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ABSTRACT

Partly verified hypothesis is that ophthalmological and all systemic diseases affecting
cardiovascular system imprints pathophysiological features into retinal hemodynamics.
Retinal hemodynamics are easy to non-invasively access through the eye lens via optical
imaging sensitive to blood volume or flow. Today, functional retina imaging (fRI) is
an emerging field trying to identify candidates for non-invasive biomarkers of various
diseases. The overall objective of this doctoral thesis was to push the state-of-the-art in
fRI methods and employ the methods in pioneering biomedical applications.

The first part of the thesis summarizes the fRI state-of-the-art including (i) retina
anatomy and physiology; (ii) etiology of retinal pulsatile phenomena such as sponta-
neous venous pulsation (SVP); (iii) fRI principles and methods; (iv) image analysis in
fRI; (v) multivariate statistics promising for fRI; and (vi) pitfalls.

The second part contains original research that has been peer-reviewed, presented at
international conferences, and published as original research articles (in the IEEE Trans-
actions on Medical Imaging and the Communications Biology). Here, the thesis presents
a novel implementation of automated and data-driven principal (PCA) and independent
(ICA) component analyses in fRI utilized via video-ophthalmoscopy. Both, PCA and
ICA, detected SVP with higher detection rate than previous literature. Moreover, PCA
and ICA identified optic cup pulsation (OCP) pattern, hypothesized to be of arterial
origin, and components potentially related to respiratory induced effects. Neither OCP
nor respiratory induced effects were widely reported before. Further, SVP and OCP
morphology was identified to be correlated to heart rate and ageing. The correlations
were identified on pilot dataset acquired in Erlangen, Germany and confirmed on re-
test dataset acquired in Minneapolis, USA. The video-ophthalmoscope (VO) device has
been synchronized with a hub enabling simultaneous acquisition of non-invasive and in-
vasive biosignals, such as electrocardiogram, electrooculogram, finger plethysmography,
respiratory plethysmography, and intracranial pressure (ICP). Mobile bedside cart with
joystick-driven and motorized VO positioning system has been designed and assembled.
Preliminary simultaneous fRI-ICP dataset has been acquired and research project inves-
tigating in vivo predictive fRI power to ICP has been initiated.

In conclusion, implementation of PCA and ICA improved state-of-the-art of SVP, OCP
and respiratory pattern imaging. The thesis also demonstrates that heart rate and age are
important biological factors which needs to be considered in study designs investigating
retinal hemodynamics. Finally, the thesis initiated a pioneering research project which
has a potential to develop non-invasive and non-contact ICP measurement technology.

KEYWORDS

Principal component analysis, independent component analysis, retina imaging, video-
ophthalmoscope, retinal pulsatile pattern, spontaneous venous pulsation, optic cup pul-
sation, retina



ABSTRAKT

Predpoklada se, Ze nejen oftalmologické, ale i nékteré systémové nemoci ovliviujici kar-
diovaskularni systém (napf. diabetes mellitus), méni hemodynamiku cévniho Yecisté sit-
nice. Cévni recisté sitnice vCetné projevii metabolickych procesi je snadno pozorovatelné
neinvazivnimi metodami, napf. optickymi soustavami optimalizovanymi pro pozorovani
objemovych zmén krve. Tento rychle se vyvijejici obor funkéniho zobrazovani sitnice se
snazi identifikovat a definovat biomarkery riiznych nemoci ziskané na zakladé neinvaziv-
niho méreni. Cilem této doktorské prace je rozsitit a obohatit pole funkéniho zobrazovani
retiny a uplatnit metody v biomedicinskych aplikacich.

Prvni ¢ast této prace popisuje dosavadni vyvoj oboru funkéniho zobrazovani retiny véetné
kapitol (i) anatomie a fyziologie sitnice; (ii) pivod pulzaci v cévnim Fecisti sitnice véetné
samovolnych Zilnich pulzaci v oblasti optického disku (SVP, z aj. spontaneous venous
pulsation); (iii) metody a principy funkéniho zobrazovani sitnice; (iv) metody zpracovani
obrazu ve funkénim zobrazovani sitnice; (v) metody vicerozmérné statistiky aplikovatelné
v oboru; (vi) nedostatky v oboru funkéniho zobrazeni sitnice a prostor pro vylepsent.
Druha cast této doktorské prace predstavuje originalni vyzkum, ktery byl recenzovan a
predstaven na mezinarodnich konferencich, a publikovan v casopisech IEEE Transacti-
ons on Medical Imaging, a Communications Biology. Zde doktorska prace predstavuje
inovativni implementaci, datasetem fizenou analyzu hlavnich komponent a analyzu neza-
vislych komponent ve funkénim zobrazeni retiny, aplikovanou na video-oftalmoskopicka
data. Obé metody detekovaly pfitomnost SVP ve vyssi mite nez pfedchozi studie. Me-
tody navic identifikovaly dalsi pulzujici slozky sitnice - pulzace intenzity poharu optického
disku (OCP, z aj. optic cup pulsation) zfejmé arteridlniho plivodu, a slozku vykazujici
pulzaci o nizké frekvenci vzniklou vlivem dychani. Zadna s téchto dvou sloZek nebyly za-
znamenany v predchozich studiich. Dale bylo zjisténo, Ze morfologie jednotlivych pulzii
SVP a OCP jsou korelovany s tepovou frekvenci a vékem. Tyto korelace byly zjistény v
datasetech sekvencnich snimki sitnice ziskanych na oénf klinice v Erlangenu (Némecko)
a na University of Minnesota, Minneapolis (USA). Pro akvizici obou datasetl byl pouzit
unikatni video-oftalmoskop (Tornow, 2015). Posledni ¢ast této prace popisuje névrh a
realizaci prvniho simultanniho méreni sekvencnich snimki sitnice, neinvazivniho méreni
biosignald (tj. elektrokardiogram, elektrookulogram, prstova pletysmografie), a invaziv-
niho méreni intralebniho tlaku. Pojizdny stll s ramenem, nesouci video-oftalmoskop s
polohovanim ovladanym joystickem, byl navrhnut a sestrojen pro potreby pacientli umis-
ténych na jednotkach neurologické intenzivni péce. Byl ziskan prvni dataset simultanniho
méreni funkéniho zobrazovani sitnice a intralebniho tlaku. Tento meznik predstavuje po-
Catek pro nasledné studie zabyvajici se odhadem intralebniho tlaku bezkontaktné na
zakladé sekvenénich snimki sitnice.

