imaging optical coherence tomography in a patient with Alzheimer’s disease (authors’ archives).
Ryc. 1. Pomiary grubosci siatkéwki w doteczku oraz naczynidwki w okolicy poddoleczkowej, w nosowej i skroniowej za pomocq optycznej koheren-
cji tomografii o zwigkszonej gigbokosci obrazowania u pacienta z chorobg Alzheimera {material wiasny).

tures of the eye such as choroid. The thickness of the choro-
id (CT} varies depending on the location of the examination
— the thickest is under the fovea, and the thinnest in the nasal
part of the retina (85). The resulls obtained with EDI SD-OCT
confirmed that CT is thinning with age. In addition, it has been
shown that CT is significantly reduced in all regions in patients
with AD (fig. 1) (86-88).

Interpreting the result ohtained using by OCT should always
be aware of other neurodegenerative diseases, which can also
lead to damage of the RGC. In the study in which we were ana-
lyzing the thickness of pRNFL, we found that OCT may be an
auxiliary technigue in the diagnosis of AD, Analysis of pRNFL
thickness showed that AD patients had significantly reduced
pRNFL thickness compared to healthy subjects, but this thick-
ness was higher than for POAG patients. However, we found
no difference in pRNFL thickness between the group of patients
with AD and preperimetric glaucoma, i.e. in which there were
no changes in the Visual field (fig. 2) (89).

The use of OCTA in the diagnosis of AD

Post-mortem studies of patients with Alzheimer's demantia
have shown that the disease has cerebrovascular pathology.
Although small brain vessel ahnormalities are involved in the
creation and development of MGl and AD, microvasculature in
the CNS remains difficult to investigate in viva {90). Brain and
retinal blood vessels share a commaon embryological origin and
show similarity in anatomical features and physiclogical proper-
ties, therefore retinal vascular examination may be valuable in
providing new information on AD (91). The study conducted by
Berish et al. with the use of laser Doppler has shown that AD
patients have narrower retinal veins and lower venous blood
flow in comparison to healthy controls (75). A potential asso-
ciation with the accumulation of abnormal AP around vascular
walls, impaired blood flow and the diameter of the vessels in
the retina have been identified in patients with AD (92-94).

The introduction of @ modern and non-invasive imaging
technique OCTA to visualisation of the vascular network of

the retina enables gualitative and guantitative measurements
of vessels at various retinal depths, OCTA is a technigue that
uses motion contrast for imaging, generating high-resolution
angiographic images in a few seconds. OCTA compares the
decorrelation signal {differences in the intensity or amplitude
of the backscattered OCT signal) between successive b-scans
made in exactly the same cross-section to create a blood flow
map {95, 96). The first commercially used software versions of
OCTA devices did not allow the measurement of capillary ne-
twark parameters in the optic disc scan, therefore researchers
determined the total number of black pixels which correspon-
ded to the total area of capillaries (97).

Some studies using OCTA to assess microvascular network
in AD patients have shown that retinal vascular density is signifi-
cantly reduced in comparison to a healthy control group. Bulut et
al. were the first to use the OCTA technique to analyze vascular
lesions only in the superficial vascular plexus (SVP) of the refi-
na in AD patients. They found that the density of vessels in SYP
was lower in patients with AD than in the control group, which
correlated with the results obtained in MMSE, while the area of
the foveal avascular zone (FAZ) increased. They suggested that
this may have been associated with reduced angiogenesis due
to VEGF binding and blocking by Afi deposits (38). In addition,
Ap deposits, which build up insida the walls of blood vessals,
probably lead to occlusion and reduce blood flow, which was
also emphasized in previous reports (99). Further scientific re-
ports have also confirmed that in patients with AD there is a de-
crease in the density of vessels in each retinal plexus. Analysis of
vascular lesions in the white matter of the brain expressed with
the Fazekas scale has shown a significant correlation with redu-
ced vascular network density in the superficial retinal OCT angio-
gram. However, no significant relationship were found between
the retinal microcrovasculature density and the level of AB, tau
protein or MMSE result (100). In turn, Jiang et al. with the use
of OCTA, by means of fractal analysis (box counting, Dbox) to
assess the density of vascular network in SVP and deep vascular
plexus (DVP), examined the relationship between microvascula-
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Fig. 2. Measurements of the peripapillary retinal nerve fiber layer thickness in patients with Alzheimer's disease (A), prepenmetric glaucoma (B)
and primary open-angle glaucoma (C) using optical coherence tomography. Reduction of the peripapillary retinal nerve fiber layer thickness
to the borderline in a patient with Alzheimer's disease in the inferior sectors (A) while in a patient with preperimetric glaucoma, only mild
reduction of the thickness in the penpapillary retinal nerve fiber layer in inferior temporal sector compared to the normative database is
visible. Significant reduction of the preipapillary retinal nerve fiber layer thickness in superior and inferior sectors of a patient with primary
open-angle glaucoma where red color indicates significant difference in respect to normative database (C) (authors’ archives).
Ryc. 2. Badanie grubosci okolotarczowe] warstwy widkien nerwowych siatkdwki u pacjentow z choroba Alzheimera (A), jaskrg preperymetrycz-

ng (B) oraz jaskra pierwotnie olwartego kata (C) przy pomocy optycang] koherentnej tomografii. Zmniejszenie grubosci warstwy widkien
nenarowych siatkéwki u pacjenta z chorobg Alzheimera do warto$ci graniczne] w sektorach dolnych (A} natomiast u pacjenta 2 jaskrg pre-
perymetryczng widoczne jest jedynie niewielkie zmniejszenie grubosci okolotarczowej warstwy widkien nerwowych siatkéwki w sektorze
dolno-skroniowym w pordwnaniu 2 normatywng bazg danych. Znaczace zmnigjszenie grubodci okolotarczowe] warstwy widkien nerwo-
wych siatkGwki w sektorach gérnych i dolnyeh u pacjenta 2 rozpoznaniem jaskry pierwotne] otwartego kata gdzie kolor czerwony wskazuje

znaczaca réznice w stosunku do normatywnej bazy danych{C) (material wiasny).

ture and GCL-IPL thickness in patients with AD and MCI. They
found a reduction in vascular density in each retinal plexus in AD
patients, with a significant correlation between density in DVP
and retinal thickness of GCLIPL (101),

In years 2017-2018, our study group conducted the rese-
arch in which retinal microvasculature in the macular area and
optic disc was compared in patients with AD, POAG and a heal-
thy control group. Using the OCTA technique, we revealed that
the density of vessels in each retinal plexuses between the exa-
mined groups showed significant differences. Patients with AD
had a significantly reduced density in DVP and an enlarged area
of FAZ in comparison to the other groups. In addition, we obse-
rved that the SVP also accur slight decrease in vessel density
in comparison to healthy contrals, while injury of this plexus
was significantly lower than in patients with POAG. In POAG,

the reduction in vascular density affected all retinal vascular
plexuses, but significant changes, unlike the results obtained in
patients with AD, occurred only in the RPC layer and in SVF
which correlated with the loss of pRNFL thickness. We found
no correlation between MMSE result, pRNFL thickness, and re-
tinal vascular density in AD patients (fig. 3) (102).

Summary

The discovery of AD biomarkers, in PET imaging or analysis
of CSF composition, has enabled a better understanding of the
disease. These hiomarkers are crucial for monitoring and recru-
iting AD patients for clinical trials, however, their widespread
implementation remains a challenge due to their difficult ava-
ilability, high costs and invasiveness in regard to CSF sample
collection.
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Fig. 3.

Ryc. 3.

Comparison of vessels density in angiograms (6 x 6 mm?) of patient with Alzheimer’s disease (A, B, C), primary open-angle glaucoma
(D, E, F) and healthy control {G, H, 1} in the superficial retinal vascular plexuses (A, D, G), deep retinal vascular plexuses (B, E, H) and in the
radial peripapillary capillary (C, F, 1). Patient with Alzheimer's disease shows a significant reduction in the density of vessels in the deep va-
scular plexus (B} compared to patient with primary open-angle glaucoma (E} and control group {H). Patient with primary open-angle glauco-
ma has a reduced vascular density in the superficial vascular plexus (D) and in the radial peripapillary capillary (1) compared to other groups
{authors’ archives).

Angiogramy (6 x 6 mm?} pacjenta z chorobg Alzheimera (A, B, C), jaskra pierwotng otwartego kata (D, E, F) oraz osoby zdrowej (G, H, 1)
pordwnujace gestosé naczyi w powierzchownych spletach naczyniowych siatkdwki (A, D, G), splotach naczyniowych glebokich siatkowki
(B, E, H oraz w warstwie radialne| okolotarczowych kapilar (C, F, 1). Pacjenci z chorobg Alzheimera wykazujg znaczne zmniejszenie gestosc
naczyn w splocie glebokim (B) w stosunku do pacjentéw z jaskra pierwotnie otwartego kata (E) oraz grupy kontrolnej (H). Pacjenci z jaskra
pierwatnie otwartego kata maja zmnigjszong gestosé naczyn w splocie naczyniowym powierzchownym (D) oraz w warstwie radialnej oko-

lotarczowych kapilar (1) w pordwnaniu do po tych grup |

Currently, growing high hopes are attached to AD eye bio-
markers, The most promising appear to be structurally changes
in the retina and its microvasculature that can be directly re-
lated to the deposition of Aj. New technologies such as OCT
and OCTA contribute to the progress of knowledge in AD dia-
gnostics. Unfortunately, structural lesions found at optic disc in
patients with AD assessed with OCT images may be non-speci-
fic and common to other neurodegenerative diseases, such as
reduced pRNFL thickness in glaucoma. Nevertheless, comhined
measurements of retinal structural changes using the OCT tech-
nigue and microvasculature assessment in each retinal plexus
using the OCTA technigue can paotentially increase diagnostic

fal wiasny).

ability and be a valuable approach in predicting development of
AD. Further research addressing this issue is required so that
these methods can become sensitive and specific enough to be
useful in everyday practice.
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Cele pracy doktorskiej

Wyniki dotychczasowych badan wskazujg, ze zaréwno AD jak i POAG
naleza do chordéb neurodegeneracyjnych, w ktérych zmiany w budowie
siatkéwki mogg by¢ podobne, co zostato doktadniej omdéwione w artykule 1.
wigczonym do cyklu niniejszej pracy doktorskiej. Do tej pory nie istniaty
badania w ktérych bezposrednio poréwnywano AD z POAG pod wzgledem
struktury oraz unaczynienia siatkéwki z wykorzystaniem OCT i OCTA, co

sktonito nas do pogtebienia wiedzy w tym temacie.

Cele prowadzonych badan:
1) Poréwnawcza analiza grubosci warstw siatkowki w biegunie tylnym
gatki ocznej u pacjentéw z AD oraz POAG za pomocg OCT.
2) llosciowa ocena gestosci oraz jakosciowa analiza sieci mikronaczyn
siatkdwki u pacjentéw z AD oraz POAG za pomocg OCTA.
3) Bezposrednia ewaluacja procentowej utraty gestosci naczyn siatkdwki
oraz grubosci wewnetrznych i zewnetrznych warstw siatkdwki w tych

samych obszarach plamki u pacjentéw z AD i POAG.
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Background: The aim of this study was to assess and compare peripapillary retinal nerve fiber layer (RNFL) thickness in pa-
tients with Alzheimer’s disease (AD), primary open-angle glaucoma (POAG), preperimetric glaucoma (PPG), and
healthy controls with the use of Spectral Domain Optical Coherence Tomography (SD-OCT).
Material/Methods: Thirty patients with AD, 30 patients with POAG, 30 patients with PPC, and 30 healthy controls were enrolled
in this cross-sectional study. Only 1 randomly selected eye of each patient was analyzed. Every subject under-
went a thorough ophthalmological examination and OCT of the optic disc. The peripapillary RNFL thickness in
each of the 6 sectors and globally was analyzed.

Results: The RNFL was thinnest in patients with POAG. The mean RNFL thickness value was 60.97412.97 um and it was
significantly lower than in healthy controls (106.30+8.95 pm), patients with PPG (93.20+12.04 um), and AD
patients (95.73+13.52 um). Mean RNFL thickness in patients with AD was significantly lower when compared
to healthy controls, and was higher compared to eyes with POAG, while there were no significant differences
compared to patients with PPG.

Conclusions: Neuronal damage in the central nervous system (CNS) also affects to retinal axons. A major problem is to dis-
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tinguish the cause for a moderate decrease in the RNFL thickness. This is particularly true for patients with
glaucoma who have not been diagnosed with changes in the visual field. it is not possible to distinguish the
cause of a mild decrease in the RNFL thickness based on the SD-OCT. This may result in misdiagnosis of glau-
coma, unnecessary use of anti-glaucoma eye drops, and a delayed diagnosis of AD.

Alzheimer Disease = Glaucoma, Open-Angle = Tomography, Optical Coherence
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Background

Alzheimer's disease (AD) is the most frequent cause of de-
mentia across the world, and with the aging of population the
prevalence of the disease is rising. In 2006, 26.6 million peo-
ple were diagnosed with AD. It is estimated that by 2050 there
will be a 4-fold increase in the incidence of the disease [1,2].

In AD there is a gradual dying-back of nerve fibers, which is
preceded by the formation of extracellular B-amyloid (Af) de-
posits and intracellular neurofibrillary tangles (NFTs) of tau
protein [3,4]. The disease is characterized by a progressive
decline in cognitive function, resulting in change of behavior.
A diagnosis by exclusion is used to detect AD. This diagnostic
method allows the clinician to identify the disease entity’s
specific neuropsychological and neurological characteristics
and at the same time to eliminate other possible causes of
dementia. A final diagnosls can be reached following a histo-
pathological examination of the brain tissue attesting to the
presence of the amyloid deposits [5,6]. New diagnostic meth-
ods are constantly being developed with the use of brain im-
aging, such as, for example PET, SPECT, and fMRI [7]. However,
these diagnostic technics are costly and not usually avallable,
and there are doubts about whether they are sensitive enough
to enable final diagnosis of AD.

In 1986, Hinton et al. were the first to report that neurode-
generative changes in the brain also involve the optic nerve
and retina [8]. Examinations carried out with optical coher-
ence tomography (OCT) showed that the peripapillary reti-
nal nerve fiber layer (RNFL) thickness is significantly reduced
in patients with AD comparing to healthy controls. The dif-
ference in the OCT examination is from 16.64 uym to 8.25 um
and is the biggest in the superior quadrant [2]. The correlation
between the clinical stage of AD and the average RNFL thick-
ness is not clear. Most research papers deny a correlation be-
tween the Mini-Mental State Examination (MMSE) results and
the RNFL thickness [10-14). Changes in the RNFL thickness
are not only due to AD, but can also be linked to other neu-
rodegenerative diseases of the central nervous system (CNS),
maost importantly, to glaucoma. Primary open-angle glaucoma
(POAG) is the most common cause of blindness and the inci-
dence of the disease in people over 40 years of age is 1%. It
could be presumed that due to their prevalence, AD and POAG
are often coexisting medical conditions, making the diagnosis
of both conditions even more difficult. Accordingly, a compar-
ison of the 2 populations of patients and an attempt to find
differences regarding the extent and topography of the RNFL
damage could be of clinical importance.

The aim of this study was to assess and compare the RNFL
thickness in the eyes of patients with AD, POAG, preperymetric
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glaucoma (PPG), and healthy controls in the individual seg-
ments around the optic nerve disc,

Material and Methods

This cross-sectional study, conducted in the years 2016-2018,
included patients from the Oftalmika Eye Hospital, Bydgoszcz,
Poland. Each patient was examined by MMSE screening for
cognitive impairment in order to exclude them if they did
not belong to the AD group, and underwent eye examination
by an ephthalmologist, including the measurement of visual
acuity, tonometry (lcare TAO 1, USA), assessment of the fun-
dus with the Volk lens, and biomicroscopy with anterior an-
gle assessment and also SD-OCT (Spectralis OCT, Heidelberg
Engineering, Germany). The common inclusion criteria for the
project were the best carrected visual acuity (BCVA) 20.6, re-
fractive error between +3.0 Dsph, and age 250 years old. The
exclusion criteria were any previous surgical eye procedures
(except for uncomplicated cataract surgery), advanced stage
of cataract, health condition after head injuries, and other eye
and neurological conditions. This study followed the tenets of
the Declaration of Helsinki. Informed written consent was oh-
tained from all subjects after explaining the nature and possi-
ble consequences of the study. The research was approved by
the Bioethics Committee of Nicolaus Copernicus University in
Torun at Collegium Medicum in Bydgoszcz.

A group of patients with POAG was defined based on the diag-
nostic characteristics of glaucomatous optic neuropathy (focal
or diffuse neuraretinal rim thinning, hemorrhage on the edge
of the optic nerve disc abnarmal cup-to-disc (c/d ratio »0.6,
the ¢/d asymmetry between the 2 eyes 0.2) accompanied by a
decreased peripapillary RNFL thickness corresponding to a loss
of visual field in perimetry with an open-angle. Glaucomatous
losses in the visual field were identified with a computerized
threshold perimetry (SITA Standard 24-2, Humphrey Field
Analyzer Il; Carl Zeiss Meditec). Only reliable visual field tests
(fixation loss <20%, false-positive rate <15% and false-nega-
tive rate <33%) were included. One of the following changes
observed in the 2 consecutive visual field tests were used as
a criterion for glaucomatous damage, namely a cluster of 3 or
more adjacent points in a typical localization for glaucoma, with
p<5% in PSD, and for one of them with p<1% in PSD and/or
glaucoma hemifield test (GHT) outside normal limits and/or
average PSD value calculated for the entire tested area found
in less than 5% of healthy eyes. Patients in moderate stage of
glaucoma were included in the study [15,16].

A sample of individuals with PPG included patients with glau-
comatous defects of the optic disc detected in ophthalmos-
copy, a decreased peripapillary RNFL thickness detected in
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Table 1. Demographic and clinical data of the groups,

CLINICAL RESEARCH

AD POAG PPG Controls p-Value*
Number of participants 30 30 30 30 -
T wumeﬂ;Men 13;]1 15”5 Skt 1”13 P e 1;;13 i
Age™ 69.97+7.07 65.20+8.58 69.10+5.69 69.70+7.48 0.962
Best corrected visual aculty** (Snellen) 0.94+40.12 0.91£0.13 0.97+0.07 0.96+0.07 0,i'.-‘4
Intraocular pres.sure.“ {mn;al-i‘g}. o .16.9?12_.4; 19,ﬁ7x33? .1.?_3‘&2_51; 16.09;2.3.1 - 0.,001

AD — Alzheimer's disease; POAG — primary open-angle glaucoma; PPG — preperymetric glaucoma, * ANOVA test, P-value <0.05 was

considered to be statistically significant; =* M £50.

SD-OCT, without characteristic glaucoma scotoma detected
in the visual field testing.

A sample of individuals with AD included patients from
Department of Psychiatry, Collegium Medicum, Nicolaus
Copernicus University, Bydgoszcz, Poland. A diagnosis of AD
was made by a psychiatrist base on the DSM-IV (Diagnostic
and Statistical Manual of Mental Disorders) and the criteria of
the National Institute on Aging and the Alzheimer’s Association
[NIA/AA) confirmed by a positive result from a PET scan [16].
Patients with mild dementia (with the Mini-Mental State
Examination score ranging from 11 to 18 points) were quali-
fied for the study. Additional inclusion criteria for the partici-
pants were intraocular pressure (IOP) <21 mmHg, absence of
changes in the aptic nerve head that would suggest glaucoma.
Visual field testing requires cooperation, significant concen-
tration and |t may be impossible, to perform in patients with
AD [17]. Trick et al. performed a study where evaluated visual
field test in 61 people with AD at various stages of the dis-
ease. The reliable result was obtained only in 55.7% of peo-
ple [18]. Therefore, we decided that, due to the low reliability
of the visual field test, we will not perform in the AD group.

Healthy controls had I0P less than 21 mmHg, healthy optic disc
without asymmetry, the RNFL thickness within normal limits,
and no abnormalities in visual exam.

The peripapillary RNFL thickness was measured using SD-OCT
with a 3.46 mm in diameter scan circle centered on the op-
tic disc (Spectralis, Heidelberg, Germany). The Spectralis OCT
combines confocal Scanning Laser Ophthalmoscopy (cSLO)
that allows for tracking eye movement and averaging of sev-
eral OCT B-scans formed in the same retinal location in real
time. Spectralis provides peripapillary RNFL thickness values
for 4 quadrants (N - nasal, T - temporal, S - superior and | -
inferior), 6 sectors (N — nasal, NS - nasal-superior, T - tem-
poral, TS - temporal-superior, NI - nasal-inferior}, and global
mean values (360 degrees).