Zavérem, tato prace rozsitila dosavadni vyvoj funkéniho zobrazeni sitnice o automatickou
analyzu a identifikaci jevi samovolnych Zilnich pulzaci v optickém disku, pulzaci optic-
kého disku a projevu dychani v sitnici. Tato prace dale identifikuje tepovou frekvenci jako
dalezity faktor pro dalsi klinické studie zabyvajici se hemodynamikou v sitnici. A nakonec,
tyto teze predstavily prvni simultanni méreni sekvencnich snimki sitnice a intralebniho
tlaku.

KLICOVA SLOVA

Analyza hlavnich komponent, analyza nezavislych komponent, zobrazovani sitnice, video-
oftalmoskop, pulsaéni slozky sitnice, spontanni Zilni pulsace, pulsace poharu optického
disku, sitnice



ROZSIRENY ABSTRAKT

Pozorovani patofyziologickych jevii o¢ni sitnice in vivo zapocaly jiz na konci 19.
stoleti, kdy byl sestaven prvni oftalmoskop. Dnes jsou k dispozici variace optickych
i jinych soustav zachycujici nejen statické fotografie, ale i sekvence snimki sitnice
zobrazujici predevsim hemodynamické zmény. Obor funkéniho zobrazovani sitnice
je relativné novy a rozviji se predevsim v poslednich dvou desetiletich, kdy byla
predstavena riznd hardwarova feseni zobrazovani (oftalmoskopické metody, inter-
ferometrické metody, aj.) a algoritmy pro digitdlni zpracovani statickych i dynamic-
kych snimk.

Predmétem funkéniho zobrazovani sitnice je predevsim sledovani hemodynamic-
kych zmén, tj. prokrveni tkané, tok krve, arteridlni pulzace a zilnich pulzaci hlavni
a vedlejsich vétvi centralni retindlni zily. Pulzace centralni retinalni Zily v oblasti
optického disku je dlouhodobé sledovany fenomén, o jehoz piivodu se vedou diskuze.
Jedna z novejsich akceptovanych teorii vysvétluje jev jako vysledek vzajemného
pusobeni tlakt vnitintho prostfedi oka a mozkomisnitho moku (kde hodnota tlaku
mozkomisniho moku se predpokladd stejnd jako hodnota intralebniho tlaku). Oba
tlaky ptsobi na centralni retinalni zilu na obou strandch membrany lamina cribrosa
sclaera, rozdélujici prostiedi oka a optického nervu. Vysledny tlakovy gradient pak
ze absence pulzace centralni retindlni Zily je spojeno se zvySenymi hodnotami in-
tralebniho tlaku. Nicméné metodologie presného odhadu intralebniho tlaku na zak-
ladé Zilnich pulzaci v sitnici je stale v feseni. Zmény v parametrech zilni pulzace v
hlavni i vedlejsich vétvich je pak spojeno i s dalsimi fyziologickymi faktory (napf.
starnuti). Autori dalsich klinickych studii spojuji hemodynamické zmény v sit-
nici s vlivem patologickych procesi a nemoci (napf. diabetes mellitus, diabetické
retinopatie, glaukom, Alzheimerova choroba, apod.). Pro identifikaci a kvantifikaci
takovych hemodynamickych zmén je potfeba vhodnych akviziénich metod, metod
zpracovani obrazu a spravné urceni klinickych biomarkert.

Kvantifikace hemodynamickych zmén v sitnici a srovnani vysledki mezi klinickymi
studiemi ziistava problematické, jelikoz neexistuje zadny zlaty standard jak v oblasti
akvizi¢nich metod tak v oblasti algoritmii zpracovani obrazu ¢i parametrizace. Exis-
tuje spousta pristroji pro akvizici sekvencénich snimka sitnice, popr. jejich vrstev,
poskytujici ¢asovy prubéh mérenych veli¢in vyznacujicich se pulsacemi (tj. ob-
jem krve ¢i cévni prumér v cCase v pripadé oftalmoskopickych metod, nebo tok
a rychlost krve v pripadé interferometrickych metod, atd.). V zaméfeni na nej-
rozsitenéjsi oftalmoskopické metody, jesté nedavné klinické studie pouzivaly sub-
jektivni hodnoceni zilni pulzace, kdy pozorovatel klasifikoval zmény praméru zil
do ¢tyr kategorii (Hedgesova skéla). Subjektivni hodnoceni zac¢inaji nahrazovat

presna métreni priméru a intenzit vybranych Zil prostrednictvim metod zpracovani



obrazu. Tyto algoritmy jsou prevazné semi-automatické a vyzaduji vstupy urcené
uzivatelem/pozorovatelem. Semi-automatické analyzy jsou poskytovény i v ramci
nékterych komercnich ptistroji urcenych pro akvizici sekvencénich snimk sitnice
(Imedos, Némecko, XyCam , USA). Pridruzeny software vyzaduje vybér ¢asti cévy
pro naslednou analyzu. JelikoZz cévni vétveni sitnice je unikatni pro kazdé indi-
viduum, subjektivni vybér muize vést k chybam a zkresleni vysledki.