Only 1 randomly selected eye of each patient was analyzed.
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Statistical calculations were conducted with Statistica 12. The
results obtained in the studied groups and in the control group
were analyzed using one-way analysis of variance ANOVA or
in the absence of normal distribution the Kruskal-Wallis test
by ranks. For the remaining variables, the t test was used or
in the absence of normal distribution of the compared param-
eters the Mann-Whitney U test was administered. Unless oth-
erwise indicated, the data are given are + mean values and
standard deviation (SD) with the p-value threshold for statis-
tical significance of less than 0.05.

Results

The study groups consisted of 30 patients with AD, 30 pa-
tients with POAG, 30 patients with PPG, and 30 healthy con-
trols. The groups were well matched by age and sex distribu-
tion. Demographic data are presented in Table 1.

Age differences were not statistically significant (p>0.05). BCVA
of the study subjects was not statistically different between
the groups (p>0.05), while intraocular pressure values, despite
the treatment used in individuals with glaucoma, were higher
in the POAG group despite the treatment. Figure 1 shows ex-
amples of peripapillary RNFL thickness exam in eyes from sub-
sequent groups.

The thinnest peripapillary RNFL was observed in patients
with POAG. The global mean value for all quadrants was
60.97£12.97 um and was significantly lower when compared with
healthy eyes (106.3048.95 um), eyes with PPG (93.20£12.04 pm)
and eyes of patients with AD (95.73£13.52 um). Comparison
of global peripapillary RNFL thickness is presented in Figure 2.

The average global peripapillary RNFL thickness value in pa-
tients with AD was significantly lower when compared with
healthy controls and significantly higher than in patients with
POAG. However, the differences were statistically insignificant
compared with eyes of patient with PPG. Comparison of peri-
papillary RNFL thickness in each sectoris presented in Figure 3.
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Figure 1. Examples of peripapillary RNFL
measurement in the 3 examined
groups: (A} Significant reduction of
RMFL thickness in all temporal sectors
in patient with diagnosis of POAG.
The red color indicates significant
difference in respect to normative
database. (B) In eye with diagnosis
of PPG, only mild reduction of RNFL
thickness compared to normative
database in nasal temporal sector is
visible. (C) In the eye of patient with
AD, the peripapillary RNFL thickness is
within normal limits

In all the studied groups, the RNFL thickness value was highest
in the temporal-inferior and temporal-superior quadrants. The
lowest value, regardless of the reason for RNFL thinning, was
reported in the nasal and temporal quadrants. The differences
between AD and POAG group regarding average peripapillary
RNFL thickness were significant in all sectors and between
AD and controls in all sectors except for the nasal-superior.
Comparison of average peripapillary RNFL thickness within sec-
tors between AD and PPG did not reveal significant changes in

This work 1 i
MonCom mesclal HoD

26

all sectors; however, in the temporal sector this difference was
close to the statistical significance. The values of RNFL thickness
within sector in subsequent groups are presented in Table 2.

Discussion

Our study confirmed the differences in the peripapillary RNFL
thickness among the groups of healthy controls, patients with
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Figure 2. Comparison of the global average peripapillary RNFL
thickness. The values in AD groups were significantly
lower compared to normal control and higher than
in eyes from the POAG group. The differences
between AD and PPG were not statistically significant,
AD - Alzheimer's disease; POAG — primary open-angle
glaucoma; PPG — preperymetric glaucoma.
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Figure 3. Graphical presentation demanstrates reduction of
average peripapillary RNFL in all sectors in POAG, PPG,
and AD compared to normal controls. AD = Alzheimer's
disease; POAG — primary open-angle glaucoma;

PPG - preperymetric glaucoma; T - temporal sector;
TS — temporal-superior sector; NS — nasal-superior
sector; N - nasal sector; NI — nasal-inferior sector;
Tl — temporal-inferior sector,

Table 2. Comparison of average peripapillary RNFL thickness in subsequent sectors and globally between AD patients and POAG, PPG

and healthy controls.

AD POAG p-Value AD
7123t 5293 71.25¢
RNFL T (uri) . aes <0001 o
12757 787 127574
RNFLTS (um)  —ag4 239 0001 2386
103.67+ 6683 103.67+
RNFLNS (um) 2y 24.41 et 23.84
7327+ 4177 7327+
ANEL ¥ (s 18.01 loas ool 18.01
105304  61.33% 105.304
RNEL NI 001
Wm) g5 a4 <@ 2928
13327+ 7923+ 133.27+
RNFL T} (m) 2228 3335 0001 2229
9573+ 6097+ 9573+
RNELG Uiy 1352 1297 0001 13.52

PPG p-Value AD Controls p-Value*
B ey BB TEE e
e,
W om DO M o
T e A Em
B ay B R
e BB oy
PE o T E e

AD - Alzheimer's disease; POAG - primary open-angle glaucoma; PPG — preperymetric glaucoma; T - temparal sector; TS - temporal-
superior sector; N5 = nasal-superior sector; N = nasal sector; NI = nasal-inferior sector; Tl = tem poral-inferior sector; G = global.
* Independent t-test, P-value <0.05 was considered ta be statistically significant.

POAG, and patients with AD. Previous research regarding the
changes In RNFL in patients with AD suggested that that RNFL
thickness analysis may be considered a diagnostic biomarker
of this disease [19-21). In 2001, Parisi et al. used Stratus
OCT 3 to study individuals with a diagnosed AD. They com-
pared the results obtained in the study with the values ob-
tained in healthy controls, The analysis showed a decrease in
peripapillary RNFL thickness (P<0.01) in all 4 quadrants [13].
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Some analyses showed that statistically significant differences
occur in the superior quadrants only [22-24] or in the supe-
rior and inferior ones [10,25]. It was suggested that the likely
reason for the variation in the above results was the stage of
the disease assessed with the Mini-Mental State Examination
(MMSE) test. Kelsey et al. showed a correlation between the
MMSE results and the decreased peripapillary RNFL thick-
ness, suggesting that retinal nerve fiber degeneration and
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the damage to the CNS are simultaneous [10]. In studies in
which patients scored low on the MMSE test (Parisini et al.
and Iseri el al.), statistically significant decreases in RNFL
thickness were observed in all the guadrants [13,26]. Studies
by Berisha et al. and Pagquet et al,, in which patients with AD
scored high on the MMSE test, reported decreased RNFL thick-
ness only in the superior quadrants, postulating this to be the
location of early retinal damage in patients with AD [14,27].

AD and POAG are multifactorial, chronic, and age-related neu-
rodegenerative diseases, It is important to note that the op-
tic nerve and retina develop as a direct extension of the dien-
cephalon during the embryonic development stage; therefore,
abnormalities that occur in the CNS in the case of AD can
also be observed at the fundus of the eye [28]. It is believed
that nerve cell damage may have a common pathogenesis, so
the topics of common risk factors and mediators responsible
for the emergence and development of AD and POAG are in-
creasingly raised [29]. Yoneda et al. [30], in their investigation
of the pathogenesis of glaucoma, identified a significant de-
crease in A as well as an increase in the abnormal tau protein
in the vitreous humor. Similar changes in the amount of these
proteins occur in the cerebrospinal fluid (CSF) of people with
AD [31]. McKinnon et al., in an animal models study, suggested
that the cause of retinal ganglion cells (RGC) death in patients
with ocular hypertension may be chronic neurotoxicity due to
AB induced by increased of I0P, which at the molecular level
resembles AD [32]. These results support the hypothesis that
neurodegenerative changes in the eye with glaucoma may have
the same pathogenesis as in the case of AD. In addition to spe-
cific neuropathological changes caused by abnormal proteins,
impairment of vascular are also strictly associated neurodegen-
erative diseases [33]. The most important modifiable risk fac-
tor contributing to the development and progression of AD and
POAG is a high-level of bload pressure variability (BPV) [34-37].
Lattanzi et al. conducted a study that evaluated visit-to-visit BPV
in a cohort of patients with AD and healthy controls, finding
that AD patients had significantly higher-level BPY compared
with age-matched cognitive normal controls, which also con-
firms the influence of BPV on the pathogenesis and progres-
sion of AD [38]. In a postmortem study of 291 brains, signifi-
cantly fewer neuritic plaques and neurofibrillary tangles were
found in the group of people with treated hypertension than in
the nonhypertensive group, suggesting that antihypertensive
agents may interfere with AD-associated neuropathology [39].
Research results also suggest that reducing BPV by antihyper-
tensive therapy can effectively decrease the risk and delay the
development of cognitive impairment [40,41). Similarly, ob-
structive sleep apnea syndrome and impairment of cerebro-
vascular reactivity are other equally important risk factors for
the occurrence and progression of glaucomatous neuropathy
and dementia [42-46]. BPV, obstructive sleep apnea syndrome,
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and impaired cerebrovascular reactivity are vascular risk fac-
tors resulting In impaired blood flow in the form of ischemia-
reperfusion injury. Death of nerve cells via apoptosis occurs as
a result of metabolic disturbances, impaired retrograde trans-
port of neurotrophins, increased vascular permeability, oxidative
stress, and increased inflammataory cytokine synthesis [47-50].

In AD and POAG, we deal with axonal damage in the retina.
A review of publications available in PubMed showed that only
Eraslan et al. compared peripapillary RNFL thickness in nor-
mal tension glaucoma (NTG) patients with AD patients and the
control group [51]. Contrary to our analysis, the result of that
study did nat show statistically significant differences in RNFL
thickness of patients diagnosed with glaucoma and those with
AD (p»0.05). Research to date has not assessed the correlation
of changes in RNFL thickness in patients with AD and individ-
uals diagnosed with glaucoma despite the absence of losses
in the visual field. Our data indicate that there are no signif-
icant differences in BCVA, I0P, and peripapillary RNFL thick-
ness among the groups of AD patients and patients with PPG.
We believe that this may lead to the misdiagnosis of PPG in
patients who in fact suffer from dementia.

Thinning of RNFL is also observed in other neurclogical dis-
eases, such as Parkinson's disease [52-54], mulliple scle-
rosis, dementia with Lewy bodies [55], inflammation of the
optic nerve [56], and migraines [57]. Further research is nec-
essary to find a biomarker specific for Alzheimer's disease. In
vivo imaging of extracellular amyloid deposits in retina lay-
ers is emerging as the most appropriate way to achieve this.
Maya Koronyo-Hamaocui et al. identified post martem Ap de-
posits in the retina of patients with suspected or diagnosed
AD, and the image corresponded with the histological brain
examination [58].

Conclusions

RNFL thickness measured with OCT can be an additional diag-
nostic tool for AD. Analyses of RNFL thickness prove that neu-
ral damage to the CNS also involve axonal damage of the cells
in the retina. A major difficulty is to distinguish the cause of
mild reduction in RNFL thickness. This is particularly true for
glaucoma patients with no changes in the visual field. This may
result in misdiagnosis of glaucoma, unnecessary use of anti-
glaucoma eye drops, and a delayed diagnosis of AD. In cases
of decreased RNFL thickness, it seems particularly important
to pay attention to symptom suggesting dementia.
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Pureose, Comparison of retinal microvasculature within the macula and the optic nerve head
in the eyes of patients with Alzheimer’s disease (AD), primary openangle glancom: (POAG),
and in a healthy control (HC) group, using optical coherence tomaography angiography
(OCTA)

Mrmons. In this crosssectional study, 27 patients with AD, 27 with POAG, and 27 healthy
controls were enrolled. The Mini-Mental State Examination test was used o assess cognitive
function. Ophthalmic examination included OCTA. which was used for the imaging of
vascular flow within the layer of radial peripapillary capillaries (RPCs), and also in the
supcrficial vascular plexus (SVP) and decp vascular plexus (DVP) of the retina.

Risuwrs. In the AD group, the density of vessels in DVP was significantly reduced and the
foveal avascular zone was increased when compared o POAG and HC groups (7 < 0.001),
Patients with POAG had a significantly reduced vessel density in RPCs and SVP as compared 1o
AD and HC groups (P < 0.001). The average thickness of peripapillary retinal nerve fiber layer
was correlited with the vessel density in SYP in patients with POAG (Pearson’s r = 0L06, P =
0.0002) and was significantly lower in POAG and AD groups than in the HC group (P <
.00 ).

Conerrsions, AD and POAG are neurodegencerative diseases associated with apoptosis of nerve
cells and impairment of microvasculature. Despite the fact that in both diseases there are
abnormalitics of the entire retinal vascular system, significant microcirculatory impairment in
POAG paticnts affects superficial vessels, whereas in AD patients it affects vessels located in
the deeper retinal layers,

Keywords: Alzheimer's disease, primary open-angle gliscoma, retinal microvasculature,
peripapillary retinal nerve fiber layer, optical coherence tomography angiography

leheimer's discase (AD} is the most frequent cause of

dementia worldwide, accounting for approximately 60% to
T0% of all cases. Its incidence increases with age and it is
estimated that the number of patients globally will quadruple
by 2050

AL} is a progressive, imeversible impairment of cognitive
function due to apoptosis of nerve cells and brain atrophy.” The
main cause of development and progression of dementia is
extracellular framyloid (Ap) plaque formation, a consequence
of amyloid precursor protein proteolysis in the vicinity of
synapses, and the formation of intracellular neurofibrillary
tangles composed of tau-protein (ptau).™* There is evidence
that abnormalities in the central nervous system (CNS) manifest
up to 20 vears before clinical symptoms appear, emphasizing
the importance of identifying a biomarker for early diagnosis.”
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The retina is considered to be a CNS nodule connected 1o
the CNS through the optic nerve (also known as cranial nerve
11, CNID. In 1986, Hinton ct al.” were the first to describe how
CNIT and the retina are affected by neurodegenerative changes
in patients with A} Previous studies have shown that the
peripapillary retinal nerve hiber layer (pRNFL) is significantly
thinner in AD patients than healthy subjects. In spectral-domiin
optical coherence tomography (SD-0CT), the difference is from
16.64 pm 1o 825 ym and is highest in the superior quadrant.®
However, changes in the thickness of pRNFL occur not only in
AD but also in other neurodegencrative discases, especially
glaucoma. ™" Recently. Ap deposits have been identified on
histopathologic examination in the retina of patients with AD,
Similarly o0 neurological tissue, these deposits accumuliate
primarily in the vicinity of blood vessels.'' A potential
relationship between deposition of abnormal A in the vicinity

3447
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of vessels and the disturbance of the blood flow, as well as the
diameter of retinal wvessels, has been identified in AD
patients, ">

The pathologic mechanism underdying primary open-angle
gliucoma (POAG) involves apoptosis of retinal ganglion cells
(RGCs) and gradual decrease in thicknesses of both pRNFL and
the retinal ganglion cell layer (GCL)."® In addition to increased
intraocular pressure (IOP), vascular mechanisms play an
important rolc in this process. It has been obscrved that
paticnts with glaucoma have reduced blood ow in retina and
choroid, which contributes 1o neurodegenerative processes in
the eve'™"”

Both AD and POAG affcct similar populations of older
people and both diseases occur more frequently with age.
Previous studies have confirmed that in patients with AD,
POAG, and even with preperimetry glavcoma, similar retinal
changes exist, manifesting as thinning of the pHNI’I..l"
However, there are no studies that have attempred o directly
compare these diseases with respect to retinal vascular
changes, which would make it possible to identify new, more
specific markers. OCT angiography (OCTA) is a new, noninva-
sive method for the quantitative and qualitative assessment of
vascularization status within the macula and optic nerve head
(ONH). A direct comparison of OCTA imaging results carried
out in AD patients and POAG patients could make a significant
contribution to understanding the pathophysiology of these
diseases and may help elucidate the underlying cause of
damage to the pRNFL,

The aim of our study was to compare the changes in retinal
microvasculature in patients with AD and POAG and to find a
bhiomarker that will distinguish these diseases, We used OCTA
for this purpose. It is important 1o pote that AD is a
neurodegenerative discase in which abnormal proteins are
deposited in the CN5, as well as in the retina and its vessels,
whereas in POAG, pathologies are found mainly in the inner
lavers of the retina. We hyporhesized thar patients with AD
have a decreascd microvascular density in both decp and
superficial vascular plexus (DVP and SVP), whereas patients
with POAG have microvascular damage mainly in the SVP

MerHODS
Study Design and Patient Recruitment

This cross-sectional study was carried out between September
2017 and December 2018 in the Oftalmika Eyve Hospital in
Bydgoszcz, Poland. The study protocol was approved by the
local biocthics committee and cach subjcct signed a conscent
for participation. The study was conducted in accordance with
the principles of the Helsinki Declaration and  informed
consent was obtained from the subjects after explanation of
the mature and possible consequences of the study, Each
patient enrolled in the study had been examined by a
psychologist to assess cognitive function with the Mini-Mental
State Examination (MMSE) screening test. Al patients under-
went ophthalmologic examination including measurement of
visual acuity using a Snellen chart, tonometry (Ieare TAOL i,
Findland Oy, Vantaa, Finland). evaluation of the fundus of the
eye using Volk lens, biomicroscopy and assessmeni of the
iridocomeal angle, measurement of the pRNFL thickness with
SD-OCT, and measurement of retinal vascular density with
OCTA. These examinations were carried oul over 1 day by a
single ophthalmologist,

The group of AD patients was referred from the Depart-
ment of Psychiatry, Collegium Medicum, Nicolaus Copernicus
University in Bydgoszcz and the Center of Psychoneurology of
the Elderly in Bydgoszcz, AD was diagnosed by a psychiatrist-
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physician on the basis of DSM-IV (Diagnostic and Statistical
Manual of Mental Disorders) and eriteria of the National
Institute on Ageing and the Alzheimer's Association, confirmed
by neurcimaging for the presence of fibrillar brain amyloid
using positron emission tomography (PET) imaging with
Florbetapir (18 F) radioligand, A subjects were classified as
amyloid positive if their neocortex standardized uptake value
ratio was >1.5."" Budents with mild and moderate dementia
(MMSE 10-23 points) qualified for smdy entry. Additional
inclusion criteria were a normal I0P (<21 mm Hg) and the
absence of the ocular fundus changes suggesting glaucoma.
Owing to the low reliability of static perimetry test in patients
with AD, this examination was not performed in this group of
patients, ™!

The group with perimetric POAG comprised patients who
have been treated for this reason at the Oftalmika Eve Hospital
with a normal MMSE score (=27 points), and with glivcoma-
tous features of optic nerve neuropathy. These features were
diffuse or focal thinning of the nearoretinal fim, hemorrhages
on the edge of ONH, abnormal cup/disc (C/I) mtio >0.6,
asymmerry of the two eyes (C/D ratios exceeding 0.2). The
ncuropathy was accompanicd by a dccrcasc in the pRNFL
thickness corresponding to the loss of the visual field in
permetry with an open iridocorneal angle. Glaucomatous
losses in the visual field were identified by static perimetry in a
threshold approach (SITA Standard  24-2, Humphrey Field
Analyser 1I; Carl Zeiss Meditec, Inc, North Ryde, NSW,
Australia). Only reliable visual field tests (fixation loss < 20%,
false-positive and false-negative rate <20%) were included. One
of the following changes observed in two consecutive visual
field tests were used as a eriterion for glavcomatous damage: a
cluster of three or more adjacent points in a typical localization
for glavcoma, with P value <5% in PSD, and for one of them
with P value < 1% in pattern standard deviation (PSD), and/or
glaucoma hemificld test outside normal limits and/or average
P5D value calculated for the entire tested arca found in less
than 5% of healthy eyes ¢ All participants (1009) in the POAG
group were treated with at least one type of ocular
antihypertensive drops. Beta blockers were used most often
(59%), carbonic anhydrase inhibitors in 56%, prostaglandin
analogues in 5 1%, and 22-adrenergic receptor agonist in 22% of
cases, The average number of antihypertensive eye drops was
2.0 = 0.83.

Participants in the healthy control (HC) group were
members of the Senior Club in Byvdgoszez and after consenting,
were subjected to an ophthalmologic and psvchological
examination. The criteria for inclusion in the control group
were a normal score on MMSE (=27 points), the absence of
glaucoma or any other eye disease, normal appearance of the
ONH and normal thickness of pRNFL, 10P below 21.0 mm Hg,
and no losses characteristic for glavcoma in visual field testing,

Exclusion criteria were subjects younger than 55 years and
older than 85 vears, best corrected visual acuity (BCVA) < 0.6,
refraction abnormality above +3.0 Dsph and below -3.0 l'hph‘
and history of eye surgery except for uncomplicared cataract
phacoemulsification. The study also excluded persons with
diabetes, unregulated arterial hypertension (>145/85 mm Hg),
a body mass index =30 kg/m?, damage 1o CNII with an etiology
other than glaucoma, and the presence of any discasc of the
macula and neurodegenerative discases other than AD.

OCTA Imaging

OCTA imaging was carried out with an Avanti RTVue XR
(Oprovue, Inc., Fremont, CA, USA) capable of scanning ar
TO.000  Ascansfs, permitting measurements with an axial
resolution of 5 um using a source of light with a wavelength
of 840 £ 10 pm. We used a newly developed system (software
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Tame 1. Demographic Data and Clinical Characteristics of Patients

Parameter AD POAG HC P value*
Mumber of cyves 27 27 27
Age, vi 401 £ 5.87 TLES £ 7.6 Ta20 £ T.00 361
Sex, female:male 216 17:10 198 04913
BCVA, Sncllent N.93 = 009 097 + 007 0.95 + 0.09 0423
1OF, mm Hgt 16,73 = 367 19.22.- = 2.27 1707 = 217 L003
MMSE, pointst 20.55 = 540 2892 = L14 2839 = L4 <000

*ANOVA test, P value <005 was considered 1o be stavistcally significant.

t Mean = SD
27 test, P ovalue <0005 was considercd (o be statistically significant.

version 2017.1.0.151) equipped with three-dimensional Pro-
jection Artifact Removal (3D PAR)Y thercfore, the projection
artifacts are reduced in all the deeper layers while maintaining
their authentic layout, and the foveal avascular zone (FAZ)
pamameters have been improved. " Both eyes of all patients
were examined on the same day between 8.00 AM and 12.00
AM afier their pupils were dilated. The macula was analyzed by
using Bscans covering an area of 6 X 6 mm® repeated
horizontally and verticallv. Each of the Bscans consisted of 400
Asscans  (versus traditional 304 A-scans) centered on the
fixation point. On an area of 4.5 X 4.5 mm” centered on the
ONH, the peripapillary vessels were analvzed. The images
consisted of two sets of B-scans repeated horizontally and
vertically, each consisting of 400 A-scans. Only measurements
of good technical quality with a signal quality (803 of 6 or more
on a lodegree scale, with which a commercial camera is
equipped, qualified for further analysis,. Measurements with
motion artifacts present on the en face images (irregular
partterns of vessels or a blurred boundary of the ONH) were
also rejected. The data were analyzed with commercially
available software consisting of automatic segmentation of the
SVP and DVP. and then automatic measurement of the density
of vesscls in both these plexuscs as well as in the FAZ in the
macular arca, The 3D PAR algorithm developed by Optovue
reduces projection artifacts from the entire OCTA volume on
per voxel basis, using information from the OCT and OCTA
volume to distinguish the OCTA signal in situ from projection
artifacts, based on parameters acquired from the OCTA and
OCT intensity profiles around the voxel of imerest.”™** The
scan covering the ONH wis used to measure the density of
vessels throughout the en face image with dimensions of 4.5 >
4.5 mm”® and the density of vessels in the peripapillary area
extending between the 2- and 4-mm-diameter elliptical contour
lines around the disc marging The density of the radial
peripapillary capilluries (RPCs) was defined as extending from
the internal limiting membrane o the posterior boundary of
the RNFL. Macular vessel density was analyzed throughout the
examined area of 6.0 % 6.0 mm®*, the area of fovea within the
annulus of 1 mm in diameter, the parafoveal area between the
annuli at | mm and 3 mm from the center of the fovea, and the
perifoveal arca between the annuli at 3 mm and 6 mm from the
center of the fovea,

SD-OCT Imaging

All paticnts underwent SD-OCT imaging with the objective of
measuring the thickness of pRNFL using the Spectralis OCT
device (Heidelberg Engineering, Heidelberg, Germany). The
PRNFL was measured within a circular scan that consisted of
TOH A-scans. The scanned circle was 3.40 mm in diameter and
was cocentered with the ONH, The global thickness of the
PRNFL was analyzed over 360° The Avanti RTVue XR system
(Optovue) wis used to perform SDOCT measure ments and to
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analyze ONH parameters such as disc area, rim area, C/I area,
and cup volume,

Statistical Analysis

One eve of each patient was included in the analysis, In cases
where both eyes met the assumed crteria, the eve was
selected according to the higher SQ score of the macula in
OCTA imaging (when the S0 of OCTA images was the same in
bath eyes, the quality of ONH images was decisive). Scores and
variability, arithmetic mean, and the coefficient of variation (%)
were calculated. Among the groups, OCTA and SD-OCT results
were compared by using multifactor analysis of variance
(ANOVA), allowing analysis of the influence of several factors
interfering with OCTA results on a dependent variable, To
reduce error variance during the analysis, the total variability of
the examined feature was divided into variability caused by the
influence of sex, age, and 5Q. Tukey's post hoc test was used to
determine any significant differences between the groups. The
independence between the variables was analvzed with 3 test,
The surface arca under the receiver operating characteristic
curve (AROC) was used to determine diagnostic accuracy of
the analyzed parameters discriminating between AD. POAG,
and HC patients. An AROC of 1.0 represents perfect
diserimination, whereas an AROC of 0.5 represents accidental
discrimination. Pearson's correlation was used o determine
the cifect of MMSE and pRNFL on the measurements of vessel
density in individual retinal plexuses,

REsuLrs

Initially, 86 patients were enrolled in the study. Owing to the
poor quality of OCTA images of both eyes (movement artifacts,
segmentation errors, 8Q <0, a significant amount of floaters),
three people from the AT group and two from the POAG group
were excluded. As a result, 81 people qualified for the analysis
and were assigned to three groups. Twenty-seven patients with
ADD, 27 patients with POAG, and 27 healthy subjects, a control
group, were enrolled in the study. There was no significant
difference in age or sex between the study groups. The AD
group was characterized by a significantly lower MMSE score
(200.50 = 5.46) than the other groups (2 < 0.001). In all eyes of
the patients with ghincoma, the disease was of a perimetric
nature and medium degree of severity (MD: —8.77 =+ 7.85 dB),
whereas patients in the control group had normal results on
visual feld testing (MD: =034 £ 1.47). The mean 1OP was
significantly higher in the group of patients with glancoma
(Table 1),

The OCTA cross sections of the macula with visible How
signals both through the center of the fovea and in the
circumferential part of the macula were similar in all groups.
En face angiograms were also similar; however, in patients with
AD, the flows in SVP were nirrower and more interrupted than
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Frcune 1.
tomography angl
appearance as in the eyes witl
tomography angiography of the Alzheimer’s discase patient shows

Vascular flows within the superficial retinal vascular plexuses and deep retinal va
ng (6 6 mm”). (@) The central cross section with foc
primary open-angle glivcoma (b) and in the control group with healthy eyes (¢). (d) En face optical coberence
thinner capillarics in the superfici

ular plexuses in the sample of optical coherence
ked in the Alsheimer's disease patient has a similiar

lows

I retinal vascular plexuses than for the other

groups. (e) Area of capillary drop out (red arrons) within superficial retinal vascular plexuses in primary open-angle ghvcoma patient. (0 Normal

superficial retinal vasc

plexuses with noticeable flows in the patient from the healthy control group. (g) Capillary system and width of the deep

retinal vascular plexuses in Alzheimer’s disease group is similir to that observed in the primary open-angie glancoma group (h) and in the healthy

control group (i)

in other groups. In 13 eyes with glaucoma, areas with reduced
flow within SVP were visible. On en face images, DVP was
similar in all groups (Fig. 1).

Comparison of mean vessel density is presented in Table 2,
In the macula the lowest density in SVP occurred in patients
with POAG compared to patients with AD and to the HC group
(P < 0.001). Patients with AD had the lowest vessel density in
DVPE, compared to other groups (Fig. 2). Differences in vessel
density within SVP and DVP persisted in both parafovea and
perifovea (Fig. 3). The largest difference in vessel density in
DVP berween the group of patients with AD and other groups
wis in the perifoveal area. The ratio of DVP 10 SVP whole
density was 0.93 in the AD group and differs significantly from
that of the POAG and HC groups where this ratio gained values
of 1.20 and 1.03, respectively (P < 0.001). Patients with AD
had the largest mean FAZ area and that was significantly
different from that of other groups (P < 0.001). Patients with
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POAG also had a significantly increased mean FAZ area in
0.015) but smaller in
0012y, Analysis of vessel

comparison to the control group (P
comparison to the AD group f

density in the RPC layer on the entire surface of the en face

image and in the peripapillary area revealed thar patients with
glavcoma had a significantly reduced capillary network density
(P < 0.001). The densiry in this area did not differ significantly
between patients with AD and healthy subjects.

The thickness of pRNFL was
patients with POAG in comparison w the other groups (F <
0.001). However, in patients with AD, pRNFL was also
significantly thinner than in the control group (F < 0.05). In
the eves of paticnts with glaucoma, the amecters character-
izing the ONH such as rim area, ¢/ area, and cup volume
differed significantly as compared 1o the two other groups
(Table 3).

significantly reduced among
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Tame 2. Differences in the Density of Retinal Vessels in OCTA Imaging Berween the Studied Groups
Parameter AD

SVD whole, % i742 = 3.04

DVF whuole, % i3.9% = 5.15

Peripapillary RPCs, %1 51.54 = 3.

Whole RPCs, %t 4910 = 4.45

FAZ, mm’t 0.32 = 0.09

Sigmal qualityt 735 =084

POAG HC P Vvalue*
30.72 & 497 48.15 £ 3.03 < 00001
1744 £ 0,07 49.46 £ 4.27 [EXERH

387 + 832 50,40 + 2,48 <0001
38,49 * .88 > 241 < (L0001
0.260 = .08 0.21 = 0.07 <0,0001
T4 = 1.2 7.78 = 0.89 L0025

IVE deep retinal vascular plexus; SVD, superficial retinal vascular plexus
*ANOVA test, P ovalue <005 was considered 1o be staristically significant

T Mean = 5D,

No significant correlation was found berween the MMSE
score and vessel density in SVP or DVP and the FAZ area in
patients with AD. In the group of patients with glaucoma. there
was a significant correlation between vessel density in SVP and
the thickness of pRNFL (Pearson's r = (L66; P = 0.0002). This
relationship was not found in the DVP Table 4 shows that the
AROC was used to reflect the diagnostic accuracy for each
parameter to provide distinction between AD and other
examined patients (AD and POAG, AD and HC group, AD
and combined POAG with HC group). sfactory AROC
results were obtained only for two single parameters: the
density of the peripapillary RPCs (0.96) and SVP whole (0.92)
to differentiate between AD and POAG. The ratio of DVP to
SVF whaole density creates a parameter that has a relatively high
AROC of 086 lor distinguishing AD from other surveyed
participants. The wse of a logistic regression model with three

parameters—the density of the peripapillary RPCs, DVP whole,
and area of the FAZ—allowed us to obtain an AROC of 0.93 to
separate AD patients from combined groups of POAG patients
and HCs.

Discussion

AD and POAG are multifactorial neurodegenerative diseases
associated with aging. During embryogenesis, the CNIT and
retina develop as a direet extension of the diencephalon, so
that abnormalities occwrring in the €NS can also be observed
in the fundus of the eye in the case of AD 1t is believed that
nerve cell damage can have a common pathogenesis for both
A and POAG, and there is increasing discussion about
common risk factors and mediators responsible for the onset

Froom 2.

The graphical representation of vessel density within the superficial retinal vascular plexuses and deep retinal vascular plexuses in

sample optical coherence omography anglography images in the groups studied Weerme eofors indicate areas with high vessel density and cofd
eolers indicate areas with low density. (a) Density in the superficial retinal vascular plexuses ina patient with Alzheimer's disease. (b) Density in the
deep retinal vascular plexuses in a patient with Alzheimer's discase. () Density in the superficial retinal vascular plexuses inoa patient with primary
apen-angle glaivcomi (d) Density in the deep retinal vise plexuses in a patient with primary open-ingle glaucoma. (e) Density in the superficial
retinal vascular plexuses in a healthy control group. (£) Vascular density in the deep retinal vascular plexuses of a healthy contral group. Cloudiness
in the vitreous body causcs an artifact visible as the dark blue arca of the reduced vasculir density in the upper nasal part of the macula,
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Fisune 3. Comparison of vascular density in the foveal, parafoveal, and perifoveal areas in the studied groups within the superficial retinal vascular
plexuses (ay and deep retinal vascular plexuses (b). The average densiry in the parafoveal and perifoveal part of the macula was sign
different between Alzheimer's disease and priory open-angle glavcoma groups

and progression of both discases.™ Yoneda ct al® in their ocular hypertension may be the chronic neurotoxicity caused

Investigative Ophthalmology & Visual Science

studies on the pathogenesis of a have shown a by deposition of Afl induced by an increase in TOR as well as
significant decrease in AR as well as an increase in the level reduction in vascular endothelial growth factor (VEGF), which
of the tau protein in the vitreous body. Similar changes in the resembles AD at the molecular level. These results confirm the
amount of these proicins occur in the cerchrospinal fluid of hypothesis that degenerative changes in the eye with ghucoma
subjects with AD Y MeKinnon ™! animal model studies has may have the same pathogenesis as in the case of AD. In
suggested that the cause of death of RGCs in patients with addition to specific neuropathologic changes caused by
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Tams 3. Differences Between the Groups in Morphologic Parmmeters of the ONH and the Macula in SD-OCT Imaging

Parameter AD
Disc arca, mm*} 1.96 + 052
Rim area, mm®t 171 = 037
Cup/disc area ratiof 017 £ 0001
Cup volume, mm'§ 0.04 + 0.04
PRNFL, pmt 9R.74 * 6.58

POAG HC P Value*
1.97 £ 051 1.96 = 0.39 08443
116 = 0.5 1.79 = 039 < OKN T
0.39 £ 0.23 012 =025 <0.0001
0.18 + 0.17 0.02 = 0.04 <001

66.11 * 16.79 102.85 = 887

< L0 T

* ANOVA test, P value <0.05 was considered 1o be statistically significant,

1 Mean = SD.

abnormal proteins, AD and POAG are associated with vascular
changes.** %

In our study, we used OCTA technology 1o assess the retinal
microvasculature of the macula and ONH in patients with AD,
POAG, and in HCs. We compured the results of the groups,
analyzed to each other, in order to find distinctive differences.
We found that the density of vessels in individual retinal
plexuses differed significantly between the study groups. We
showed that patients with AD have a significantly lower
vascular density in DVP and enlarged FAZ area in comparison
to the other groups. In addition, we observed that SVP also
exhibits a reduction in vessel density as compared to the HC
group, but this difference was not statistically significant (P =
0.189). For the POAG group, a decrease in vessel density could
also be ohserved in all retinal vascular plexuses. However,
statistically significant changes occurred only in the RPC layer
and in SVP. which correlated with the loss of the pRNFL
thickness. No correlation between the MMSE score and the
retinal vascular density was demonstrated.

To date, only three studies™ ™ have been published in
which OCTA has been used to evaluate the microvasculature in
patients with AD. Bulut et al.* were the first 1o use OCTA 0
evaluate retinal vascular changes in AD. They have found that
vessel density in SVP is significantly reduced in the AD group
(P < 0.0%5), which correlates with MMSE scores, while the FAZ
area is enlarged (7 < 0.001) compared to the HC group. The
positive correlation between vessel density in SVP and FAZ
arca with MMSE may be duc to the fact that the mean MMSE
score (16.97 + 7.39) in AD patients is significantly lower than
in our research, which could affect the disclosure of this
correlation. A lower degree of dementia is associated with a
less advanced stage of the disease in which degenerative
changes may be less pronounced. The authors*' also suggest
that vascular impairment may be relaied to the reduced
angiogenesis caused by VEGF's being bound and blocked by
Ap. In addition, as the A deposits settle inside the walls of
blood vessels, they are likely 1o lead to occlusion and reduced
blood Aow, which has also been reported in previous
work.” ™ The authors have not analyze the density of vessels
in DVP probably because the software available 1o them was in
its early version.

Lahme et al,** have used OCTA to evaluate vascular density
of the macula and ONH in patients with AD. Their results
demanstrate a decrease in vascular flow density in each rerinal
plexus, yet significant changes are found in SVP (P < 0.001)
and RPCs (# < 0.05), which in paticnts with AD, corrclate with
the Fazekas scale for white substance changes of vascular
origin. Vascular brain damage was associated with reduced
flow density in the superficial OCT angiogram of the retina.
These authors have not observed significant changes in the FAZ
area and in the deep retinal OCT angiogram of the macula (P =
0.09) in AD patients compared 10 HC group. Moreover, they
have not found a correlation between the density of vascular
tflow and the level of AP, tau protein, or MMSE score.*” This
can be explained by the fact that the authors examined a
macular area of 3 % 3 mm®, while the vascular changes in the
population under study are most visible in the peripheral part
of macula. Morcover, the patients included in their study havea
lower degree of dementia (MMSE score 22.32 = 4.45) than the
group analyzed in our investigation.

In turn, Jiang et al..*® using OCTA and fractal analysis (box
counting, Dbox) for the assessment of vessel network density
in SVP and DVE have investigated the relationship between
microvasculature and the thickness of GCLlinner plexiform
layer (IPL} in patients with AD and MCL Their findings are
similar to ours, namely, the vessel density decreases in DVP and
SVP in the AD group, whereas the GCLIPL thickness is only
corrclated to DV

There are many more reports on POAG in the literature in
which OCTA parameters have been evaluated. Most studies to
date have shown that the disease affects all vessels and a
decrease in density can be observed in each plexus, and
statistical significance has been demonsirated in SVE RPC, or
in full-thickness scans *"~** This is consistent with our results.
In two other published works,""** a significant decrease in
retinal vessel density has been found both in SVP and DVE The
difference in the results obtained in each of these studies may
be related 10 the quality of the images obtined, the artifacts
casting shadows especially on the deeper lavers of the rerina,
as well as a difference in the software used in OCTA, which has
a particularly large impact on DVE

The results of this study confirm that AD and POAG are
neurodegenerative discases that are associated with retinal

Tamie 4. Diagnostic Accuracy of OCTA Parameters in Discriminating Berween Patients With AD, POAG, and HC
AROC (95% CI)
Parameter A vs. POAG AD vs. HC AD vs. POAG | HC

Peripapillary RPCs 0,9609 (0.919-1.00)

SVP whole 0.9150 (0.845-0.985)
DVE whole 0.6886 (0.539-0.838)
FAZ 0,6934 (0.549-0.837)

DVP whole/SVP whole 0.9369 (0.877-0.997)

1, confidence interval.
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06193 (0-462-0.777)
0.5912 (0.435-0.748)
07791 (0.655-0.804)
08422 (0.739-0.945)
0. 7874 (0.600-0.915)

0.7901 (D.6H9-0.891)
0.6619 (0.545-0.779)
0.7339 (0.616-0.852)
0.7678 (0,659-0.876)
0.8621 (0.778-0.940)
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microvasculature changes, and the degree and level of vascular
damage depend on the disease. In the case of POAG, the
disease process involves RGCs in the GCL and RNFL, hence
vascular damage is more selecrive and affects SVP and RPC. AD
is the discasc with the greatest degree of vascular damage in
DVP, which is significantly correlated with the decrease in the
thickness of GCLIPL*® This is probably due to the larger
diameter of vessels within SVP, which are less sensitive to
disease progression than within DVE where vessels are thinner
and have a smaller cross section, which was also confirmed by
our results in the AD gmup.'“'

Our study had several limitations. It was a cross-scctional
study, which makes it impossible to evaluate the changing
retinal microvascular parameters as a function of time and with
disease progression. Another limitation was the relatively small
number of subjects. The OCTA imaging technique requires that
the patient concentrate and cooperate, which makes some of
the images obtained unsuitable for analysis. There is a certain
probability of sclection error because PET neuroimaging was
performed only in the group of AD patients. Despite the fact
that the screening of cognitive functions with MMSE was done
in each patient, it cannot be ruled our with certainty that
among the other groups are amvloid-positive people. PET
imuging is too expensive to be routinely used in screening tests
in our country. Moreover, the MMSE was the only measure of
cognitive impairment. We used it first of all because it is a
standard procedure that needs to be applied in all Polish
Mational Health Service-based institutions for dementia pa-
tients; secondly, it is the only cognitive screening tool thar is
standardized in the Polish population; and finally, it has been
widely applied in other studies. We assume that an extended
neuropsychological diagnosis would provide a much clearer
picture of the relation between changes in retinal microvascu-
lature and cognitive impairment in AD. To avoid bias of the
results and minimize sclection error, the observer analyzing the
data did not know which group the patient belonged 1o, and if
both eyes met the eriteria, the eyve was selected according 1o
the higher 5Q score in OCTA imaging. Another important
problem that should be mentioned concerns projection
artifacts caused by superficial vessels projecting shadows onto
deeper layers of the retina, which may affect the obtained
results, Despite the fact that the latest version of the software
wis equipped with the AngioVue 31 PAR algorithm, remaining
projection artifacts in the deeper retinal lavers were noticeable
in the perifoveal area, which may have the same effect on the
results obtained in each group, We realize that the ability to
remove projection artifacts in the 6 % 6 mm® scanning area is
less than 3 % 3 mm”, Despite this, we decided to explore a
larger area of the retina because we have reason 10 believe that
in AD most alterations localize in the peripheral parts of the
retina*7 It is also important to nore that, during the
experiment, patients with POAG used antihypertensive eye
drops, which may have a potential confounding ¢ffect on the
hemadynamics of ocular blood flow and retinal vascular
autoregulation. To eliminate the potential effect of antihyper-
tensive eye drops on the result of the study, they should be
discontinued from 1 1o 4 weeks before the OCTA examination
is performed, but for ethical and medical concerns, the
glaucomatous patients in the current study did not stop using
antiglaucoma cye drops at the time of the examination. "

In summary, this is the first study comparing OCTA
angiograms in patients with AD, POAG, and in HCs The
results showed that AD and POAG are associated with retinal
microvasculature dysfuncrion, which can be effectively evalu-
ated with OCTA. Depending on the disease, significant vascular
damage can affect different retinal plexuses. Despite the fact
that in both diseases there are abnormalities in the entire
retinal vascular system, the microvasculiture impairment in

Downloaded from lovs.arvojournals.org on 03/28/2021

38

IOVS | August 2019 | Vol. 60 | No. 10 | 3454

POAG affects superficial vessels to the greatest extent, whereas
in AD, it affects vessels located in the deeper layers of the
retina, The ratio of DVP to SVP whole density suggests a
different vascular phenotype in AD than in POAG. The results
are promising, and farther study is warranted because this can
he a useful method for diagnosing neurodegenerative diseases.
We consider that the usc of OCTA may help to distinguish the
cause of pRNFL damage and can be used in the future as a new
biomarker in the early diagnosis of AD and POAG
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Abstract

Purpose

Assessment and a direct comparison of retinal vessel density with the thickness of inner reti-
nal layer (IRL) and outer retinal layer (ORL) in the same regions of the macula in subjects
with Alzheimer's disease (AD) and primary open-angle glaucoma (POAG).