Pro automatickou analyzu a identifikaci hemodynamickych zmén v sekvencnich
snimcich sitnice se nabizi metody slepé separace zdroju (z aj. blind source se-
paration), napt. metody analyz hlavnich a nezavislych komponent. Metody analyz
hlavnich a nezavislych komponent byly jiz iispésné implementovany v oboru funkéniho
zobrazeni mozku magnetickou rezonanci za ucelem lokace anatomickych casti s
riaznymi fyziologickymi funkcemi. Podobny charakter dat z funkéni magnetické re-
zonance a dat sekvencnich snimk sitnice vede k predpo-kladu uspésné aplikace
analyzy hlavnich a nezavislych komponent i v oboru funkéniho zobrazeni sitnice za
ucelem identifikace fyziologickych celki se specifickym hemodynamickym prabéhem.
Kromé implementace metod slepé separace zdroju pro plné automatickou analyzu
pulzacnich slozek v sekvenc¢nich snimcich sitnice, obor funkéniho zobrazeni sitnice
poskytuje prostor pro dalsi vylepseni jak z hlediska zpracovani dat (hodnoceni kva-
lity videa, potlaceni skokt v casovych prubézich objemu krve vzniklych v disledku
sakadickych pohybt oka ¢i mrknuti), tak z hlediska bazalniho vyzkumu identifikace
fyziologickych proménnych ovliviiujicich hemodynamické priitbéhy jednotlivych funk-
¢nich ¢asti. V teoretickych modelech se objevuje napr. faktor tepové frekvence, ktery
ovsem nebyl potvrzen prostrednictvim zadné klinické studie.

Pro podrobnéjsi seznameni s dosavadnim vyvojem oboru je prvni c¢ast této prace
vénovana rozsahlému teoretickému uvodu, ktery popisuje (i) anatomii a fyziologii
sitnice; (ii) puvod pulzaci v cévnim lazku sitnice (napr. samovolné zilni pulzace);
(iii) metody a principy funkéniho zobrazeni sitnice (véetné podrobného posisu ne-
mydriatického video-oftalmoskopu, ktery byl vyuzit pro akvizici dat analyzovanych
v praktické ¢ésti); (iv) metody zpracovani obrazu ve funkénim zobrazeni sitnice;
(v) metody vicerozmérné statistiky vhodné pro sekvenéni snimky sitnice (analyzy
hlavnich a nezavislych komponent); (vi) nedostatky v oboru funkéniho zobrazeni
sitnice.

Pro praktickou ¢ast a vyvoj algoritmu byly pouzity sekvencni snimky sitnice (o
délce 10 sekund) zdravych subjekti a subjektu s lé¢enou o¢ni hypertenzi ziskanych
na ocni klinice v Erlangenu, Némecko. Sekvencni snimky byly porizeny specidlnim
video-oftalmoskopem (zdroj svétla o vinové délce 574 nm, 25 snimki za sekundu) pri
soucasném rozsiteni zornic subjektu (0.1% roztok tropicamide). V ramci praktické
casti dizertacni prace byly splnény nasledujici cile.

Byl sestaven algoritmus pro potlaceni skokti v hemodynamickych pribézich fyzio-



logickych celkti sitnice vzniklych disledkem sakadickych pohyb nebo mrknutim.
Algoritmus vyuziva metody shlukové analyzy casovych pribéht intenzitnich gra-
dientid. Hlavnim jadrem disertacni prace je inovativni aplikace metod vicerozmérné
statistiky pro automatickou a datasetem Tizenou analyzu a separaci fyziologickych
celkit v sekvencnich snimcich sitnice na zékladé jejich pridruzenych hemodynami-
ckych pribéhi. Byly aplikovany metody prostorové analyzy hlavnich komponent
(PCA) a analyzy nezavislych komponent (ICA). Obé metody, PCA i ICA, deteko-
valy pritomnost samovolnych zilnich pulzaci v oblasti optického disku ve vyssi mite
nez uvadi predchozi studie s uzitim subjektivnich metod. Mira detekce je srov-
natelnd se studiemi vyuzivajicich semi-automatickych metod digitalniho zpracovani
obrazu. PCA a ICA dokazi v rdmci svych vystupt lokalizovat pritomnost samo-
volnych zilnich pulzaci do prislusné ¢asti obrazu (prostorova hlavni/nezévisla kom-
ponenta) a ukdzat Casovy prubéh (koeficienty hlavni/nezavislé komponenty) pred-
stavujici hemodynamiku v dané funkéni ¢asti. Kromé samovolnych zilnich pulzaci
(SVP, z aj. spontaneous venous pulsations) v optickém disku, PCA i ICA iden-
tifikovaly dal$i komponentu nazvanou pulzace poharu optického disku (OCP z aj.
optic cup pulsation), kterd je prostorové homogenni pres vSechny subjekty, a ktera
nebyla zaznamenana v jinych predchozich studiich. Pritomnost této komponenty
dosahovala pres 90% ve vysetfenych oéich. Novym poznatkem byla i identifikace
projevu dychani v sekvenc¢nich snimcich sitnice. Komponenta identifikovana pro
dychani byla rovnomeérné rozprostiena pres dany obraz a ¢asovy prubéh koeficientii
vykazoval frekvenci dychani ( 0.2 Hz).