Methods

We analyzed data from 48 eyes of healthy control (HC) participants, 71 eyes with POAG,
and 49 eyes of AD patients. Ophthalmic examination included optical coherance tomogra-
phy (OCT) imaging to measure IRL and ORL thickness and OCT angiography (OCTA) in
the same region for the imaging of vessel density in the superficial vascular plexus (SVP)
and deep vascular plexus (DVP) of the retina. A direct comparison of vessel density and reti-
nal layers thickness, which different dynamic ranges, was obtained by normalizing values
as percentage losses.

Results

Patients with AD presented significantly greater losses of vascular density in the DVP and
ORL thickness compared to POAG (p <0.001), but percentage losses of vessel density in
SVP and IRL thickness were considerable in POAG compared to AD eyes (p<0.001). Posi-
tive associations among presence of AD were observed primarily in outer retina where a 1%
decrease of ORL thickness was associated with about 24—29% increase in odds of the pres-
ence of AD. According to OCTA measurements, a 1% decrease of vessel density in DVP
was positively associated with a 4-9% increase in odds of the presence of AD. In FOAG
positive associations among presence of disease were observed only in inner retina where
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1% loss of IRL thickness and a 1% loss of vessel density in the SVP were positively associ-
ated with a 13-23% increase in risk of presence of the disease.

Conclusions

Analysis of ORL thickness and vessel density in DVP could potentially improve diagnostic
capabilities and may provide a valuable approach for predicting of AD.

Introduction

The leading cause of dementia is Alzheimer’s disease (AD), characterized by chronic inflam-
mation, glial disorders, and synaptic loss in the central nervous system which begin decades
before the disease is fully clinically expressed [1]. In 2018, the National Tnstitute on Aging and
the Alzheimer’s Association (NIA-AA) proposed a new research framework for AD as a
means of diagnosing and staging AD in living people. Biomarkers are grouped into those
related to amyloid-p (AB) deposition, pathological aggregation of phosphorylated Tau (pTau),
and ncumdegeneratian {ATN). This classification system groups and evaluates various bio-
markers using neuroimaging, e.g., structural magnetic resonance imaging (MRI), positron
emission tomography (PET), or molecular measurement of protein levels in cerebrospinal
fluid (CSF) [2]. However, existing modalities for diagnosing AD present several disadvantages,
such as a lack of standardization and invasiveness in the case of CSF markers and high costs
and currently limited availability of PET imaging. In addition, there are still doubts as to
whether current methods are sensitive and specific enough to establish a definitive diagnosis
of AD [3,4].

During embryogenesis, the retina develops as a direct extension of the diencephalon and
cranial nerve (CN) IL Retinal ganglion cell (RGC) axons do not have specific features of
peripheral nerves and are essentially white matter surrounded by meninges [5]. The first histo-
logical studies more than 30 years ago reported changes in the CNIl and retina as a result of
neurodegenerative changes in the brain of AD patients [6]. Anatomical alterations such as loss
of RGC leading to a reduction in thickness of ganglion cell layer (GCL) and retinal nerve fiber
layer (RNFL) in eyes of patients with AD were confirmed in subsequent reports [7,3]. How-
ever, RGC apoptosis occurs not only in AD but in other neurodegenerative diseases, particu-
larly in glaucoma [9,10].

Since the 1990s when optical coherence tomography (OCT) was introduced, measurements
of RNFL and GCL thickness have become parameters commonly used in the diagnosis and
monitoring of glaucoma [11]. Tt is notable, that recent studies using OCT found that values of
RNFL, and also GCL thickness were reduced in patients with AD when compared with healthy
subjects, but that thickness was even more decreased in eyes with primary open-angle glau-
coma (POAG) [12-15]. Therefore, it seems that the thickness measurements of the RNFL and
the inner retinal layers (IRL) of the macula, which have been previously proposed as surrogate
marlkers for the identification and monitoring of AD, are not specific enough to be used in
everyday practice,

Post-mortem histopathological brain examinations of patients with AD have shown that
the disease also causes cerebrovascular pathology, however, changes in the microvasculature of
the CNS remain difficult to investigate in vivoe [16]. Blood vessels of the retina and brain share
a comman embryological origin and displa}' similar anatomical and physiological properties,
thus retinal vascular examination may provide new, valuable information on AD [17]. With
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the introduction of OCT angiography (OCTA), a modern technique for non-invasive imaging
of retinal blood vessels in vivo, it has been demonstrated that retinal vessel density is signifi-
cantly reduced in patients with AD, likely due to abnormal AP deposits that build up inside
blood vessel walls [18-21]. Latest studies demonstrated significant correlations between retinal
vessel density and cognitive function domains [22,23], apolipoprotein E genotype AD [24],
and cerebral volumetric changes [25]. However, OCTA imaging has also provided evidence of
microvascular impairment owing to reduced vessel density within the peripapillary arca and
the macula in POAG [26].

Although new imaging technologies, such as OCT and OCTA, have advanced our under-
standing of the pathophysiology of AD, identifying which biomarkers of the eye are most use-
ful in the diagnosis of AD remains challenging, moreover, it is difficult to distinguish AD from
other neurodegenerative diseases, primarily POAG, with sufficient accuracy.

The purpose of the present study was to characterize and perform a direct comparison of
retinal vessel density with the thickness of IRL and outer retinal layer (ORL) in the same
regions of the macula in subjects with AD and POAG. In addition, we used spectral-domain
OCT (SD-OCT) and OCTA to determine the associations of changes in vessel density and reti-
nal layers thickness with the presence of Al and POAG.

Materials and methods
Study design and subjects

This was a cross-sectional study carried out between January 2018 and March 2019 in the
Oftalmika Eye Hospital in Bydgoszcz, Poland. The research was conducted in accordance with
the principles of the Helsinki Declaration. The protocol of the study was approved by the Bio-
ethical Commission of Nicolaus Copernicus University in Torun, Collegium Medicum in Byd-
goszcz (approval number: 473/2017). Written informed consent was obtained from all
participants. Each participant enrolled in the study was examined by a psychologist and cogni-
tive function was assessed using the Mini-Mental State Examination (MMSE) screening test.
An interview with each subject was conducted by a physician to obtain demographic informa-
tion, medical and neurologic history, and a risk factor profile. Patients with AD remained
under the care of their psychiatrist, who determined that the participants are able to express
informed consent. All patients included in the study underwent a detailed ophthalmological
examination which included: best-corrected visual acuity (BCVA) assessment, tonometry
(Icare TAOLI, USA), slit-lamp biomicroscopy to assess iridocorneal angle, and dilated fundus
examination. Thickness of the peripapillary RNFL (pRNFL) and retinal macular region were
measured using SD-OCT. Retinal vessel density was assessed in the same region using OCTA.
Examinations were carried out over one day by a single ophthalmologist.

The group of AD patients were referred from the Psychoneurology of the Elderly Center in
Bydgoszcz. Each of them remained under the care of this center for at least a year, where, in
addition to cognitive therapy, they received drugs. In the mild stage of the disease, these were
acetylcholinesterase inhibitors, while in the moderate stage, they were NMDA receptor antag-
onists or combination therapy. AD was diagnosed by a psychiatrist physician according to the
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) and the NIA-AA criteria
[27]. To confirm the presence of fibrillar brain amyloid, PET imaging with florbetapir F 18
radioligand was performed. Images were constructed using the standard uptake value ratio
(SUVr) based on 90-110 min of acquired data. Global values were computed based on the vol-
ume weighted average of frontal (superior, middle, and inferior frontal gyrus), parietal (poste-
rior cingulate, superior parietal gyrus, postcentral gyrus, and inferolateral remainder of

parietal lobe), and temporal (parahippocampal gyrus, hippocampus, medial temporal lobe,
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superior, middle, and inferior temporal gyrus) regions. All SUVr images were visually read by
an experienced nuclear physician. If SUVr was > 1.5, AD subjects were classified as amyloid-
positive [28]. Patients with mild to moderate dementia (MMSE score, 10-23) qualified for
entry into the study. Additional inclusion criteria were a normal intraocular pressure (10P; <
21 mmHg) and the absence of ocular fundus changes suggestive of glaucoma. Due to poor
cooperation affects to the low reliability of static perimetry test in patients with AD, the exami-
nation was not performed in this group of patients.

Patients with POAG and cognitively normal according to neuropsychological assessment
were enrolled in the study based on the presence of features of glaucoma optic neuropathy,
accompanied by a decrease in pRNFL thickness corresponding to loss of visual field based on
standard automated perimetry (SITA Standard 24-2, Humphrey Field Analyser II, Carl Zeiss
Meditec). Glaucomatous visual filed damage was defined as a glaucoma hemifield test (GHT)
outside normal limits and a pattern standard deviation (PSD) outside the 5% normal limit,
confirmed by at least two consecutive reliable tests (fixation losses < 33%, false-positives, and
false-negatives < 20%). Patients in stage 1 or 2 glaucomatous damage were included in the
study [29], Each eye (100%) in the POAG group was treated with at least one type of ocular
antihypertensive drops. The mean number of antihypertensive eye drops was 1.6 + 0.7. The
most commonly used were beta-blockers (59.2%), followed by prostaglandin analogues in
36.6%, carbonic anhydrase inhibitors in 33.8%, and alpha2-adrenergic receptor agonists in
30.9%.

Participants in the healthy control group had an [OP of less than 21 mmHg, normal optical
nerve head (ONH) images without asymmetry, pRNFL thickness within normal limits, normal
results in visual field examination, defined as a PSD within the 95% confidence interval (CI),
and a GHT result within normal limits. Control subjects were ascertained to be cognitively
normal according to neuropsychological assessment.

General exclusion criteria included: age below 50 and above 85, BCVA < 0.6, refractive
defect above + 3.0 Dsph, IOP > 23 mmHg, ocular trauma, vascular or non-vascular retinopa-
thies, non-glaucomatous optic neuropathies, macular disease with a history of eye surgery,
except uncomplicated cataract phacoemulsification for all groups and uncomplicated anti-
glaucoma surgery only for the POAG group when at least 3 months have passed since surgery.
People with neurodegenerative diseases other than AD, a history of alcohol abuse or carbon
monoxide poisoning, or other serious chronic medical conditions affect the vascular system,
such as diabetes, thyroid disease, uncontrolled arterial hypertension were alsa excluded from
the study.

OCTA and SD-OCT acquisitions

The study used the RTVue XR Avanti (Optovue Inc., Fremont, CA, USA) SD-OCT device
with AngioVue software (version 2017.1.0.151), which provides non-invasive visualization of
the retinal vascular network using the split-spectrum amplitude-decorrelation angiography
(SSADA) algorithm. The system is implemented on an existing commercially available
SD-OCT platform that provides both retinal thickness and vessel density measurements. By
simultaneously acquiring the OCT and OCTA volume of the AngioVue scan and using auto-
matic segmentation, both the vessel density and thickness can be obtained from the same scan
with accurate registration of analyzed areas. The OCTA device has the ability to perform
70,000 A-scans per second and allows measurements with an axial resolution of 5 pm using a
light source with a wavelength of 840 + 10 nm and a bandwidth of 45 nm. To correct motion
artifacts, OCTA combines orthogonal fast-scan directions (horizontal and vertical) and is
equipped with DualTrac Motion Correction Technology [30]. The software is equipped witha
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three-dimensional Projection Artifact Removal algorithm to reduce projection artifacts in
deeper layers from the OCTA volume on a per voxel basis using information from the OCT
and OCTA volumes to differentiate the OCTA signal from projection artifacts in situ [31].

The protocol for macular scanning consisted of B-scans covering a 6x6-mm area repeated
horizontally and vertically. Each B-scan contained 400 A-scans with the center located at the
fixation point. Scanned images of the 4.5x4.5-mm areas centered on the ONH also consisted
of two sets of B-scans repeated horizontally and vertically, each consisting of 400 A-scans. For
further analysis, only good technical measurements with a scan quality (5Q) index of 6 or
higher on a 10-point scale with which a commercial device was equipped, qualified. Measure-
ments with motion artifacts on en face images (irregular patterns of vessels or a blurred
boundary of the ONH) were discarded, as well as those with poor segmentation of individual
vascular plexuses,

Vessel density analysis

The study was conducted on all patients between 10:00 and 16:00 following pupil dilation.
Data analyses, including automatic segmentation of the superficial vascular plexus (SVP) and
deep vascular plexus (DVP) of the macula and the peripapillary radial peripapillary capillary
(pRPC) layer in the ONH area, followed by automatic measurements of vessel density, were
performed on commercially available software. Vessel density was calculated as the percentage
ol area occupied by flowing blood vessels in the selected region. For ONH scans, vessel density
was analyzed in the peripapillary area, which extends outwards from the ONH border with an
elliptical area between 2-4 mm. The RPC layer was defined as extending from the inner limit-
ing membrane (ILM) to the posterior border of the RNFL. In the macula, analyses of vessel
density and retinal thickness were performed on the entire surface of 6x6-mm en face images,
inner circle of the Early Treatment of Diabetic Retinopathy Study chart (i.e., foveal area, 1-mm
diameter circle), parafoveal area (rings between 1 mm and 3 mm from the center of the fovea),
perifoveal area (rings between 3 mm and 6 mm from the center of the fovea), and its sectors,
The SVP comprised the area between the ILM and the outer boundary of the inner plexiform
layer (IPL), while the DVP comprised the area between the outer boundary of the IPL and the
outer boundary of the outer plexiform layer (OPL).

Thickness analysis of retinal layers

Thickness of the retinal layers was evaluated using the same 6x6-mm and 4.5x4.5-mm OCTA
acquisitions used for the vessel density analysis. Mean retinal thickness in the peripapillary
and foveal, parafoveal, and perifoveal areas were output by the software. Furthermore, the soft-
ware automatically segmented the pRNFL as well as the IRL and ORL of the macula. The IRL
includes the RNFL, GCL, and IPL, whereas the ORL includes layers starting from the inner
nuclear layer (INL) up to the outer portion of the hyper-reflective line corresponding to the
retinal pigment epithelium (RPE) (Fig L)

Statistical analysis

Summary statistics for normally distributed continuous variables are presented as mean + one
standard deviation (SD) and median with interquartile range (IQR) for non-normally distrib-
uted variables. Categorical variables are presented as frequencies. Differences between contin-
uous, normally distributed variables were analyzed using Student’s t-test or analysis of
variance (ANOVA) with Bonferroni adjustment for multiple tests. Differences among non-
normally distributed data were assessed using the Wilcoxon or Kruskal-Wallis test. When mul-
tiple patient groups were compared, multiple testing corrections were applied. Differences
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Fig 1. Representative optical coherence tomography image of an eve in a patient with Alzheimer’s disease, Cross-
sectional image along the horizontal meridian showing the segmentation boundaries of the inner retinal layer (IRL)
st riter cetlon lops (OO0 ey tineel,

iournal, pone 0248284 007

between categorical variables were assessed using the chi-square test or Fisher’s exact test for
independence. To compare distributions of vessel density and retinal layer thickness in HC,
AD, and POAG groups, the linear mixed effect model (LMM) was used, which takes into
account the correlation between repeated observations for the same individual (inter-eye
correlation).

A direct comparison of vessels density and retinal layers thickness, which different dynamic
ranges, was obtained by normalizing values as percentage losses. For patients from the AD and
POAG groups, the percentage loss of retinal structure compared to the HC was obtained for
the considered variables, i.e, vessel density in the SVP and DVP and thickness of the [RL and
ORL calculated using the LMM model [32]. Values of percentage losses were adjusted for
inter-eye correlation, age, gender, and SQ, where applicable.

The LMM model was applied to study the association between percentage losses of vessel
density and thickness of retinal layers, with thickness as the dependent variable and vessel den-
sity, age, gender, and SQ as independent variables. Results are reported as the coefficient of
determination (R2), which evaluates the amount of variance in the dependent variable
explained by the model. To investigate associations between the percentage losses of consid-
ered variables and the presence of AD and POAG, generalized estimating equations (GEE) for
correlated multinomial responses were applied [33]. Results are expressed as odds ratios with
95% CI per 1% loss of function.

Results are considered statistically significant when the p-value is less than 0.05. Statistical
analyses were performed in the R software (version 3.6.2) using the gls function in the lme4
package, r2glmm package, and multgee package.

Results

This study initially enrolled 112 subjects (179 eyes) who met the inclusion criteria. Due to
poor image quality (motion artifacts, vitreous floaters, incorrect segmentation) in OCTA and
SD-OCT examinations, two eyes from the HC group, four eves from the POAG group, and
five eyes from the AD group were excluded. Analyses were carried out on data from 31 HC
participants (48 eyes), 46 POAG patients (71 eyes), and 31 ADD patients (49 eyes). When both
eyes of the same patient were included in the study, we controlled for correlation between
same-patient eyes.

Demographic and clinical characteristics of study subjects are summarized in Table 1.
There were no significant differences among groups in terms of age, gender, BCVA, and 5Q
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Table 1. Demographics and clinical characteristics of participants.

Parameter  Healthy |POAG |AD P-Valuef
Numher ofe[es (gmients) __48{3” ___?I(_ti—ﬁ) {_49(3]} |

Age (vears) 71.429.1 | 72.1:8 | 74.126.1 0.287
Gender (Male/Female) | 9i23 | 23123 | 922 | 0747
MMSE (points) | 29(28-29)" | 29028-30)" | 205(18.5-24.5)° . <0001
BCVA (Snellen) | -1y | 102-1y [ Lt1-1y _ 0.082
10P (mmHg) | 18425 | 182423 [ 169118 _ 0.013
PREC (%) | 5142.8 | 116273 50.743.8 _ <0.001
pRNFEL (pm) 10924105 | THB2145 10294138 < 0.001
5Q index Macula 8(7-8) 7(7-8)" T(7-8)" (L0635
5Q index Optic Disc 8(8-9r 8(7-9)" | 8(7-9)° 0.062

Significant values appear in boldface.

Mean (standard deviation).

*Median (interquartile range).

Statistical significance tested by ANOVA or Kruskal-Wallis test (for continuous variables) and by chi-square or Fisher exact lest (for categorical variables).
Abbreviations: POAG = primary open-angle glaucoma, AD = Alrheimer's disease, MMSE = Mini-Mental State Examination, BCVA = best corrected visual acuity,

https:/fdoi.org/10.1371foumal pone. 0248284 1001

index (p=0.05). The 10P of eyes differed between groups (p = 0.013), with the highest scores
reported for POAG. In all eyes with POAG, the disease was of a perimetric nature (mean devi-
ation (MD) -4.7 (-8.2-2.4) dB), whereas eyes in the HC had normal results on visual field in
standard automated perimetry, (MD -1.1 (-2.2-0.2) dB) (p<0.001). The MMSE score was sig-
nificantly lower in AD patients (p</0.001) and median (interquartile range) was 20.5 (18.5-
24.5). In the groups of POAG and HC patients, the MMSE score was within the normal range.
Thickness of the pRNFL were significantly different among the three groups (p<0.001) with
the thinnest mean pRNFL measurement in the POAG group and thickest mean measurement
in the HC group. Despite decreased pRNFL thickness (p = 0.038), patients with AD did not
exhibit any differences in vessel density in the pRPC (p = 0.906) compared to the HC group,
whereas pRNFL thickness was significantly reduced in the POAG group (p<0.001 for POAG
vs, AD and POAG vs. HC).

Vessel density and retinal layer thickness of the three groups are presented in Table 2, Sta-
tistically significant decreases in SVP vessel density and IRL thickness were found in the peri-
foveal and parafoveal areas in POAG compared to AD and HC, based on whole en face images
(p=0.001 for all). Compared to POAG and HC, a significant decrease in vessel density was
found in the DVP of the AD group as well as thinning of the ORL (p<0.05). The most notice-
able DVP impairment in AD occurred in the perifoveal region compared to POAG and HC
(p = 0.002 and p = 0.004, respectively), while in the ORL, the most noticeable reduction in
thickness applies to the whole en face image (p<0.001 and p = 0.004, respectively).

The percentage loss of vessel density in the SVP and thickness of the IRL in AD and POAG
are summarized in Table 3. Percentage losses of vessel density in SVP and IRL thickness were
considerable in eyes with POAG compared to AD (p=<0.001 for all, except SVF vessel density
in the perifoveal area, where p = 0.003). The extent of IRL thickness percentage losses were sig-
nificantly greater than corresponding percentage losses of vessel density in the SVP in the AD
and POAG groups (p<:0.001 for all, except the perifoveal region in AD, where p = 0.01).

Table 4 summarizes the calculated percentage losses for vessel density in the DVP and
thickness of the ORL in AD and POAG. Significantly greater losses of vascular density in the
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Table 2. Vessel density and retinal layers thickness of the studied groups.

Parametr Healthy | POAG AD P-Yaluet AD vs. FOAG P-Valuet AD vs, Healthy | P-Valuet POAG vs. Heallhy
SVP vessel density (%)

whole | 485+3.4 468132 | <0.001 _ 0766

fovea | 239646 19.7£6.2 | 0.45 | 0.011

parafovea | 514443 49.4+4 < (LDO1 .68

perifovea 188236 46.8+3.3 <0001 0,582

DVP vessel density (%) .

whole [485:51  a76ss2  [4sed7 o014 _ 0032 [ 092
fovea | 39,656 347276 343473 (.748 0.005 | 0.006
parafovea | 53234 | 335241 AlLEA6 0038 | 0.045 | 021
perifovea | 50+5.3 18.725.7 45.445.4 0.002 0.004 | 0,922
IRL thickness (pum) ) ) )

whole  [100386 |s13:i21 [03sen7 | <0001 . 0032 . <0001
fovea | 60.829.4 49,7492 53.547.9 0.077 0.001 | =0.001
parafovea | 11049 | 89.9£14.8 102.549.8 <0.001 _ 0.061 | <0.001
perifovea | 100.6+10.5 | 806116 94.5+8.1 | <0.001 | 0.066 | <0.001
ORL thickness (pm})

whole 2024472 | 207.448 195.747.5 < 0.001 | 0.004 | 0ol
fovea | 221.74139 219.8+12.6 211.7+14.1 0.023 0.005 0.274
parafovea | 2159481 | 217.848.7 208.918.8 | =0.001 | 0.007 | 0468
perifoves | 1842469 | 1845568 | 1786365 0.004 _ 0018 _ 0.748

Significant values appear in boldface.

Mean (standard deviation).

"P-values adjusted for age, inter-eye correlation and SQ (in OCTA), based on Linear Mixed Effects Model,

Abbreviations: POAG = primary open-angle glaucoma, AD = Alzheimer’s disease, SVP = superficial vascular plexus, DVF = deep vascular plexus, IRL = inner retinal

layers, ORL = outer relinal layers, SQ = scan quality, OCTA = optical coherence tomography angiography,

hittps:/fdoil org/10.137 Vfjournal. pons 0248284.0002

DVP and ORL thickness were observed in AD compared to POAG (p<0.001 for all, except
DVP vessel density in the perifoveal area and whole en face images, where p<0.05), In addi-
tion, the extent of percentage losses in studied groups were similar (p>0.1, except whole en
face images in POAG, where p = 0.005, and perifoveal area in AD, where p = 0.001).

Tahle 5 shows associations between the presence of AD and POAG based on SD-OCT and
OCTA measurements adjusted for age, sex, SQ, and inter-eye correlation using the GEE for
multinomial responses. Positive associations among SD-OCT parameters were observed in the
presence of AD, primarily loss of ORL thickness in each analyzed area where a 1% decrease of
ORL thickness was associated with about 24-29% increase in odds of the presence of AD.,
According to OCTA measurements, a 1% decrease of vessel density in DVP was positively
associated with a 4-9% increase in odds of the presence of AD. In POAG, the loss of pRNFL
and IRL thickness measured by SD-OCT and the loss of vessel density in pRPC and SVP mea-
sured by OCTA measurements were positively associated with the presence of the disease.
Conversely, in POAG, a 1% loss of pRNFL and [RL thickness measured by SD-OCT and a 1%
loss of vessel density in the pRPC and SVP measured by OCTA were positively associated with
a 13-23% increase in risk of presence of the disease.

Scatterplots presented in Fig 2 illustrate the association between percentage loss of TRL
thickness and vessel density in the SVP and percentage loss of ORL thickness and vessel den-
sity in the DVP in AD and POAG. The observed correlation between percentage loss of IRL
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Table 3. Percentage loss of vessel density in superficial vascular plexus and inner retinal layer thickness in the pri-
miary open-angle glancoma and Alzheimer's disease groups.

Parametr Percentage losst P-Value

SVP vessel density (%) |IRL thickness (%)
Whole image
POAG 11,1 (B.7-134) 17.22 (14.4-20.1) =0.001
AD 0.9 (0.7-25) 60 (3.7-83) <0.001
P-value = 0.001 =20.001
Perifoveal
POAG | 10.9 (8.3-13.6) 16,9 (14.0-19.7) | <0001
AD |15 (-03-33) |46 (21-7.1) 0.01
P-value 0,003 < 0.001
Parafoveal
POAG |76 (5.4-9.8) | 17.2(14.0-20.3) _ 0001
AD 1.19 (-0.8-3.2) 6.2 (3.6-8.7) <0.001
P-Value =0.001 <0001

Significant values appear in boldface.

"Percentage loss, which was calculated with the use of the Linear Mixed Effects Model, are shown in rmean (95%
confidence interval). The values of the percentage lass have been adjusted for the inter-eye correlation, age, gender
and the scan quality (where applicable).

Abbreviations: POAG = primary open-angle glaucama, AD = Alzheimer’s disease, SVP = superficial vascular plexus,
IRL = inner retinal layers.

httpsuidoi.org10.1371/journal. pone.0248284 1003

Table 4. Percentage loss of vessel density in deep vascular plexus and outer retinal layer thickness in the primary
open-angle glaucoma and Alzheimer’s disease groups.

Parametr Percentage losst ) P-Value
DVP vessel density (%) ORL thickness (%)

‘Whole image

POAG | 04(-16-24) | -2.5(-34- -1.6) 0.005

AD | 49(2.7-7.3) | 32(22-4.3) | 0.158

P-value 0.004 < 0,001

Perifoveal

POAG 0.8(-1.3-2.9) 07 (-16-02) 0.149

AD | 6.9(4.5-9.5) |24(1.4-34) 0.001

P-value | <o0n | <0001

Parafoveal

POAG -1.3 (-2.97-0.3) 07 (-1.7-0.2] 0,497

AD | 1.8(-0.1-3.6) | 3.4 (22-4.6] 0.131

P-value 0015 = 0001

Significant values appear in boldface.

1l-‘h:rcenl:q;e: loss, which was calculated with the use of the Linear Mixed Effects Model, are shown in mean (95%
confidence interval). The values of the percentage loss have been adjusted for the inter-eye correlation, age, gender
and the scan quality (where applicable).

Abbreviations: POAG = primary open-angle glancoma, AD = Alzheimer's disease, DVF = deep vascular plexus,
ORL = outer retinal layers,

https:#dol.org/10.1371/|ournal.pone. 0248284.1004
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Table 5. Multivariable analysis of the associations of 1% loss in vessel density and retinal layers thickness with the
presence of Alzheimer's disease and primary open-angle glaucoma.

Parameter AD POAG

OR per 1% loss | 95% CI OR per 1% loss | 95% C1
Optical coherence tomography angiography {vessel density) )
SVP whole 1.03 (0.96-1.11) 1.23 {1.13-1.33)
SVP perifoveal | 1.03 (0.98-1.09) | L17 (1.09-1.26)
SVP parafoveal | 1.03 (0.96-1.1) | 113 (L06-1.2)
DVP whole | .07 (1.02-1.13) | 101 (0.96-1.06)
DVP perifoveal | Lo9 (1.04-1.14) | 101 (0.97-1.06)
DVP parafoveal | 1.04 (0.98-1,11) | 097 (0,91-1.04)
pRFC 1.01 (0.93-1.09) 1.23 (1.14-1.32)
Spectral-domain optical coherence tomography (thickness)
IRL whole 1.09 (1.03-1.15) 121 (1.14-1.29)
IRL perifoveal | 1.04 (1-1.09) | L16 (L1-1.23)
IR parafoveal .09 (1.03-1.15) 119 (L.13-1.25)
ORL whole | 129 (112-15) | 045 ©074-097)
ORL perifoveal | 1.24 (1.07-1.43) | 097 {0.85-1.1)
ORL parafovea 125 (109-1.49) 097 (©087-109)
pRNFL 1.04 (0.99-1.09) 1.21 (1.14-1.28)

Significant values appear in boldface.

Amalysis adjusted for age, gender and scan quality.

Abbreviations: AD = Alzheimer's disease, POAG = primary apen-angle glancoma, OR = odds ratio, Cl = confidence
interval, 5VP = superficial vascular plexus, DVP = deep vascular plexus, [RL = inner retinal layers, ORL = outer
retinal layers, pRPC = radial peripapillary capillaries, pRNFL = peripapillary retinal nerve fiber layer.

hitps:/fdoi.org 0.1371 journal pone 0248284 1005

thickness and vessel density in the SVP (R2 values ranged from 0.43 to 0.63) was stronger than
the association between ORL thickness and vessel density in the DVP (R2 values ranged from
0.13 to 0.23), however, all associations were statistically significant (Fig 2).

Discussion

In this study, both ORL thickness and vessel density in DVP were significantly reduced in AD.
A direct comparison of the percentage losses of vascular density and retinal thickness revealed
aloss of ORL thickness and vessel density in DVP associated with the presence of AD, whereas
a loss of IRL and pRNFEL thickness and a loss of vessel density in SVP and RPC were associated
with the presence of POAG. Analysis of the associations of 1% loss in vessel density and retinal
layers thickness with the presence of AD shows positive associations primarily among
SD-OCT parameters, where a 1% decrease of ORL thickness was associated with about 24—
29% increase in odds of the presence of AD. We also confirmed that changes in retinal vascula-
ture in SVP and DVP were respectively correlated with damage to the IRL and ORL in AD
and POAG eyes.

Previous reports have indicated that RGC loss in AD may have a similar pathogenesis to
POAG; therefore, the issue of common risk factors and mediators responsible for their emer-
gence and development is increasingly raised [34]. Both diseases are characterized by initial
changes in neuronal circuits and phosphorylation of mitogen-activated protein kinases, Propa-
gation of neurodegenerative processes related to glial reaction, neuroinflammation,
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Fig 2. Scatterplots illustrating the correlation between percentage loss of retinal layers thickness and vessel density with
linear regression curves in Alzheimer’s di: and primary open-angle glaucoma eyes.
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mitochondrial abnormalities associated with production of reactive oxygen species, and oxida-
tive stress, etc., lead to apoptosis of nerve cells [35,36]. In addition, age is a common risk factor
for neurodegenerative diseases and the RNFL is believed to naturally decrease with ageata
rate of 0.44 um per year [17]. Meta-analyses show that pRNFL thickness decreases in AD and
MCI compared with HC [38,39]. Our results demonstrate a slight decrease in pRNFL thickness
compared to HC, but much smaller than that in POAG eyes. Analysis of predictive factors for
multinomial responses reveal no association between a decrease of pRINFL thickness and the
presence of AD. Our findings are consistent with another large cohort study using advanced
OCT that did not report association between dementia or MCI and pRNFL thickness [40],

‘The macula contains more than 50% of all RGCs, which have a cell body that is 10 to 20
times larger than the diameter of its axon [14]. In addition, structures of the GCL and TPL,
containing RGC bodies and their dendrites, respectively, are characterized by less individual
variability than the RNFL, which contains axons [41], This suggests that measurements of reti-
nal thickness in the macular region could be more useful than pRNFL thickness assessments
for diagnosing and monitoring neurodegenerative diseases. In 2015, Cheung et al. used
SD-OCT to show a decrease in GC-IPL thickness in the macula is more strongly associated
with the presence of AD and MCI than a decrease of pRNFL thickness [14]. In other studies
where the thickness of specific layers or full macular thickness was assessed, a relationship
with the presence of AD was confirmed [40,42-44]. The results of our research reveal similar
findings. We found a significant reduction of TRL thickness in whole en face images, but there
was no difference in perifoveal and parafoveal areas compared to HC, Comparison of the per-
centage loss of IRL thickness between AD and POAG groups showed a greater percentage loss
in POAG. We have also shown a significant relationship between the decrease of IRL thickness
and the presence of AD, however, this association was lower than with the presence of POAG.
A greater percentage loss of pRNFL and IRL thickness as well as a stronger relationship with
the presence of the disease was observed in POAG compared to AD; therefore, we believe
these parameters can be misleading when used to differentiate AD from POAG, and their use
as a biomarker for AD is limited.

Previous studies have mainly focused on changes in IRL thickness, whereas few published
reports have investigated the outer retinal metrics using SD-OCT. In AD, histological post-
mortem studies of humans and animals models have revealed deposition of AP plaque in the
posterior segment of the eye in various locations including the RNFL, GCL, IPL, OPL, and
INL, in the phatoreceptor outer segment layer of the retina, and some plaques were also
observed in the sclera [15,46]. In addition, AP is depaosited in the ORL as part of the aging pro-
cess, where AP deposition has been noted in drusen, which can underlie the onset of age-
related macular degeneration [47,48]. The extent to which ORL degeneration causes RGC neu-
rotic changes remains unclear. A recent report that outer retinal degeneration may lead to den-
dritic RGC atrophy as a result of transneuronal changes in mice may explain some of the
changes observed in our study [49,50]. We showed that patients with AD exhibit significant
thinning of the ORL compared to eyes with POAG and HC, which is consistent with another
study [51]. Our multivariable analysis of associations found that reduced ORL thickness is
associated with a significant increase in the odds of the presence of AD. Comparison of per-
centage losses of IRL and ORL thickness demonstrated that the percentage loss of IRL is
greater in AD) eyes. However, direct comparison between the AD and POAG groups reveals
that the percentage loss of TRL thickness is also greater in the POAG group, which suggests
this parameter is associated more so with an increase in odds of the presence of POAG than
AD. Uchida et al. quantitatively assessed changes in ORL using SD-OCT in various neurode-
generative diseases, including AD. In contrast to our study, they found no identifiable differ-
ences in ORL parameters across neurodegenerative disease groups and controls. This could be
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explained by several reasons: AD patients did not undergo PET imaging to confirm the pres-
ence of AP deposits; besides, SD-OCT examination was performed using a different device
(Cirrus 4000 HD-OCT) and semi-automatic segmentation on the software plalfurm was per-
formed with manual correction to identify boundaries of interest; finally, thickness of the ORL
(between the INL and RPE) was not assessed, but instead, thicknesses were measured from the
ONL to ellipsoid zone and from the ellipsoid zone to RPE [52].

Post-mortem studies of patients with dementia have provided evidence that AD involves
cerebrovascular pathology. Blood vessels of the retina and brain have common embryological
origins and show anatomical and physiological similarities; therefore, retinal vascular exami-
nation may be valuable in providing new information on AD [17]. Bulut et al. were probably
the first to use OCTA imaging to analyze vascular lesions of the retina in AD patients. They
found a reduction in the density of vessels in SVF in the eyes of AD compared to HC [13]. Sub-
sequent research groups confirmed a decrease in retinal vascular density in SVP in patients
diagnosed with AD [53-55]. Jiang et al. found a slight decrease in GC-IPL thickness in AD
compared with MCI and HC. In addition, they noted a reduction in vascular density in each
retinal plexus in AD patients, with a significant correlation between vessel density in the DVP
and retinal thickness of the GCL-1PL [56]. There are some doubts about the use of retinal ves-
sel density as a specific biomarker for AD since earlier research on glaucoma confirmed the
use of vascular density assessment in the diagnosis and monitoring of POAG. Studies using
OCTA in POAG eyes have repeatedly provided evidence of microvascular dropout in the form
of a decrease in vessel density within the ONH, the peripapillary retina, and the macula, pri-
marily in the form of a decrease of vascular density in the SVP [20,57,58]. The present study
quantitatively compared vascular parameters in the eyes of AD and POAG patients and con-
firmed previous reports that the density of vessels in the individual retinal plexuses are signifi-
cantly ditferent among AD and POAG groups. A significant reduction of vessel density in the
DVP was abserved in AD, whereas a significant decrease of vessel density in the SVP was
noted in POAG. Since vessels of the SVP are located in the IRL between the ILM and outer
boundary of the IPL, and vessels of the DVP are contained within the outer boundaries of the
IPL and OPL, which belong to the ORL. We assessed the relationship between thickness of the
retinal layers and density of vessels in their corresponding retinal plexuses and found a correla-
tion between percentage loss of IRL thickness and vessel density in the SVP and between per-
centage loss of ORL thickness and vessel density in the DVP in both AD and POAG. We
believe capillary impairment is associated with AD-mediated neurodegeneration, and it is pos-
sible that the retina is highly susceptible to DVP dysfunction in AD, which may indicate dis-
ease progression [39]. This is probably due to the diameter of the vessels: DVP vessels are
thinner and have a smaller cross-section making them more sensitive to disease progression,
Furthermore, Ap plaques accumulating around the walls of vessels reduce the diameter of ves-
sels leading to blood flow disorders, and also reduced angiogenesis, likely due to binding and
blocking of vascular endothelial growth factor by AP deposits [ 15,60].

To compare different parameters with different units and potentially different dynamic
ranges, we normalized measurements by calculating the percentage loss of deviation from the
mean value of the HC group. By analyzing percentage losses, we were able to directly compare
the thickness and density of vessels between groups. In this study, we demonstrated that in
POAG eyes there are significant changes in the inner retina, and the percentage loss of TRL
thickness was significantly greater than for SVP vessel density. Tt is different in the deeper lay-
ers of the retina, where significant changes are evident only in AD eyes. We found no differ-
ences in percentage loss, except in the perifoveal region, where we found a greater percentage
loss of vessel density in DVP than of ORL thickness. Therefore, we believe the cause of neuro-
degeneration in AD may be different to that of POAG. Microvascular and thickness mismatch
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in POAG suggest that neurodegeneration may occur sooner and more quickly than vascular
damage, which is consistent with another study; whereas, significant changes in eyes of AD
patients primarily occur in deeper layers of the retina and the neurodegenerative changes may
be secondary to microcirculation disorders where percentage loss of vessel density in DVP is
greater than changes in ORL thickness in the perifoveal region [61].

The strength of our study is the fact that AD patients were accurately diagnosed through
detailed neurocognitive testing and PET imaging with florbetapir F 18 radioligand analysis,
which can readily differentiate participants with normal cognition from those with dementia
due to AD. In addition, PET imaging enabled accurate differentiation of AD from dementias
with different etiologics.

However, the present study had some limitations. It was a cross-sectional study precluding
ability to study patients longitudinally, in addition the case-control design excludes full appli-
cation in the real clinic population. Another limitation was the relatively small groups of sub-
jects. Therefore, both eyes of some patients were included and the LMM was used which takes
into account the correlation between repeated observations from the same individual (with
application of the inter-eye correlation). We do not know the time of the disease evolution
from its inception to the inclusion of the patient in the study, because most often at the begin-
ning the course of these diseases is asymptomatic. Therefore, we included patients with POAG
and AD in mild or moderate stage of disease. We excluded patients in severe stages of the dis-
ease that highlight the differences between the study groups. Despite the fact that screening of
cognitive function with MMSE was performed for each patient along with a detailed fundus
examination to rule out glaucomatous optic neuropathy, selection bias cannot be ruled out.
Patients with AD did not undergo visual field testing owing to low reliability of the static peri-
metry test requiring concentration and cooperation of patients, and PET imaging was per-
formed only in the group of AD patients because it is too expensive to be routinely used in
screening tests [62,63]. Patients with POAG did not discontinue ocular hypotensive eye
drops, which might affect ocular blood flow [64,65]. The effect of antihypertensive eye drops is
likely to persist for 1-4 weeks from the time of withdrawal; therefore, for ethical and medical
reasons, patients with POAG involved in the present study did not stop using them [66]. For
the same reasons, the use of procognitive drugs in patients with AD has not been
discontinued.