Néasledna podrobnéjsi analyza casovych prubéhii koeficientti hlavnich komponent
identifikovanych jako SVP a OCP ukazala korelaci morfologie jednotlivych pulzi a
tepové frekvence nebo starnuti. Dosud polemizovany faktor tepové frekvence vysky-
tujici se v teoretickych modelech byl potvrzen jako fyziologicka proménna i v klinické
studii. Vysledek naznacuje, ze tepova frekvence musi byt brana v potaz pro nasledu-
jici klinické studie zabyvajicich se zménou hemodynamiky a pulzaci vlivem nemoci.
Korelace s vékem je v souladu s predchozi studii.

V disertacni praci je predstaven navrh a realizace simultanni akvizice sekvenc¢nich
snimku sitnice a dalsich bio-signali (elektro-kardiogram, elektro-okulogram, pul-
sni oximetrie, respiracni plethysmografie) véetné invazivné méreného intralebniho
tlaku. Soucasti projektu byl i ndvrh a sestaveni pojizdného voziku s ramenem a
polohovanim. Vozik musi byt kompatibilni a flexibilni pro potieby neurologickych
pacientl umisténych na jednotce neurologické intenzivni péce. Pro propojeni a syn-
chronizaci video-oftalmoskopu a dalsich biosignali byl pouzit systém prezentovany v
Kolar R. et al., Biomedical Optics Express, 14:6, 2023. Pro pfipojeni a synchronizaci
signalu z intralebni tlakové sondy byl navrzen specialni prevodnik ve spolupréci s ex-

terni firmou. Tato prace prezentuje prvni presné synchronizované simultanni méreni



sekvenc¢nich snimkt sitnice a intralebniho tlaku. Tento meznik predstavuje pocatek
pro nasledné studie zabyvajici se odhadem intralebniho tlaku bezkontaktné na za-
kladé sekvenc¢nich snimkt sitnice.

Zavérem, tato prace rozsitila dosavadni vyvoj funkéniho zobrazeni sitnice o auto-
matickou analyzu a identifikaci jevlli samovolnych zilnich pulzaci v optickém disku,
pulzaci poharu optického disku a projevu dychani v sitnici. Tato prace dale identi-
fikuje tepovou frekvenci jako dulezity faktor pro dalsi klinické studie zabyvajici se
hemodynamikou v sitnici. A nakonec, tyto teze predstavily prvni simultanni méreni
sekvenc¢nich snimki sitnice a intralebniho tlaku. Tato disertac¢ni prace predstavuje
puvodni vyzkum, ktery byl recenzovan a predstaven na mezinarodnich konferencich,
a publikovan v casopisech IEEE Transactions on Medical Imaging, a Communica-

tions Biology.
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Introduction

In vivo observations of hemodynamic processes in human retinal vascular bed begun
already in the 19th century when the first ophthalmoscope was assembled. Nowa-
days, variations of optical systems and other devices are optimized to acquire both
static and dynamic images of human retina and to observe the hemodynamic alter-
ations. Even though the first ophthalmoscope is more than century old, the biggest
progression of functional retina imaging is happening in the last two decades with the
utilization of new technical solutions, principles (video-ophthalmoscopic methods,
interferometric methods, etc.), and algorithms for digital image processing.
Functional retina imaging is focused on hemodynamics, its alterations due to
diseases or external stimulation. The mostly observed attributes are blood perfu-
sion, blood flow and velocity, pulsation of arteries, pulsations of central retinal vein
(CRV) and its adjacent branches. Pulsations of CRV in area of optic disc, widely
called spontaneous venous pulsations (SVP), and its origin have been a subject of
many discussions. Widely accepted theory explains the SVP as a result of pressure
gradient between the intraocular pressure and cerebrospinal fluid pressure (of the
same value as intracranial pressure). Both pressures influence the CRV on both
sides of lamina cribrosa sclaera, the mesh structure located posteriorly to optic disc
and dividing the area of the eye and optic nerve. Clinical studies demonstrated link
between absence of SVP and increased values of intracranial pressure. However, the
precise estimation based on SVP is still in progress. The alterations of pulsations of
CRV and its adjacent branches are linked to various physiological factors (i.e. age).
Other clinical studies link the hemodynamic alterations in retina to pathological
processes (diabetes mellitus, diabetic retinopathy, glaucoma, Alzheimer’s disease,
etc.). However, the proper acquisition and image processing methods are crucial to
identify such changes and determine suitable candidates for biomarkers.
Quantification of the hemodynamic changes and following result comparisons and
verifications within the clinical studies remain problematic as there is no golden stan-
dard in acquisition methods, neither in image processing algorithms nor parametriza-
tion. There are various devices acquiring the retinal images sequences providing
time-courses of measured attributes, such as blood volume or vessel diameter (while
using ophthalmoscopic methods), or blood flow and velocity (in case of interfer-
ometric methods). In case of ophthalmoscopic methods, even the recent studies
(published in ) used subjective methodology to evaluate SVP, i.e. the observer ca-
tegorized the pulsation into one of four categories (Hedges scale). Lately, subjective
evaluation yields the precise measurements of vessel diameter based on image pro-
cessing methods. However, most of the algorithms are semi-automatic and require

the human input. Semi-automatic analyses are provided also within the proprietary
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software of commercial devices for acquisition of retinal image sequences (Imedos,
Némecko, XyCam , USA). The proprietary software requires a selection of the ves-
sel for the analysis. As the retinal vascular bed is unique for each individuum, the
subjective selection can lead to fault results.

Methods of blind source separation, i.e. principal component analysis (PCA) and
independent component analysis (ICA) seems to be promising as data driven tool for
automatic analyses in functional retinal imaging. Both PCA and ICA were already
successfully implemented in the field of functional magnetic resonance imaging to
localize anatomical parts of various physiologic functions. The similar character-
istics of datasets of functional retinal imaging and functional magnetic resonance
imaging assume the successful utilization of blind source separation techniques in
the field of functional retinal imaging in order to identify functionally distinct parts
characterized with specific hemodynamics.

Except for the automatic analysis, the functional retinal imaging field lacks also
in other areas, i.e. in data processing (video quality assessment, spike suppression
filter optimized for time-courses of retinal hemodynamics), and in basal research and
identification of factors affecting retinal hemodynamics (e.g. heart rate as a factor
in models yet never proven in any clinical study).

This doctoral thesis introduces into the state of the art of the functional retinal
imaging within its first chapter which includes (i) retina anatomy and physiology; (ii)
etiology of retinal pulsatile phenomena such as spontaneous venous pulsation (SVP);
(iii) principles and methods of functional retinal imaging; (iv) image analysis in the
field; (v) multivariate statistics promising for functional retinal imaging; and (vi)
pitfalls.

The second and third chapters defines and addresses the pitfalls and advance the
functional retinal imaging field. The main outcomes are as follows. The blind source
separation technique was successfully utilized in functional retinal imaging field to
automatically separate functionally distinct parts of human retina. The spikes in
hemodynamic time-courses were suppressed via designed algorithm. Heart rate was
verified as a factor influencing retinal hemodynamics via analyzing human retina
image sequences acquired in eye clinic in Erlangen (Germany) and in University of
Minnesota (USA). The last part introduces the first precise simultaneous measure-
ment of retinal image sequences and intracranial pressure along with other biosignals
(i.e. electrocardiogram, finger plethysmography, electrooculography). The research
here is also presented via related original research articles that were published in

journals IEEE Transactions on Medical Imaging and Communications Biology.
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1 State of the Art

1.1 Brief Physiology of the Posterior Eye Segment

and Retinal Pulsation Phenomena

Eye is an important sensory organ providing visual perceptions. Its main function
is light collection, focusing and transformation into electrochemical neural signal
which is transferred by neurons into the corter. About 55% of the whole cortex
is processing just the visual information [243]. Till the light is transformed into
electrochemical energy by retinal photoreceptors, the light is trespassing several
optical media including cornea, anterior chamber, optical lens, posterior chamber,
vitreous chamber and is focused on retina. The optical path and eye anatomy is
visualized in Figure

For purposes of this thesis (focused mainly on ophthalmoscopic methods and
retinal sequence processing), the brief anatomy and physiology description will be
limited to posterior eye segment including layers of retina, choroidea, and physiologic
parts fovea, optic nerve head (ONH) visible as optic disc (OD) in fundus images,

retinal and choroidal vasculature providing blood supply.
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Fig. 1.1: Eye Anatomy [243]
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1.1.1 Retina

Retina, an essential part enabling vision, is the most inner layer of an eye bulb lining
the vitreous (gel filling the eye inner space). Retina covers approximately 65% of the
eye bulb inner wall. Posteriorly, retina borders with ONH, and continues anteriorly
till it reaches the ciliary body at ora serrata.

Retina is a multi-layer system which can be divided into retinal pigment epithe-
lium and neuroretina (including nine layers)[101], 257]. Neuroretina enables photo-
transduction - transformation of light into electrochemical neural signal. The process
of phototrunsduction and signal transfer involves several cell types distributed over
the neuroretinal layers.

Retinal cell types. There are approximately 55 distinct cell types in mam-
malian retina [I97]. Depending on function, the cells can be divided into following
groups - retinal pigment epithelium cells, photoreceptors (rods, cones), interneuron
cells (bipolar cells, horizontal cells, amacrine cells, interplexiform cells), ganglion
cells (midget ganglion cells, parasol ganglion cells), glial cells (Miiller cells, astro-
cytes, oligodendrocytes, microglia) [101), 243, 257]. The most important are pho-
toreceptor cells - sensors that enable the phototransduction. There are two classes
of photoreceptors - rods, cones. In human retina are 77-107 million rods and 4-5 mil-
lion cones [257]. Each photoreceptor has his outer segment, inner segment (including
cell organelles), nucleus and synaptic terminal securing the connection and signal
transfer to interneuron cells (bipolar cells in particular). Outer segment contains the
membrane discs enclosing the photopigment consisting of a membrane protein opsin
and chromophore molecule 11-cis-retinal [101], 243], 257]. Rods and cones differ in
the structure (i.e. disc morphology [257], chromophore molecules rhodopsin/pho-
topsins) and the response to light. Rods contain chromophore molecule rhodopsin
(absorption peak at 496 nm). Rods are more photon-sensitive and generate the
neural signal in response to one photon [101} 257], therefore the rods are used in
scotopic conditions. Rods provide lower vision resolution. Higher resolution vision
is expected by cones. Each cone contains one of three different types of chromophore
molecule to response the light of different wavelengths. Depending on absorption
peaks of the chromophore molecules, the cones are red (558 nm), green (531 nm) and
blue (419 nm) sensitive. Red-sensitive cones comprehends 63% of all cones, green
32% and blue 6% [257]. The blood supply and metabolic support of photoreceptors
are provided by choriocapillaris (part of choroid) through retinal pigment epithe-
lium cells [I01, 243] 257]. Except for the metabolic function, the retinal pigment
epithelium cells sustain vision acuity as it prevents backscatter of light by absorption
of the photons that passed through the photoreceptor layer [243]. Photoreceptors

transfer the generated signal through its synaptic terminal to bipolar cells, the most
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important interneurons, that process neural signal and transfer it to ganglion cells
responsible for the signal transmission to brain through their axons. The function
of the glial cells is mostly supporting as the cells maintain the inner environment.