Conclusions

New technologies such as SD-OCT and OCTA contribute to progress in the diagnosis of AD
and a better understanding of its pathophysiology. Structural changes in the retina and its
microcirculation may be directly related to the deposition of Ap plaques. Unfortunately, struc-
tural changes found in the inner retina may be non-specific and are also common in glaucoma.
Nevertheless, measurements of deeper retinal layers and analysis of vessel density in DVP
could potentially improve diagnostic capabilities and may provide a valuable approach for pre-
dicting AD development. More research on a larger group of patients is required to make
these methods more sensitive and specific enough to be useful in everyday practice.
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Podsumowanie

W pracy pt. ,Peripapillary Retinal Nerve Fiber Layer Thickness in
Patients with Alzheimer’s Disease: A Comparison of Eyes of Patients with
Alzheimer’s Disease, Primary Open-Angle Glaucoma, and Preperimetric
Glaucoma and Healthy Controls” przeprowadzilismy analize poréwnawcza
grubosci pRNFL u pacjentow z AD, POAG ijaskrg preperymetryczng (ang.
preperimetric glaucoma — PPG) oraz u zdrowej grupy kontrolnej (ang. health
controls — HC), wykorzystujgc w tym celu obrazowanie OCT.

Kazdego uczestnika poddano przesiewowym badaniom przez
psychologa celem oceny funkcji poznawczych z zastosowaniem testu Mini-
Mental (ang. Mini-Mental State Examination — MMSE) oraz szczegétowym
badaniom okulistycznym.

Grupe pacjentow z POAG zdefiniowano na podstawie jaskrowej
neuropatii n. Il ztowarzyszagcym zmniejszeniem grubosci pRNFL, co
odpowiadato ubytkom pola widzenia w perymetrii przy otwartym kacie
przesaczania. Uczestnicy z PPG wykazywali w badaniu cechy jaskrowego
uszkodzenia tarczy n.ll oraz zmniejszong grubos¢ pRNFL bez ubytkéw
w badaniu pola widzenia.

Rozpoznanie wsréd badanych z AD zostato postawione przez lekarza
psychiatre na podstawie kryteridw DSM-IV (ang. Diagnostic and Statistical
Manual of Mental Disorders) oraz NIA/AA (ang. National Institute on Aging
and the Alzheimer's Association), potwierdzonych pozytywnym wynikiem
obrazowania pozytonowej tomografii emisyjnej (PET).

Do badania ostatecznie zakwalifikowano po 30 oséb do AD, POAG oraz
HC. Analizie poddano jedno, losowo wybrane oko. Grupy badane nie
wykazywaty statystycznie istotnych réznic pod wzgledem wieku, rozktadu ptci
oraz ostrosci wzroku (p >0,05), podczas gdy wartosci cisnienia
wewnatrzgatkowego, pomimo stosowanego leczenia kroplami
przeciwjaskrowymi, byty istotnie wyzsze w grupie POAG (p<0,001).

Wyniki wykazaty najmniejszg grubos¢ pRNFL dla wszystkich

kwadrantéw wsrdd pacjentéw z POAG (60,97 + 12,97 um), ktéra wykazywata
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istotne rdznice w poréwnaniu z oczami HC (106,30 £ 8,95 um), z PPG (93,20 +
12,04 pm) oraz z AD (95,73 + 13,52 um) (p <0,001). Srednia globalna grubo$é
pRNFL u pacjentéw z AD byta istotnie nizsza w poréwnaniu z uczestnikami HC
oraz wyzsza niz u pacjentow z POAG (p <0,001). Natomiast réznice te nie byty
istotne statystycznie w poréwnaniu z oczami pacjentéw z PPG (p= 0,184).
Przeprowadzona przez nas analiza poroéwnawcza grubosci pRNFL potwierdzita,
ze uszkodzeniom komodrek nerwowych w OUN u pacjentow z AD towarzysza
uszkodzenia aksonéw RGC. Badanie grubosci pRNFL za pomocg OCT moze
odgrywaé¢ dodatkowa role w diagnostyce AD. Wydaje sie, ze podstawowy
dylemat dotyczy odrdznienia przyczyny tagodnie zmniejszonej grubosci pRNFL,
obecnej wséréd pacjentéw z PPG, u ktérych nie stwierdza sie zmian w polu
widzenia.

W pracy ,Comparison of Retinal Microvasculature in Patients With
Alzheimer’s Disease and Primary Open-Angle Glaucoma by Optical Coherence
Tomography Angiography” wykorzystano OCTA do oceny sieci mikronaczyn
siatkéwki u pacjentéw z AD, POAG oraz w HC.

Kazdy wtgczony do badania uczestnik zostat zbadany przez psychologa
celem oceny funkcji poznawczych za pomocg MMSE. Badanie okulistyczne
obejmowato pomiar ostrosci wzroku, tonometrie, badanie z uzyciem
biomikroskopu, pomiar grubosci pRNFL za pomocg OCT, atakie analize
gestosci naczyn siatkdwki z zastosowaniem OCTA.

Diagnoza u pacjentéw z AD zostata postawiona przez lekarza
psychiatre na podstawie kryteriow DSM-IV oraz NIA/AA. Obecnosé
nieprawidtowych  ztogéw AB w mdzgu potwierdzono za pomocy
neuroobrazowania PET. Do badania zakwalifikowano wytgcznie pacjentéw
ztagodng iumiarkowang postacia demencji (MMSE 10-23 pkt),
z prawidtowym ci$nieniem wewnatrzgatkowym oraz prawidtowym obrazem
dna oka bez zmian sugerujacych jaskre.

Grupa uczestnikéw z POAG obejmowata osoby z prawidtowym
wynikiem MMSE (227 pkt), otwartym katem przesgczania oraz cechami
jaskrowej neuropatii n. I, ktérym towarzyszyto zmniejszenie grubos$ci pRNFL

odpowiadajgce utracie pola widzenia w perymetrii przy otwartym kacie
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teczéwkowo-rogdéwkowym. Wszyscy uczestnicy w grupie POAG leczyli sie co
najmniej jednym rodzajem kropli przeciwjaskrowych, as$rednia liczba
stosowanych lekéw do oczu wynosita 2,0 £ 0,83.

Kryteriami wtgczenia do grupy HC byty wyniki w MMSE >27 pkt, brak
jaskry lub jakichkolwiek innych chordb oczu, prawidtowy wyglad tarczy n. I,
prawidtowa grubos¢ pRNFL, cisnienie wewnatrzgatkowe <21 mmHg, a takze
brak ubytkéw w badaniu pola widzenia.

Obrazowanie OCTA wykonano aparatem Avanti RTVue XR (Optovue,
Inc., Fremont, CA, USA) wykonujagcym 70000 A-skandow/s, co pozwala
uzyskiwaé¢ pomiary z rozdzielczoscig osiowg 5 um. Wykorzystano najnowszg
wersje oprogramowania (2017.1.0.151), wyposazong Ww tréjwymiarowe
usuwanie artefaktdw projekcji ze wszystkich gtebszych warstwach siatkowki
przy zachowaniu autentycznego ukfadu naczyn. Do analizy plamki
wykorzystano B-skany o powierzchni 6 x 6 mm?, powtdrzonych w pozycji
poziomej ipionowej, natomiast do oceny naczyn okototarczowych
zastosowano protokét badania o powierzchni 4,5 x 4,5 mm?, wysrodkowany
na tarcze n. Il. Dane jakosciowe oraz ilosciowe w postaci gestosci sieci naczyn
analizowano za pomocg komercyjnego oprogramowania umozliwiajgcego
automatyczng segmentacje SVP i splotu gtebokiego (ang. deep vascular plexus
— DVP). Obliczono réwniez pole powierzchni dotkowej strefy beznaczyniowe;j
(ang. foveal avascular zone — FAZ). Skany obejmujace tarcze n. Il wykorzystano
do pomiaru gestosci naczyn w warstwie radialnej okofotarczowych kapilar
(ang. radial peripapillary capillaries— RPC) na catym obrazie en face
o wymiarach 4,5 x 4,5 mm? oraz gestosci naczyn w obszarze okototarczowym
rozciggajgcym sie pomiedzy eliptycznymi liniami konturowymi o srednicy 2 i 4
mm wokét krawedzi tarczy.

Wszystkim uczestnikom za pomocy obrazowania wykonanego
urzgdzeniem Spectralis OCT (Heidelberg Engineering, Heidelberg, Niemcy)
zmierzono grubo$é pRNFL. Do tego celu zastosowano skan kotowy o srednicy
3,46 mm, sktadajgcy sie z 768 A-skandw, wysrodkowany na centrum

tarczy n. Il.
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Do badania witgczono 27 pacjentéow z AD, 27 pacjentow z POAG oraz
27 zdrowych osob. Badane kohorty nie réznity sie znaczaco pod wzgledem
wieku oraz ptci (p >0,05). Grupa AD charakteryzowata sie istotnie nizszym
wynikiem MMSE niz pozostate (p <0,001). Srednie ci$nienie wewnatrzgatkowe
byto istotnie wyzsze wsrdd pacjentéw z POAG (p= 0,003).

Poréwnanie jakosSciowe angiograméw en face wykazato, ze
u pacjentéw z AD sieci mikronaczyn wSVP byly weisze ibardziej
poprzerywane niz w innych grupach. W 13 oczach z POAG zaobserwowano
obszary o zmniejszonym przeptywie w obrebie SVP.

llosciowa analiza poréwnawcza mikronaczyn pozwolita stwierdzi¢, ze
oczy pacjentow z POAG wykazujg obnizenie Sredniej gestosci w SVP oraz
w RPC, ktdre znaczgco réznig sie od grup AD i HC (p <0,001). Pacjenci z AD
cechowali sie najmniejszg gestoscig w DVP w poréwnaniu z innymi grupami
(p= 0,0006). Stosunek sredniej gestosci w DVP do SVP wynidst 0,93 w grupie
AD i réznit sie istotnie od tego w grupach POAG i HC, gdzie stosunek ten zyskat
na wartosci odpowiednio dla wymienionych grup 1,2 i1,03 (p <0,001).
Pacjenci z AD mieli najwiekszg powierzchnie FAZ, ktéra rdznita sie istotnie od
pozostatych badanych grup (p <0,001).

Grubos¢ pRNFL byta najmniejsza wsrdd chorych z POAG (p <0,001),
natomiast pacjenci z AD réwniez wykazywali istotne obnizenie grubosci pRNFL
w porownaniu do grupy HC (p <0,05).

Nie stwierdzono istotnej korelacji miedzy wynikiem MMSE a gestoscig
naczyn w SVP lub DVP iobszarze FAZ u pacjentéw z AD. W grupie pacjentéw
z POAG wykazano istotng korelacje miedzy gestoscig w SVP a gruboscig pRNFL
(Pearson’s r=0,66; p=0,0002).

W celu odzwierciedlenia doktadnosci diagnostycznej badanego
parametru umozliwiajgcego rozréznienie pacjentéw z AD od pozostatych
badanych grup obliczono pole powierzchni pod wykresem krzywej (ang. area
under the receiver operating characteristic curve — AUROC). Zadowalajace
wyniki AUROC w celu odréznienia AD i POAG uzyskano tylko dla dwodch
pojedynczych parametrow: Sredniej gestosci w pRPC (0,96) oraz S$redniej

catkowitej gestosci SVP (0,92). Stosunek gestosci catkowitej DVP do SVP
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tworzy parametr, ktéry ma stosunkowo wysokie AUROC dla odrdznienia AD
od pozostatych badanych uczestnikéw (0,86).

Wyniki tego badania wykazaty, ze AD iPOAG s3 chorobami
neurodegeneracyjnymi iwigzg sie ze zmianami w mikrokrazeniu siatkéwki.
Stopien uszkodzenia oraz lokalizacja zmian w naczyniach siatkdwki mozna
skutecznie ocenia¢ za pomocg OCTA. Badanie dowodzi, ze zastosowanie OCTA
stanowi uzyteczne narzedzie w rozrdznianiu przyczyn uszkodzenia pRNFL, co
pozwoli w przysztosci wykorzystywac je jako nowy biomarker do wczesnej
diagnostyki AD i POAG.

Celem pracy pt. ,Quantitative assessment of retinal thickness and
vessel density using optical coherence tomography angiography in patients
with Alzheimer’s disease and glaucoma” byfa ocena ibezposrednie
porownanie gestosci naczyn siatkdowki  z gruboscia  wewnetrznych
i zewnetrznych warstw siatkdwki wtych samych obszarach plamki
u pacjentéw zAD iPOAG. Ponadto przy wykorzystaniu OCT iOCTA
przeanalizowano zwigzek pomiedzy zmianami w gestosci naczyn igrubosci
warstw siatkdwki a wystepowaniem AD i POAG.

Uczestnicy wiaczeni do badania zostali zbadani przez psychologa,
a funkcje poznawcze oceniono za pomocg testu przesiewowego MMSE.
Nastepnie poddano ich szczegétowemu badaniu okulistycznemu. Grubosci
pRNFL i siatkdwki w obszarze plamki zmierzono za pomocg obrazowania OCT.
Gestos¢ naczyn siatkédwki w poszczegdlnych splotach oceniano w tym samym
regionie za pomocg OCTA.

AD zostata zdiagnozowana przez lekarza psychiatre zgodnie
z kryteriami  NIA-AA oraz DSM-IV. W celu potwierdzenia obecnosci
nieprawidtowych ztogéw amyloidu w mdzgu wykorzystano obrazowanie PET
z florbetapirem (F18). Do badania kwalifikowano pacjentéw z otepieniem
o nasileniu tagodnym do umiarkowanego (10-23 pkt wskali MMSE).
Dodatkowymi kryteriami  witgczenia byty  prawidlowe cisnienie
wewnatrzgatkowe (<21 mmHg) oraz brak zmian dna oka sugerujgcych jaskre.

Pacjentéw  z POAG, uktéorych  wykluczono  nieprawidtowosci

w funkcjach poznawczych, wtgczono do badania na podstawie obecnosci cech

62



jaskrowej neuropatii n. Il, ktéremu towarzyszyto zmniejszenie grubosci pRNFL,
odpowiadajgce utracie pola widzenia na podstawie standardowej
automatycznej perymetrii (stadium 1 lub 2 zaawansowania).

Pomiary wykonywano urzadzeniem Avanti RTVue XR (Optovue, Inc.,
Fremont, CA, USA). Analize danych oparto na automatycznej segmentacji
naczyn w SVP oraz DVP plamki, a takze pRPC w okolicy tarczy n. ll. Warstwa
pRPC zostata zdefiniowana jako rozciggajgca sie od btony granicznej
wewnetrznej (ang. internal limiting membrane — ILM) do tylnej granicy RNFL.
W plamce dokonano analizy gestos$ci naczyn i grubosci siatkéwki na obrazach
en face owymiarach 6x6 mm’. SVP obejmowat obszar miedzy ILM
a zewnetrzng granicg warstwy splotowatej wewnetrznej (ang. inner plexiform
layer — IPL), podczas gdy DVP — obszar miedzy zewnetrzng granicg IPL
a zewnetrzng granicg warstwy splotowatej zewnetrznej (ang. outer plexiform
layer — OPL).

Grubos¢ warstw siatkdwki oceniano przy uzyciu tych samych obrazéw
OCTA 6 x 6 mm?” 4,5 x 4,5 mm?, ktére stosowano do analizy gestosci naczyn.
Oprogramowanie automatycznie segmentowato pRNFL oraz warstwy
wewnetrzne (ang. inner retinal layer — IRL) i zewnetrzne (ang. outer retinal
layer — ORL) siatkdwki. IRL obejmuje RNFL, GCL i IPL, podczas gdy w sktad ORL
wchodzg warstwy zaczynajgce sie od warstwy jgdrzastej wewnetrznej (ang.
inner nuclear layer — INL) do zewnetrznej czesci hiperrefleksyjnej linii,
odpowiadajgcej nabtonkowi barwnikowemu siatkéwki (ang. retinal pigment
epithelium — RPE).

Do badania przekrojowego wiaczono 31 pacjentéw z AD (49 oczu),
46 pacjentéw z POAG (71 oczu) oraz 31 uczestnikdéw z HC (48 oczu).

Bezposrednie poréwnanie gestosci naczyn i grubosci warstw siatkédwki
otrzymano, ujednolicajgc uzyskiwane wartosci o réinych zakresach
dynamicznych jako procentowe ubytki badanych parametréw. Grubos¢ pRNFL
oraz gestos¢ pRPC wykazywaty istotnie réznice miedzy trzema grupami (p
<0,001) i byty najmniejsze w oczach z POAG. Pomimo zmniejszonej grubosci
pRNFL u pacjentéw z AD w stosunku do grupy HC nie wykazano istotnej

réznicy w gestosci naczyn w pRPC (p= 0,906) w pordwnaniu z grupg HC.
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Statystycznie istotne obnizenia gestosci naczyn w SVP oraz grubosci IRL
stwierdzono w oczach z POAG (p <0,001), a zakres procentowych strat dla
catego obrazu en face w grubosci IRL byt znacznie wiekszy niz odpowiadajacy
im procentowy ubytek gestosci naczyn w SVP (p <0,001). Natomiast w grupie
pacjentéw z AD wykazano istotnie wieksze procentowe straty gestosci naczyn
w DVP igrubosci ORL wporédwnaniu zPOAG (p <0,001), a zakres
procentowych strat miedzy DVP a ORL w catosciowej analizie obrazu en face
byt podobny
(p >0,1). Woytacznie obszar okotodotkowy wykazywat istotne rdznice,
stwierdzono w nim bowiem wiekszg procentowg utrate gestosci naczyn
w DVP w poréwnaniu do utraty grubosci ORL.

W analizach wielomianowych ocenie poddano zwigzek miedzy
obecnoscig AD i POAG a ilosciowymi zmianami strukturalnymi w obrazach OCT
oraz OCTA. Pozytywny zwigzek miedzy zmiang w budowie siatkéwki
a obecnoscig AD zaobserwowano gtéwnie w siatkdwce zewnetrznej, gdzie 1%
spadek grubosci ORL wigzat sie z 24-29% wzrostem prawdopodobienstwa
wystgpienia choroby. Analiza angiogramow wykazata, ze 1% spadek gestosci
naczyn wDVP byt réwniez pozytywnie zwigzany ze wzrostem
prawdopodobieristwa wystgpienia AD, ktére wynosito 4-9%. W POAG
pozytywny zwigzek miedzy 1% utratg grubosci siatkowki igestosci naczyn
a prawdopodobienstwem obecnosci choroby obserwowano tylko w IRL oraz
w SVP (odpowiednio 13 i23%). Analiza poréwnawcza zwigzkéw pomiedzy
procentowg utratg grubosci IRL igestosci naczyn w SVP oraz procentowej
utraty grubosci ORL i gestosci naczynn w DVP wykazata istotng korelacje w obu
przypadkach, ktére byty silniejsze w siatkdwce wewnetrznej niz zewnetrzne;.

Zmiany strukturalne w siatkdwce ijej mikrokrgzeniu mogg byc
bezposrednio zwigzane z odktadaniem sie blaszek AB. Patologie stwierdzane w
wewnetrznej siatkbwce nie zawsze sg specyficzne i stwierdza sie je przede
wszystkim w jaskrze co odrdznia jg od AD, gdzie istotne nieprawidtowosci
stwierdza sie gtéwnie w siatkbwce zewnetrznej. Podsumowujgc analiza

gtebszych warstw siatkdwki i gestosci naczydn w DVP moze potencjalnie
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poprawi¢ mozliwosci diagnostyczne i stanowi¢ cenne podejscie w

przewidywaniu rozwoju AD.
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Whnioski

,Peripapillary Retinal Nerve Fiber Layer Thickness in Patients with

Alzheimer’s Disease: A Comparison of Eyes of Patients with Alzheimer’s

Disease, Primary Open-Angle Glaucoma, and Preperimetric Glaucoma and

Healthy Controls”

1)

2)

3)

Ocena pRNFL za pomocg OCT wykazata istotne obnizenie jej grubosci
wsréd pacjentéw z AD w stosunku do 0sdb zdrowych, co potwierdza,
ze uszkodzeniom komérek nerwowych w OUN u pacjentéw z AD
towarzyszy uszkodzenie aksonéw RGC.

Najbardziej zaawansowane zmiany w postaci obnizenia grubosci pRNFL
obserwowano u pacjentéw z POAG, natomiast w przypadku oséb
z PPG nie wykazano istotnych rdéznic w stosunku do pacjentéow z AD.
Obserwujgc tagodne zmniejszenie grubosci pRNFL, ktérym nie
towarzyszg odpowiednie zmiany w badaniu pola widzenia,

w diagnostyce nalezy wzig¢ pod uwage zaréwno PPG, jak i AD.