Retinal layers. The retinal cells are distributed over the retinal layers, i.e.
retinal pigment epithelium layer and layers of neuroretina - photoreceptor layer,
external limiting membrane, outer nuclear layer, outer plexiform layer, inner nuclear
layer, inner plexiform layer, ganglion cell layer, retinal nerve fiber layer (RNFL) and
internal limiting membrane. All the layers are shown in Figure with graphic
demonstration of the cells and layer description seen in ultra-high resolution optical
coherence tomography (OCT) image [101} 125]. The most outer part - the retinal
pigment epithelium - creates outer blood retina barrier preventing blood leaking from
choriocapillaris into photoreceptor layer [257]. The most inner part, the nerve fiber
layer, is created by the axons of ganglion cells that transmit the visual signal to brain.
The ganglion axons creates axonal bundles that lead to ONH. The axons coming
from ganlion cell in fovea (retinal anatomical structure) lead to ONH directly in
straight trajectory in papillomacular bundle [243]. The axons of the other ganglion
cells leads to ONH through arch trajectories above or below the papillomacular
bundle.

Retinal topography and composition. The cell distribution in the neu-
roretinal layers, the width or even the presence of each neuroretinal layer itself vary

over the eye inner surface. Retina is approximately 0.4 mm thick in the edge of
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Fig. 1.2: Retina Layers: left, Photomicrograph of the retina (magnification x200)
with ilustrated retinal cells[I0I]. right, Ultra-high resolution optical coherence
tomography of macula (temporal part only)[125]
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ONH and is thinning out anteriorly to 0.14 mm at ora serrata in the periphery
[101]. The retina can be divided into central and peripheral area. The peripheral
part includes the retina outside the temporal retinal arteries. This rod-dominant
area is characterized by a single ganglion layer, thin retinal nerve fiber layer and
thicker retinal pigment epithelium layer (up to 60 pm) [I0I], 257]. The central area,
located in posterior pole between the temporal retinal vessels, is characterized by
thin retinal pigment epithelium layer (14 pm) and thick ganglion layer (up to 80
pm). This area comprises the most important structure for the vision - macula,
located approximately 3 mm temporal to ONH. The macula is a circular area (4.5-
5.5 mm in diameter [243| 257]) that includes concentric parts - perifovea, parafovea,
and fovea (1.5 mm in diameter, including foveal slope and foveola) [101], 243, 257].
From perifovea to foveola the cone density rises (from 5,000/mm? in macula border
to 199,000/mm? in the foveola) and the rod density is dropping. The rods are fully
excluded from foveola as well as the blue cones. In the foveola are the cones and
Miiller cells only so the whole retinal layer in this area is thin enough (0.18 pm)
to be supplied by choriocapillaris only. Therefore the retinal vessels are missing
in central foveolar area, called foveal avascular zone (0.5 mm in diameter). Three
milimeters nasal to macula is located ONH that collects all the axons of ganglion
cells. The layer of ganglion axons, RNFL, is the thickest in the border of ONH and

can measure up to 300 ym in upper and lower temporal regions.

1.1.2 Optic Nerve

The optic nerve is a confluence of retinal ganglion cell axons [272] and comprises 1.2
million neural axons (approximately 40 times more than included in acoustic nerve)
[243]. Optic nerve can be divided into two parts - intraocular and retrobulbar.
Intraocular part contains retinal nerve fiber layer and retinal ganglion cell layer
which forms a cone as leaving the eyeball through posterior scleral foramen [272].
The narrow part of the ganglion cone is clinically visible part of optic nerve, termed
optic disc (OD) in retina fundus images (Figure [1.3b). OD is a bright, pink
oval of average size 2.69mm? (horizontal diameter 1.76 mm, vertical diameter 1.92
mm) [I41), 257, 272] and situated 3-4mm nasally from fovea [I41]. OD surface
is flat or mildly elevated on the periphery - this part is termed neuroretinal rim
[272], and depressed in the middle - this part is termed optic cup (OC) and takes
approximatelly a third of the whole OD (0.83 mm horisontal diameter and 0.77 mm
vertical diameter) [I41]. OD and OC is also visually described in Figure and
OC depression is clearly demonstrated by OCT images in clinical practice Figure
[I.3kc. The OD is surrounded by a scleral ring termed peripapillary ring of Elschnig
(oval measuring 1.75 mm high and 1.5 mm wide in average) [222, 272]. OD part in
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retina misses the photoreceptors typical for the retina.

Optic nerve continues posteriorly from eye bulb into intraorbital space through
posterior scleral foramen and the network of pores and tunnels in scleral canal,
termed lamina cribrosa sclerae. In the intraorbital space, the optic nerve is myelized
by oligodendrocytes [243, 272] and its length is 5mm bigger than the eye bulb-to-
orbital apex distance due to eye bulb movements [243]. Then, optic nerve goes
through optic channel into chiasma opticum, where the retinal ganglion cell axons

merge with axons of contralateral optic nerve continuing as tractus opticus into

thalamus|243), 272].

1.1.3 Retinal and ONH Blood Supply

Two thirds of the whole eye blood supply is provided by arteria ophthalmica (first
branch of carotid internal) [106, 109} 110 T11), 112, 243] and its branches. Arteria
ophthalmica goes through optic channel along the optic nerve. There are two groups
of its branches - supplying the whole eye bulb (short and long posterior ciliary
arteries PCAr, anterior ciliary arteries, muscle arteries, central retinal arterie CRA),
and supplying other orbital structures (including arterie ethmoidal, nasal, frontal

and supraorbital).
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Fig. 1.3: ONH clinical visualization and description: a, OD morphology description
[224] b, Fundus camera image of healthy subject ONH [222] ¢, ONH volume scans
(exported from the Heidelberg Spectralis HRA4+OCT optical coherence tomogra-

pher) [33]
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The most important branches of arteria ophthalmica providing the blood supply
for eye bulb are - CRA (blood supply of retina), and PCAr (supplying uvea - inner
eye part including choroid, iris and corpus ciliare; anterior optic nerve; and outer
retinal layers). CRA enters the ventral aspect of the optic nerve 5-15 mm behind
the eye bulb and goes within the optic nerve through lamina cribrosa sclerae till
the retinal surface where is divided into four main arteries (arteriola nasalis reti-
nae superior, arteriola nasalis retinae inferior, arteriola temporalis retinae superior,
and arteriola temporalis retinae inferior) - each responsible for blood supply of cor-
responding retinal quadrant [19, 106, 222]. These four arterioles with its branches
create the retinal vessel tree visible on retinal surface through ophthalmoscopic tech-
niques. The vessel tree is unique for each person and may be used also for biometric
identification [248]. Posterior ciliary artery has more branches as it supplies nu-
merous eye bulb parts. Long branches of PCAr are situated outside the eye bulb
and provide blood supply to anterior uveal tissues, e.g. iris. Short branches of
PCAr goes through sclaera in posterior eye bulb part and supplying peripapillary
choroid. Other short branches could create circle (not closed in many cases), called
Zinn-Haller circle (OZH) [79, [106].

Between 60 and 80% of the retina and its inner layers are supplied via retinal
circulation with CRA [19] 106} 257]. The blood is drained within the central retinal
vein (CRV) leading through optic nerve head, lamina cribrosa sclaera, within the op-
tic nerve. Retina is too thick to be supplied by retinal circulation only. Therefore the
outer layers including photoreceptors, bipolar cells and retinal pigment epithelium
are supplied by the choroidal circulation (originating in PCAr) through choriocap-
illaris [106} 257]. Choriocapillaris provide blood supply and metabolic support also
in retinal superficial layers of foveal avascular zone and retinal periphery where the
zones are thin enough to be fully supplied by choroid and where the retinal vessels
are missing[257]. The inner retina can be also supplied by cilio-retinal artery - in 10-
30% [19, 159, 243, 257] physiologically, or pathologically along with CRA occlusions
[110, 111]. In summary, retina is supplied by both retinal and choroidal circulation
systems.

As the retinal circulation is a closed system of one input and one output vessel,
it is sensitive to external pressure fluctuations (i.e. intraocular pressure, intracranial
pressure) [110] leading to changes in intensity of venous pulsations [124], increase in
venous pressure [I10], or pathological formation of cilio-retinal arteries, etc. Retinal
circulation is also self-regulating system independent on perfusion pressure (depen-
dent on local vascular control mechanism, autoregulation factors - locally produced
hormon angiotensin 2, local metabolits, etc.) [76], 235].

The layer below retina, choroid, is the most perfused part and receives about 85%

of the whole ocular blood [19, 257]. Unlike retina, choroid is an open circulation
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system (supplied from several PCAr branches), thus blood flow is dependent also on
perfusion pressure and is characterized by weak autoregulation system [19, [76], 257].

The perfusion of anterior segment of optic nerve is divided into four regions -
surface neuron layer, prelaminar layer, laminar layer (verging to sclera, formed by
net of lamina cribrosa sclerae), retrolaminar layer (posteriorly to lamina cribrosa
sclerae), Figure [19, 106, 109, 110, 111, 243].

Surface retinal neuron layer is perfused mostly by retinal arterioles (CRA branches)
going into the middle OD. Temporal part of OD can be perfused also by cilio-
retinal artery, if presented [19, [106] 110, 243, 257]. Prelaminar layer is perfused
by PCAr branches and by recurrent braches coming from OZH (formed by short
PCAr branches, providing blood supply of peripapilary choroid) which goes through
choroid into prelaminar layer [76], [106], 109, 222]. Direct perfussion of prelaminar
layer with choroidal capillaries was supposed to be minimal [106] until 2019 when Lee
at al. found the parapapillary choroid was the important source of prelaminar ONH
tissue [180]. Perfussion of laminar layer is provided by branches originated in OZH
and by short branches of posterior ciliary artery [76, 106} 109, T11], 222]. Choroidal
peripapillary arterioles could also contribute in perfusion of lamina cribrosa sclaera
[106]. Retrolaminar region has two sources of blood supply, i.e. one originated in
pia mater, and CRA with its smaller branches within the optic nerve [106], 111}, 222].