,Comparison of Retinal Microvasculature in Patients With Alzheimer’s

Disease and Primary Open-Angle Glaucoma by Optical Coherence

Tomography Angiography”

1)

2)

3)

Badanie dowodzi, ze AD i POAG s3 chorobami neurodegeneracyjnymi,
ktdre sg zwigzane ze zmianami w mikrokrazeniu siatkdwki, lecz poziom
i stopien uszkodzenia naczyn zalezg od choroby pierwotne;j.

W przypadku POAG choroba objawia sie zmniejszeniem gestosci
naczyn wSVP iRPC, natomiast wAD uszkodzenie naczyn
w najwiekszym stopniu dotyczy DVP, gdzie naczynia sg ciefsze, majg
mniejszy przekrdj, czynigc je bardziej podatnymi na okluzje przez ztogi
nieprawidtowego AP.

Zastosowanie OCTA moze okaza¢ sie pomocne w rozrdznieniu
przyczyny uszkodzenia pRNFL, a z uwagi na brak baz normatywnych dla
gestosci naczyn analiza stosunku catkowitej gestosci DVP do SVP jest

prostym narzedziem diagnostycznym  wskazujgcym  chorobe
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podstawowq, bedacg przyczyna zaburzen w mikronaczyniach

siatkowki.

»Quantitative assessment of retinal thickness and vessel density using

optical coherence tomography angiography in patients with Alzheimer’s

disease and glaucoma”

1)

2)

3)

Analiza obrazéw OCT oraz OCTA wykazata, ze w oczach z POAG
wystepujg istotne zmiany w siatkdwce wewnetrznej, co objawia sie
spadkiem grubosci IRL oraz obnizeniem gestosci naczyn w SVP,
natomiast woczach zAD patologiczne zmiany s3 najwyrazniej
dostrzegalne w siatkdwce zewnetrznej, w ktorej stwierdza sie spadek
grubosci IRL oraz obnizenie gestosci naczyn w DVP.

Pacjenci z AD nie wykazywali istotnych réznic w procentowe] utracie
grubosci ORL oraz gestosci naczyn w DVP w cato$ciowe] analizie obrazu
en face zwyjatkiem obszaru okotodotkowego, gdzie obserwowano
istotnie wiekszg procentowgq utrate gestosci naczyn w DVP, sugerujgc,
ze zmiany neurodegeneracyjne mogg by¢ wtdrne do zaburzen
mikrokrazenia.

W oczach pacjentéw z POAG procentowa utrata grubosci IRL byta
istotnie wieksza niz utrata gestosci naczyin wSVP w badanych
obszarach, co moze wskazywaé, ze apoptoza RGC jest procesem
pierwotnym, ktdremu wtdrnie towarzyszg zmiany w mikrokrgzeniu

siatkowki.
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Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy,
Uniwersytet Mikalaja Kopernika w Toruniu

(Afiliacja)

Odwiadezam, ze w pracy .Zabel, P., Kahuizny, 1. J., Wilkos¢-Debezyniska, M., Gebska-
Toloczke, M., Suwata, K., Kucharski, R.. & Araszkiewicz, A. (2019). Peripapillary retinal nerve fiber
layer thickness in patients with Alzheimer's discase: a comparison of eyes of patients with
Alzheimer’s disease, primary open-angle glaucoma, and preperimetric glaucoma and healthy
controls. Medical seience monitor: international medical jowrnal of experimenial and clinical
research, 25, 1001.” (autorzy, rok wydania, tytul, czasopismo lub wydawea, tom, strony) maj wkiad
merytoryczny polegal na wspoliworzeniu kencepcji, opracowywaniu wynikéw pracy oraz recenzji
manuskryptu,

Jednoczednie wyrazam zgode na przedlozenie w/w pracy przez lek Przemyslawa Zabel jako
czgsé rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw naukowych
opublikowanych w czasopismach naukowych.

Oéwiadozam, iz samodzielna | mozliwa do wyodrgbnienia czes¢ ww, pracy wykazuje
indywidualny wkiad lek Przemyslawa Zabel przy vpracowywaniu koncepeji, wykonywaniu czgsci
cksperymentalnej, opracowaniu i interpretacji wynikow tej pracy, 2 udosigpnienie pracy nie bedzie

naruszalo praw autorskich osdb rzecich,

(Podpis)

F
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Jakub J. Kaduzny Bydgeszez 05.12.2021
(Imig i Nazwisko)

Katedra Badania Narzaddw ZmyslGw,

Collegium Medicum im. Ludwika Rydygiera w Bydeoszezy,
Uniwersylet Mikolaja Kopernika w Toruniu

{Afiliacja)

Oswiadezam, #e w pracy ,Zabel, P., Kahluzny, J., Zabel, K., Gebska-Toloczko, M., Otownia,
K., & Witkosé-Debezyfiska, M, (2020). Diagnosis of Alzheimer’s Disease by Assessing Structural and
Microvasculature Changes in the Reting Using Oprical Coherence Tomography Angiography—a
Review of Eye Biomarkers for Alzheimer's Disease. Kiinika Oczna‘Acia Ophthalmologica
Polonica, 121(4). 238-246. (autorzy. rok wydanin, tytul, czasopismo lub wydawea. tom, strony) méj
whlad merytoryczny polegal na analizie wynikdw pracy oraz recenzji manuskryptu.

Jednoczesnie wyrazam zgode na przedlozenie w/w pracy przez lek Przemyslawa Zabel jako
czest rozprawy doktorskiej w formie spdjnego tematyeznie zhiorn ardykulow naukowych
opublikowanych w czasopismach naukowych.

Oswiadezam, iz samodzielna | moaliwa do wyodrebnienia czesé ww. pracy wykazuje
indywidualny wkiad lek Przemyskawa Zabel przy opracowywaniu koncepeji, analizie oraz interpretacji

wynikow tej pracy. Udostepnienie pracy nie bedzie naruszato praw autorskich 0sob trzecich.

{Podpis)

oty
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Jakub J. Kaluiny Bydgoszez 005.12.2021

{Tmig i Nagwisko)

Katedra Badania Narzadow Zmyshiw,

Collegium Medicumn im. Ludwika Rydygiera w Bydgoszezy,
Uniwersytet Mikolaja Kopernika w Toruniu

(Afiliacja)

Oéwiadezam, e w pracy .Zabel, P., Kaluzny, I. J., Wilkosc-Debezynska, M., Gebska-
Toloczko, M., Suwala, K., Zabel, K., ... & Araszkiewicz, A. (2019). Comparison of retinal
microvasculature in patients with Alzheimer's disease and primary open-angle glaucoma by optical
coherence tomography angiography, fmvestigative ophthalmology & visual science, 60(10), 3447-
3455 (autorzy. rok wydania, tytul, czasopismo lub wydawea, tom, strony) maj wkiad merytoryezny
polegal na wspdliworzenin koncepeji, opracowywaniu wynikow pracy oraz recenzji manuskryplu,

Jednoczesnie wyrazam zgode na przedtokenie w/w pracy przez lek Przemystawa Zabel jako
czgsé rozprawy doktorskiej w formie spajnego tematyeznie zbioru artykuldw naukowych
opublikowanyeh w czasopismach naukowych,

Dswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgs¢ ww. pracy wykazuje
indywidualny wkiad lek Przemystawa Zabel przy opracowywaniu koneepeji, wykonywaniu czgsci
eksperymentalnej, opracowaniu i interpretacii wynikéw tej pracy, a udostgpnienie pracy nie bedzie

naruszato praw autorskich osab trzecich,

(Padpis)
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Jakub I, Kaluiny Bydgoszez 05.12.2021]

(Imig i Nazwisko)

Katedra Badania Narzadow Zmyslow,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy,
Uniwersytet Mikofaja Kopernika w Toruniu

{Afiliacja)

Oéwiadezam, 2o w pracy . Zabel, P., Kaluzny, 1. J., Zabel, K.. Kaluzna, M., Lamkowski, A.,
Jaworski, D, ... & Kucharski, B. (2021). Quantitative assessment of retinal thickness and vessel
density using optical coherence tomogruphy angiography in patients with Alzheimer's disease and
glavcoma. Ploy one, [6(3). e0248284.7 (autoray, rok wydania, tytul, czasopismo lub wydawea, tom,
strony) maj wkiad menvtorvezny polegal na wspottwarzeniu koneepeji, opracowywaniu wynikow
pracy oraz recenzji manuskryptu.

lednoczesnie wyrazam zgode na przedlozenie wi'w pracy przez lek Przemyslawa Zabel jako
ceedd rozprawy doktorskiej w formic spdjnego tematyeznie zbioru artykutdw naukowych
opublikowanych w czasopismach naukowych.

Odwiadezam, iz samodzielna | mozliwa do wyodrgbnienia czesé ww. pracy wykazuje
indywidualny wkiad lek Przemysiawa Zabel przy opracowywaniu koncepcji. wykonywaniu czgsci
eksperym entalnej, opracowaniu i interpretaci wynikow tej pracy, & udostgpnienie pracy nie bedzie

naruszalo praw autorskich osob trzecich.

{Podpis)

Y ST
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Monika Wilkosé-Debezyiska
Wydzial Psychologii

Uniwersytet Kazimierza Wiclkicgo w Bydgoszczy

Oswiadezam, z¢ w pracy .Zabel, P., Kaluzny, J. 1., Wilkose-Debezynska, M., Gebska-Toloczko, M., Suwala, K
Zabel, K., ... & Araszkiewicz, A, (20119), Comparison of retinal microvasculature in patients with Alzheimer's disease and

primary apen-angle glaucoma by aptical coherence tomography angiography. favestigative aphthalmology & visual
selence, G010}, 3447-3455 (autorzy, rok wydania, tytul, czasopismo lub wydawea, tom, strony) maj whkiad merytoryezny
polegal na wspoltworzeniu koncepeji oraz redagowaniu tgj pracy.
Jednoczesnie wyrazam zgode na przedlozenic wiw pracy przez lek Przemystawa Zabel jako creic rozprawy
dektorskiej w farmie spéjnego tematycznic zbioru artykuldw naukowych opublikewanych w czasopismach naukowyeh.
Oswiadezam, iz samodzielna i mozliwa do wyodrghnienia czesé ww, pracy wykazuje indywidualny whiad lek
Przemyslawa Zabel przy opracowywaniu koncepeji, wykenywaniu cagsci eksperymentalne), opracowaniu i interpretacji

wynikaw tef pracy, & udostepnienie pracy nie bedzie naruszalo praw autorskich oséb trzecich.

Wauen — Wurf/ﬂ’t
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Maonika Wikkoéé-Debezyiiska
Wydzial Psychologii
Uniwersytet Kaizmierza Wiclkicgo w Bydgoszozy

Odwindezam, #e w pracy Zabel, P.. Kaluzny, 1. J., Wilkosé-Debezyiiska, M., Gebska-Toloexko, M., Suwala. K.
Kucharski, R.. & Araszkiewicz, A. (2019). Peripapillary retinal nerve fiber layer thickness [n patients with Alzheimer’s
disease: a comparison of eyes of patients with Alzheimer’s disease, primary open-angle glaucoma, and preperimetric
glaucoma and healthy controls. Medical science monitor: imternational medical journal of experimental and clinical
research, 23, 1001." (autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony) moj wkiad merytoryezny polegal
na wspdhworzeniu koncepeji oraz redagowaniu tej pracy.

Jednoczesnie wyrazam zgode na przedlozenie wiw pracy przez lek Przemyslawa Zabel jako czgsc rozprawy
doktorskiej w formie spajnego tematycznie zbioru artykuléw naukowych opublikowanych w czasopismach naukowych.

Odéwiadezam, iz samodzielna | mozliva do wyodrgbnienia czgsd ww. pracy wykazuje indywidualny wkiad lek
Przemystawa Zabel przy opracowywaniu kencepcji, wykonywaniu czedei eksperymentalnej, opracowaniu i interpretaci

wynikow 1ej pracy, a udostepnienie pracy nie bgdzie naruszato praw autorskich oséb trzecich.

(. VP
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Q?«);a&&;gli toAq. iy

Martyna Kahuima
{Imig | Nazwisko)

Klinika Okulistyczna Oftalmika w Bydgoszezy
{Afiliacja)

Otwiadezam, 2e w pracy Zebel. P., Kaluzny, I T, Zabel, K., Kaluzna, M., Lamkowski, A,
Jawarski, D.. .., & Kucharski, R. (2021 ). Quantitative assessment of retinal thickness and vessel
density using optical coherence tomography angiopraphy in patients with Alzheimer’s disease and
glaucama. Plos one, 16(3), eD248284.” (autorzy, rok wydania, tytut, czasopismo lub wydawea, tom,
strony ) mbj whilad merytoryezny polegal na wykonywaniu czefel elksperymentalne tej pracy.

Jednoczesnie wyrazam zgodg na przedioZenie wiw pracy przez lek Preemystawa Zabel jako
czgst rozprawy doktorskiej w formie spajnego tematyeznie zhioru artykulow navkowych
opublikowanych w czasopismach naukowych,

Oswiadezam, 17 samodzielna i moZliwa do wyodrebnienia czesé ww. pracy wykazuje
indywidualny wikiad lek Przemyslawa Zabel przy opracowywaniu koncepeji, wykonywaniu czesei
eksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy, a udostgpnienie pracy nie bedzie

naruszato praw autorskich oséb trzecich.

Misrspnc Yalinf?

(Podpis)
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Martyna Gebska-Toloczko
([mig | Nazwisko)

Katedra Badania Narzadow Zmyshow,

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

(Afiliacja)

Oswiadczam, e w pracy ,Zabel, P, Katumny, 1., Zabel, K., Gebska-Toloczko, M., Otownia,
K., & Wilkod¢-Debezynska, M. (2020), Diagnosis of Alzheimer's Disease by Assessing Struetural and
Microvasculature Changes in the Retina Using Optical Coherence Tomography Angiography-a
Review of Eye Biomarkers for Alzheimer's Disease. Klinika Oczna/deta Ophthalmologica
Paionica, 121(4), 238-246." (autorzy, rok wydania, tytul, czasopismo lub wydawea, tom, strony) mdj
wkiad merytoryczny polegal na analizie wynikow tej pracy.

Jednoczesnie wyrazam zgode na przediozenic w/w pracy przez lek Przemystawa Zabel jako
czgét rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykulow naukowych
opublikowanych w czasopismach naukewych.

Oéwiadezam, iz samodzielna | mozliwa do wyodrebnienia czedé ww. pracy wykazuje
indywidualny wklad lek Przemyslawa Zabel przy opracowywaniu koncepcji, analizie | interpretacji

wynikdw tej pracy. Udostepnienie pracy nie bedzie naruszato praw autorskich osob trzecich,

] (e Gl

(Podpis)
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Martyna Gebska-Toloczko
(Imie 1 Nazwisko)

Katedra Badania Narzadow Zmystow,

Collegiurm Medicum im. Ludwika Rydyvgiera w Bydgoszezy,
Uiniwersytet Mikofaja Kopernika w Toruniu

(Afiliacja)

Qéwiadezam, 7 w pracy ,Zabel, P., Kaluzny, I. ., Wilkosc-Debczynska, M., Gebska-
Toloczko, M., Suwala, K., Zabel, K., ... & Araszkiewicz, A, (2019). Comparison of retinal
microvasculature in patients with Alzheimer's disease and primary open-angle glaucoma by optical
coherence tomography angiography. Investigative ophthalmology & visual science, 60(10), 3447-
3455” {autorzy, rok wydania, tytul, czasopismo lub wydawea, tom, strony) mdj wkiad merytoryczny
polegal na wykonywaniu czgsci eksperymentalne] tej pracy.

Jednoczeénie wyrazam zgodg na przedlozenic w/w pracy przez lek Przemyslaws Zabel jako
czgdé rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutow naukowych
opublikowanych w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgdé ww. pracy wykazuje
indywidualny wkiad lek Przemystawa Zabel przy opracowywarniu koncepeji, wykonywaniu czgsci
eksperymentalnej, opracowaniu 1 interpretacji wynikéw tej pracy, a udostgpnienie pracy nie bedzie
naruszalo praw autorskich osob trzecich.

N f
j"[z.',?‘: 5\ S (_n( 6‘;‘5‘"{&1»_%
{; /

{Podpis)
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Martyna Gebska-Toloczko

(Imig 1 Nazwisko)

Katedra Badania Narzadow Zmystiw,

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

(Afiliacja)

Oswiadczam, ze w pracy ,Zabel, P, Kaluny, J. J., Wilkoié-Degbezynska, M., Gebska-
Totoczko, M., Suwata, K., Kucharski, R., & Araszkiewicz, A, (2019). Peripapillary retinal nerve fiber
layer thickness in patients with Alzheimer's disease: a comparison of eyes of patients with
Alzheimer's disease, primary open-angle glaucoma, and preperimetric glaucoma and healthy
controls. Medical science monitor: imernational medical journal of experimental and clinical
research, 25, 1001." (autorzy, rok wydania, tytu, czasopismo lub wydawca, tom, strony) méj wklad
merytoryezny polegal na wykonywaniu ezedei eksperymentalnej tej pracy.

Jednoezednie wyrazam zgode na przedlozenie wiw pracy przez lek Przemyslawa Zabel jako
czgsé rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw naukowych
opublikowanych w czasopismach naukowych,

Odwiadezamn, 12 samodzielna | mozliwa do wyodrebnienia czgdé ww. pracy wykazuje
indywiduainy wkiad lek Przemystawa Zabel przy opracowywaniu koncepeii, wykonywaniu czgéci
eksperymentalne], opracowaniu 1 interpretacyi wynikéw tej pracy, a udostgpnienie pracy nie bedzie

naruszato praw autorskich oséb trzecich.

(Podpis)
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Katarzyna Zabel

{Imig | Nazwisko)

Katedra Badania Narzgddow Zmystow,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy.
Uiniwersytet Mikolaja Kopernika w Toruniu

{Afiliacja)

Oswiadezam, 2e w pracy Zabel, P.. Kaluzny. J.. Zabel. K. Gebska-Toloczko, M., Olownia,
Ko, & Wilkose-Debezyniska, M. (2020). Diagnosis of Alzheimer’s Disease by Assessing Structural and
Microvasculature Changes in the Retina Using Optical Coherence Tomagraphy Angiography-—a
Review of Eye Biomarkers for Alzheimer's Disease. Klinika Oczna/Acta Ophthalmofogica
Polonica, 121{4), 238-246.* (autarzy, rok wydania, tytul, czasopismo lub wydawea, tom, strony) maj
whiad merytoryezny polegat na interpreracii wynikow tej pracy,

Jednoczesnie wyrazam zgode na przedioZenie wiw pracy preez lek Przemystawa Zabel jako
ergsé rozprawy doktorskiej w formie spéinego tematyeznie zbioru artykulow navkowyeh
opublikowanych w czasopismach naukowyeh.

Odwiadezam, iz samodzielna i mozliwa do wyadrgbnienia czgst ww. pracy wykazuje
indywidualny wkiad lek Przemystawa Zabel przy opracowywaniu kencepeji, analizie i interpretacii

wynikiow tej pracy, Udostepnienie pracy nie bedzie naruszato praw autorskich osob trzecich.

'MA%%EM
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Katarayna Zabel

(1mig i Nazwisko)

Katedra Badania Narzadow Zmystow.

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

(Afiliacja)

Oswiadczam, Ze w pracy Zabel, P., Kaluzny, J. J., Zabel, K., Kaluzna, M., Lamkowski. A,
Jaworski, D, ... & Kucharski, R. (2021). Quantitative assessment of retinal thickness and vessel
density using optical coherence tomography angiography in patients with Alzheimer's disease and
glaucoma, Plos oie, 16(3), ¢0248284." (autorzy, rok wydania. tyiuk czasopismo lub wydawcea, tom,
strony) mdj wkiad merytoryezny polegal na opracowaniu i interpretacii wynikdw tej pracy

Jednoczesnie wyrazam zgodg na przediodenie wiw pracy preez lek Preemystawa Zabel jako
¢2g8¢ rozprawy doktorskie] w formie spojnego tematyeznie zbioru artykulow naukowych
apublikowanych w czasopismach naukowyeh,

Ofwiadczam, i samodzielna i mogliwa do wyodrgbnienia czgdé ww. pracy wykazuje
indywidualny whiad lek Przemyslawa Zabel pray opracowywaniu koncepeji. wykonywanin czedei
eksperymentalng, opracowaniu i interpretacii wynikow rej pracy, a udostepnienie pracy nie bedric

naruszafo praw autorskich osob trzecich,

i fl
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Prremystaw Zahel

(Tmie | Nazwisko)

atedra Badania Narzgdow Zmysiow,

Collegium Medicum im, Ludwika Rydygiera w Bydgoszczy,
Liniwersytet Mikolaja Kopernika w Toruniu

(Afiliacja)

Odwiadezam, 2e w pracy Zabel, P, Katuzny, 1. 1., Wilkosé-Debezynska, M.,
Uebska-Toboczko, M., Suwata, K., Kucharski, R, & Araszkiewicz, A, (2019}, Peripapillary retinal
nerve fiber layer thickness in patients with Alzheimer's disease: a comparison of eyes of patients with
Alzheimer’s disease. primary open-angle glaucoma, and preperimetric glaucoma and healthy
controls, Medical science monitor: infernaiional medical jowrnal of experimental and ofinical
research, 25, 1001." (autorzy, rok wydania, tyvtul, czasopismo lub wydawea, tom, strony ) maj whiad
mervioryezny polegal na opracowywaniu koncepeji, wyvkomywaniu czgéei ekspervmentalne), pisanin

manuskreyptu, opracowaniu i interpretacii wynikow tej pracy, a udostepnienie pracy nie bedzie

bt f

(Podpis)

naruszalo praw autorskich osab trzecich.

81



Przemystaw Zabel

(Imig | Nazwiska)

Katedra Badania Marzgdow Zmystow,

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

(Afiliagja)

Oswiadczam, de w pracy Zabel. P, Kalueny, 1.1, Zabel, K., Kaluzna, M.,
Lamkowski, A, Jaworski, [n, ... & Kucharski, R, (2021), Quantitative assessment of retinal thickness
and vessel density using optical coherence tomography angiography in patients with Alzheimer’s
disease and glaucoma. Plos one, 163}, e0248284." (autorzy, rok wydania, tytul, czasapismo lub
wydawea, 1om, strony) mdj wkiad merytoryezny polegal na opracowywaniu koneepeii. wykonywanio

czgbei eksperymentalnej, pisaniu manuskrypiu, opracowaniu i interpretacii wynikow tej pracy, a

Dokcl, {

{Podpis)

udostepnienie pracy nie bedzie naruszalo praw autorskich osob trrecich.
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Przemystaw Zabel

(Imig i Nazwisko)

Katedra Badania Narzadow Zimysiow,

Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy.
Uniwersytet Mikolaja Kopernika w Toruniu

{Afiliacja)

Ofwiadezam, Ze w pracy . Zahcl. P, Kaluzny, J. T, Wilkose-Debezynsha, M.,
Gebska-Toloezko, M., Suwala, K., Zabel, K.. ... & Araszkiewicz, A, (2019). Comparison of retinal
microvaseulature in patients with Alzheimer's discase and primary open-angle glaucoma by optical
coherence tomography angiography. Investizarive ophthalmolagy & visual science, 60{10), 3447
34357 (autorzy, rok wydania, tytud, czasopismo lub wydawea. tom. strony ) moj wkiad mervtoryesny
polegat na opracowywaniu koncepcii. wykonywaniu czgsei eksperymentalng). pisaniu manuskryptu,
upracowaniu i interpretacji wynikow tej pracy. 1 udostepnienic pracy nie bedzie naruszato praw

antorskich osob treecich.

{

{Padpis)
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Przemystaw Zabel
(Tmig | Nazwisko)

Katedra Badania Narzadow Zmystow,

Collegium Medicum im. Ludwika Rvdvgiera w Bydgoszezy,
Liniwersytet Mikolaja Kopernika w Toruniu

(Afiliacja)

Oswiadezam, ze w pracy .Zabel, P.. Kahizny. )., Zabel, K., Gehska-Tolocsko, M.
Olownia, K., & Witkos¢é-Dehezyniska, M. (2020). Diagnosis of Alzheimer's Disease by Assessing
Structural and Microvasculature Changes in the Retina Using Ohptical Coherence Tomography
Angiography-a Review of Eve Biomarkers for Alzheimer's Disease. Klinika Gczna/Acta
Ophihalmologica Polonica, 121(4), 238-246.” (autorzy, rok wydania, tytut, czasapismo lub wydawea.
tom, strony) maj whlad merytoryeny polegal na opracowywaniu koncepeii, pisaniu manuskrvptu,
analizie oraz interpretacji wynikow tej pracy, a udostgpnienie pracy nie bedzie naruszalo praw

autorskich osab trzecich,

V.

(Podpis)
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Streszczenie

Rozprawa doktorska stanowi cykl powigzanych tematycznie czterech
publikacji skupiajacych sie na analizie porownawczej zmian zachodzacych w
strukturze i mikrokrgzeniu siatkowki u pacjentéw z chorobg Alzheimera (ang.
Alzheimer’s disease - AD) oraz z jaskrg pierwotnie otwartego kata (ang.
primary open-angle glaucoma - POAG). Gtéwnym celem pracy byta jako$ciowa
oraz iloSciowa ocena grubosci poszczegdlnych warstw siatkowki i gestosci
naczyn siatkdwki w biegunie tylnym gatki ocznej u pacjentéw z AD oraz POAG
za pomocy optycznej koherentnej tomografii (OCT) a takze angiografii OCT
(OCTA).

Pierwsza praca poglagdowa ,Diagnosis of Alzheimer’'s Disease by
Assessing Structural and Microvasculature Changes in the Retina Using Optical
Coherence Tomography Angiography—a Review of Eye Biomarkers for
Alzheimer’s Disease” (Klinika Oczna/Acta Ophthalmologica Polonica, MNiSW=
40 pkt.) skupia sie na przedstawieniu aktualnego stanu wiedzy na temat
diagnostyki AD za pomocg nieinwazyjnych badan obrazowych siatkdwki.
Aktualnie diagnostyka AD opiera sie gtéwnie na ocenie funkcji poznawczych, a
badania neuroobrazowe nadal sg bardzo drogie i trudno dostepne. Wyjasnia
to przyczyne poszukiwania nowych, nieinwazyjnych i tanich biomarkerow. W
fazie embriogenezy siatkbwka oraz nerw wzrokowy rozwijajg sie jako
bezposrednie przedtuzenie miedzymdzgowia, dlatego nieprawidtowosci
zachodzgce w mdzgu u pacjentéw z AD mozna réwniez obserwowac na dnie
oka. W badaniach posmiertnych pacjentéw z demencjg typu Alzheimera
udowodniono, ze choroba poza uszkodzeniem komdrek nerwowych cechuje
sie takze patologig naczyniowo-mozgowg. Stosujgc nowoczesne techniki
obrazowania takie jak OCT a takze OCTA wykazano istotne zmiany z
strukturze oraz mikronaczyniach siatkdwki. Niestety zmiany te u pacjentow z
demencjg obserwowane w obrazach OCT mogg by¢ niespecyficzne i wspdlne
dla innych choréb neurodegeneracyjnych, jak np. w jaskrze. Niemniej jednak

kombinowane pomiary zmian strukturalnych siatkbwki oraz ocena
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mikrokrazenia w poszczegdlnych splotach siatkdwki z wykorzystaniem OCT
oraz OCTA mogg zwieksza¢ zdolnos¢ diagnostyczng AD.

W pracy pt. , Peripapillary Retinal Nerve Fiber Layer Thickness in
Patients with Alzheimer’s Disease: A Comparison of Eyes of Patients with
Alzheimer’s Disease, Primary Open-Angle Glaucoma, and Preperimetric
Glaucoma and Healthy Controls” (Medical Science Monitor, MNiSW= 70 pkt,
IF= 1.918) wykorzystano OCT do oceny oraz pordwnania grubosci
okototarczowej warstwy widkien nerwowych siatkéwki (ang. peripapillary
retinal nerve fiber layer - pRNFL) u pacjentéw z AD, z jaskrg pierwotnie
otwartego kata (ang. primary open-angle glaucoma — POAG), jaskra
preperymetryczng (ang. preperimetric glaucoma — PPG), oraz u zdrowej grupy
kontrolnej (ang. healthy controls — HC). Do badania przekrojowego wtgczono
po 30 oséb z kazdej grupy. Analizie poddano jedno, losowo wybrane oko
kazdego uczestnika. Srednia grubo$é¢ pRNFL u pacjentéw z POAG wynosita
60,97 + 12,97 um i byta istotnie nizsza niz w grupie HC (106,30 + 8,95 um), w
oczach z PPG (93,20 + 12,04 um) i u pacjentéw z AD (95,73 + 13,52 um).
Srednia grubo$é pRNFL u pacjentéw z AD byta istotnie nizsza w poréwnaniu z
grupa HC i wyzsza w poréwnaniu z oczami z POAG, natomiast nie byto
istotnych rdéznic w poréwnaniu z pacjentami z PPG (p >0,05). Badanie
dowodzi, ze uszkodzeniu komdrek nerwowych w osrodkowym uktadzie
nerwowym (OUN) u pacjentow z AD towarzyszy rowniez uszkodzenie
aksonéw komoérek zwojowych siatkdwki. Na podstawie OCT nie jest mozliwe
rozréznienie przyczyny fagodnego zmniejszenia grubosci pRNFL natomiast
wydaje sie, ze ocena wynikdw OCT moze byé dodatkowym narzedziem
wykorzystywanym w diagnostyce oraz monitorowaniu AD.

W publikacji pt. ,,Comparison of Retinal Microvasculature in Patients
With Alzheimer’s Disease and Primary Open-Angle Glaucoma by Optical
Coherence Tomography Angiography” (Investigative Ophthalmology & Visual
Science, MNiSW= 140 pkt, IF= 3.812) celem badan byta ocena sieci
mikronaczyn siatkdwki u pacjentdw z AD, POAG oraz w grupie HC. Do badania
zakwalifikowano po 27 oséb w kazdej grupie, a ocenie poddano oko, w ktérm

uzyskano lepszg jakos¢ angiogramu. Badanie okulistyczne obejmowato OCTA,
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ktorg wykorzystano do obrazowania sieci mikronaczyn w warstwie radialnej
okototarczowych kapilar (ang. radial peripapillary capillaries - RPC), a takze w
powierzchownym (ang. superficial vascular plexus - SVP) oraz gtebokim splocie
naczyniowym siatkdéwki (ang. deep vascular plexus - DVP). W oczach
pacjentéw z AD gestos¢ naczydn w DVP byta istotnie zmniejszona, a
powierzchnia dotkowej strefy beznaczyniowej ulegta zwiekszeniu w
poréwnaniu z oczami pacjentéw z POAG i w grupie HC (p <0,001). Pacjenci z
POAG mieli istotnie zmniejszong gestos¢ naczyn w RPC i SVP w poréwnaniu do
pozostatych badanych grup (p <0,001). Srednia grubo$¢ pRNFL byta
skorelowana z gestoscig naczyn w SVP u pacjentéw z POAG (Pearson’s r=0,66;
p= 0,0002) i byta istotnie nizsza w grupach POAG i AD niz w grupie HC (p
<0,001). AD i POAG to choroby neurodegeneracyjne zwigzane z apoptoza
komérek nerwowych i uposledzeniem mikronaczyn siatkéwki, co mozna
skutecznie ocenia¢ za pomocg OCTA. Pomimo tego, ze w obu chorobach
nieprawidtowosci stwierdzane sig w catym uktadzie naczyniowym siatkdwki,
uposledzenie sieci mikronaczyn w oczach z POAG dotyczy w gtdwnej mierze
naczyn powierzchownych, natomiast w AD naczyn potozonych w gtebszych
warstwach siatkédwki co moze $wiadczy¢ o innej etiopatogenezie powstawania
tych choréb.

Celem pracy pt. ,,Quantitative assessment of retinal thickness and
vessel density using optical coherence tomography angiography in patients
with Alzheimer’s disease and glaucoma” (PLOS ONE, MNiSW= 100 pkt, IF=
2.740) byta ocena i bezposrednie porownanie gestosci naczyn siatkéwki z
gruboscig wewnetrznych (ang. inner retinal layer - IRL) i zewnetrznych warstw
siatkéwki (ang. outer retinal layer — ORL) w tych samych obszarach plamki u
pacjentéw z AD i POAG. Do obadania przekrojowego wtgczono 49 oczu z AD,
71 oczu z POAG oraz 48 oczu do grupy HC. W badaniu okulistycznym
zastosowano OCT do pomiaru grubosci IRL oraz ORL, a takze OCTA w tym sam
obszarze celem analizy gestosci naczyn w SVP i DVP. Pacjenci z AD wykazywali
istotnie wiekszg utrate gestosci naczyn w DVP oraz grubosci ORL w
poréwnaniu do pacjentéow z POAG (p <0,001), u ktérych stwierdzono istotnie

wiekszg procentowg utrate gestosci naczyn w SVP oraz grubosci IRL w
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porownaniu do pozostatych grup (p <0,001). Pozytywny zwigzek miedzy
obecnoscia AD obserwowano gtéwnie w siatkdwce zewnetrznej, gdzie 1%
spadek grubosci ORL wigzat sie z okoto 24-29% wzrostem
prawdopodobieristwa wystgpienia AD. Analiza angiogramow wykazata, ze 1%
spadek gestosci naczyn w DVP byt dodatnio powigzany z 4-9% wzrostem
prawdopodobienstwa wystgpienia AD. W POAG pozytywny zwigzek miedzy
obecnoscig choroby a procentowg utratg grubosci siatkdwki i gestosci naczyn
obserwowano tylko w IRL i w SVP. Réwniez wykazano, ze zmiany w uktadzie
naczyniowym siatkéwki w SVP i DVP byty odpowiednio skorelowane z
uszkodzeniem warstw IRL i ORL w oczach pacjentow z AD oraz POAG.
Patologie stwierdzane w wewnetrznej siatkdwce nie zawsze sg specyficzne i
stwierdza sie je przede wszystkim w jaskrze co odrdznia jg od AD, gdzie istotne
nieprawidtowosci stwierdza sie gtdwnie w siatkbwce zewnetrznej.
Podsumowujgc analiza gtebszych warstw siatkdwki i gestosci naczyn w DVP
moze potencjalnie poprawi¢ mozliwosci diagnostyczne i stanowi¢ cenne
podejscie w przewidywaniu rozwoju AD.

W czesci koficowej zawarto podsumowania oraz najwazniejsze wnioski
wynikajagce z przeprowadzonych badan empirycznych. Wskazujg réwniez
kierunki doskonalenia ktére w przysztosci mogg przyczyni¢ sie w istotny

sposdb do poprawy metod diagnostycznych choréb neurodegeneracyjnych.
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Summary

The doctoral dissertation is a series of four thematically related
publications focusing on a comparative analysis of changes in the structure
and microcirculation of the retina in patients with Alzheimer's disease (AD)
and primary open-angle glaucoma (POAG). The main aim of the study was the
qualitative and quantitative assessment of the thickness of individual retinal
layers and the density of the retinal vessels in the posterior pole of the eye in
AD and POAG patients using optical coherence tomography (OCT) and OCT
angiography (OCTA).

The first review paper "Diagnosis of Alzheimer's Disease by Assessing
Structural and Microvasculature Changes in the Retina Using Optical
Coherence Tomography Angiography — a Review of Eye Biomarkers for
Alzheimer's Disease" (Klinika Oczna/Acta Ophthalmologica Polonica, MNiSW =
40 points) focuses on the presentation the current state of knowledge on the
diagnosis of AD using non-invasive retinal imaging examinations. Currently,
the diagnosis of AD is based mainly on the assessment of cognitive functions,
because neuroimaging is still very expensive and difficult to access. This
explains the rationale behind the search for new, non-invasive and cheap
biomarkers. During the embryogenesis phase, the retina and the optic nerve
develop as a direct extension of the diencephalon, so that brain abnormalities
in AD patients can also be seen at the fundus. In postmortem studies of
patients with Alzheimer's dementia, it has been proven that the disease, apart
from damaging nerve cells, is also characterized by cerebrovascular pathology.
Using modern imaging techniques such as OCT and OCTA, significant changes
in the structure and microvessels of the retina have been demonstrated.
Unfortunately, these changes in patients with dementia, observed in OCT
images, may be non-specific and common to other neurodegenerative
diseases, such as glaucoma. Nevertheless, combined measurements of
structural changes in the retina and the assessment of microcirculation in
individual retinal plexuses using OCT and OCTA may increase the diagnostic

capacity of AD.
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In the article "Peripapillary Retinal Nerve Fiber Layer Thickness in
Patients with Alzheimer's Disease: A Comparison of Eyes of Patients with
Alzheimer's Disease, Primary Open-Angle Glaucoma, and Preperimetric
Glaucoma and Healthy Controls" (Medical Science Monitor, MNiSW = 70
points, IF = 1.918) OCT was used to assess and compare the thickness of the
peripapillary retinal nerve fiber layer (pRNFL) in patients with AD, primary
open-angle glaucoma (POAG), preperimetric glaucoma (PPG), and in healthy
controls (HC). Thirty participants from each group were enrolled in the cross-
sectional study. One randomly selected eye of each participant was analyzed.
The mean thickness of pRNFL in patients with POAG was 60.97 + 12.97 um
and was significantly lower than in the HC group (106.30 + 8.95 um), in eyes
with PPG (93.20 = 12.04 um) and in patients with AD (95.73 £ 13.52 um). The
mean thickness of pRNFL in AD patients was significantly lower compared to
the HC group and higher compared to the eyes with POAG, but there were no
significant differences compared to the eyes with PPG (p >0.05). The study
shows that damage to the nerve cells in the central nervous system (CNS) in
AD is also associated with damage to the axons of the retinal ganglion cells.
On the basis of OCT, it is not possible to distinguish the cause of a mild
reduction in pRNFL thickness, but it seems that the analisis of OCT results may
be an additional tool used in the diagnosis and monitoring of AD.

In the publication "Comparison of Retinal Microvasculature in Patients
With Alzheimer's Disease and Primary Open-Angle Glaucoma by Optical
Coherence Tomography Angiography" (Investigative Ophthalmology & Visual
Science, MNiSW = 140 points, IF = 3.812), the aim of the study was to evaluate
the retinal microvascular network in patients with AD, POAG and in the HC
group. Twenty-seven people in each group were qualified for the study, and
the eye with the better quality of the angiogram was assessed. Ophthalmic
examination included OCTA, which was used for the imaging of vascular
network within the layer of radial peripapillary capillaries (RPC), and also in
the superficial vascular plexus (SVP) and deep vascular plexus (DVP) of the
retina. In the eyes of patents with AD, the vascular density in DVP was

significantly reduced and the area of the foveal avascular zone increased
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compared to the eyes of patients with POAG and in the HC group (p <0.001).
Patients with POAG had significantly reduced vascular density in RPC and SVP
compared to the other studied groups (p <0.001). The mean pRNFL thickness
correlated with the vascular density in SVP in POAG (Pearson's r= 0.66; p=
0.0002) and was significantly lower in the POAG and AD groups than in the HC
group (p <0.001). AD and POAG are neurodegenerative diseases associated
with apoptosis of nerve cells and impairment of retinal microvessels, which
can be effectively assessed by OCTA. Despite the fact that in both diseases the
abnormalities are found in the entire vascular system of the retina, the
impairment of the microvascular network in the eyes with POAG mainly
concerns superficial vessels, while in AD, the vessels located in the deeper
layers of the retina, which may indicate a different etiopathogenesis of these
diseases.

The purpose of article "Quantitative assessment of retinal thickness
and vessel density using optical coherence tomography angiography in
patients with Alzheimer's disease and glaucoma" (PLOS ONE, MNiSW = 100
points, IF = 2.740) was the assessment and a direct comparison of retinal
vessel density with the thickness of inner retinal layer (IRL) and outer retinal
layer (ORL) in the same regions of the macula in subjects with AD and POAG.
Fourty-nine eyes with AD, 71 eyes with POAG and 48 eyes with HC were
included in the cross-sectional examination. In the ophthalmic examination,
OCT was used to measure the thickness of IRL and ORL, as well as OCTA in the
same area to analyze the vascular density in SVP and DVP. Patients with AD
showed significantly greater loss of vascular density in DVP and ORL thickness
compared to patients with POAG (p <0.001), who had significantly greater
percent loss of vascular density in SVP and IRL thickness compared to the
other groups (p <0.001). A positive relationship between the presence of AD
was mainly observed in the outer retina, where a 1% decrease in ORL
thickness was associated with an approximately 24-29% increase in the
likelihood of AD occurrence. Analysis of angiograms showed that a 1%
decrease in vascular density in DVP was positively associated with a 4-9%

increase in the likelihood of developing AD. In POAG, a positive association
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between disease presence and percent loss of retinal thickness and vascular
density was observed only in IRL and SVP. It was also shown that changes in
the retinal vasculature in SVP and DVP were correlated appropriately with
damage to the IRL and ORL layers in the eyes of AD and POAG patients. The
pathologies found in the inner retina are not always specific and are found
primarily in glaucoma, which distinguishes it from AD, where significant
pathologies are found mainly in the outer retina. Overall, the analysis of
deeper retinal layers and vascular density in DVP has the potential to improve
diagnostic capabilities and represent a valuable approach in predicting the
development of AD.

The final part contains summaries and the most important conclusions
coming from the conducted of empirical research. They also indicate the
directions of improvement that in the future may significantly contribute to

the enhancements of diagnostic methods of neurodegenerative diseases.
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