The whole vessel map providing blood supply of retina, choroid, and anterior

segment of optic nerve is shown in the Figure [1.5

1.1.4 Ocular Hemodynamics

Ocular hemodynamics and its changes are very important indicators of pathologies
in various medical disciplines, i.e. ophthalmology (glaucoma [320], CRA occlusion,
diabetic retinopathy [51), 177, 229] 233], diabetic macular edema [I77]), neurology
(stroke, Alzheimer’s disease [71]), systemic diseases (diabetes [233]), cardiology [312].
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Fig. 1.4: Perfusion regions of optic nerve anterior segment [106]

23



Retinal vein C
Retinal artery

TR

; ’WM mr"
: W\

]
Cilio-retinal artery

Fig. 1.5: Blood supply of optic nerve anterior segment [I1I]. A - arachnoid, C-
choroid, Col. Br. - collateral branches, CRA - central retinal artery, CRV - central
retinal vein, CZ - Zinn-Haller circle, D - dura, LC- lamina cribrosa OD - optic disc,
ON - optic nerve, Pia - pia mater, PCAr - posterior ciliary artery, PR - prelaminar

region, R - retina, S - sclera, SAS - subarachnoidal space

Ocular hemodynamics can be examined by various techniques, i.e. Doppler velocime-
try, laser Doppler flowmetry, laser speckle flowgraphy, techniques based on blue field
entoptic phenomenon, fluorescein and indocyanine green (ICG) angiography fundus
camera based video-ophthalmoscopy (as retinal vessel analyzer), etc. [106], 242, 327].

The ocular hemodynamics is the most frequently assessed by blood flow (). Math-
ematically, blood flow can be calculated with numerous equations based on various
available measures, e.g. blood volume (blood flow as a differentiation of total blood
volume in time [168], blood velocity (blood flow as vessel crossectional area multi-
plied by blood velocity [275}[832]), or pressure gradients. The most common equation
in ocular physiology is based on pressure gradients. This relation is expressed by
Hagen-Poisseuille law (Equation saying that blood flow in tubular vessel is a
ratio of pressure gradient between the ends of the vessel and vascular resistance R
within ocular vascular bed (Equation where the vascular resistance depends
on blood viscosity () and vessel dimensions, i.e. vessel diameter r and length /)
[1111, 275, 332]. In case of ocular blood flow, the pressure gradient is represented by
ocular perfusion pressure (OPP), closely describe in the next paragraph. Then, the
ocular blood flow Q) is calculated as a ratio of OPP and vascular resistance according
to Equation In summary, blood flow levels depends mathematically mainly on

three factors - perfusion pressure, intraocular pressure (IOP) and blood resistance.

AP

Q=" (1)
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R= -1 (1.2)
oPP
Q=" (13)

Perfusion pressure. In general, the Hagen Poisseuille law uses pressure gra-
dient between the ends of the vessel. In case of blood flow in vascular beds, the
pressure gradient of one vessel is replaced with the difference between mean arterial
pressure (MAP) and venous pressure forming so-called perfussion pressure. Ocu-
lar perfussion pressure (OPP) is a special case of the perfussion pressure that is
characterized with difference between MAP in ophthalmic artery and venous or in-
traocular pressure (of the same values) [19, 111, 275]. The measurements of venous
pressure and blood pressure in ophthalmic artery are mostly unavailable, therefore
their approximations are used instead. As the venous pressure and IOP are sup-
posed to be of the same value, the easily measurable IOP substitutes the venous
pressure. Approximation of MAP in ophthalmic artery is based on standard pres-
sure measurement in brachial artery, i.e. MAP in ophthalmic artery is equal to two
thirds of MAP in brachial artery due to hydrostatic effects [I50] 254]. Therefore,
the most accepted formulation of OPP is expressed as two thirds of MAP minus
IOP (Equation [1.4]) [275]. The calculation of MAP is based on levels of systolic
and diastolic pressures (as shown in Equation [19, 111].

OPP = gMAP —I0P (1.4)

1
MAP = BPdiast + g(BPsyst - BPdiast) (15)

Blood Resistance. Blood resistance is a function of blood viscosity, the length
of measured vasculaure, its branching pattern and radius of the vessels of the mea-
sured vasculature [275]. This function is expressed by Hagen-Poisselle’s law that
says the resistance is inversely proportional to the fourth power of the radius of
a vessel and indirectly proportional to the blood viscosity[19] (Equation as
noted above. Retinal vascular system is geometrically distributed and the influence
of branching pattern is expressed by Murray’s law [257]: the cube of the radius of the
vessel is equal to the sum of the cubes of the radii of bifurcated blood vessels. Thus
the resistance increases with each bifurcation and local blood flow decreases. Be-
sides these laws, others laws known in fluid mechanics may be applied, i.e. Bernoulli
principle, Laplace law [332], etc.

Intraocular Pressure. Intraocular pressure is an important factor in ocular
hemodynamics influencing choroidal and retinal blood flow. Physiological levels of

IOP primarily maintains proper refractive properties of the eye and corneal curvature
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[43]. IOP is determined by the pressure exerted by the contents of the eye (aqueous
humour, vitreous, blood) outwards against the scleral compliance and extraocular
muscle tone exerting inward pressure [43]. The physiological range of IOP is 1645
mmHg and the values above 25 mmHg are considered pathological [43]. The IOP
levels varies about 2-3 mm Hg according to a day period. The highest levels of
IOP are usually in the mornings and lowest levels at nights [43, [I50]. Besides
diurnal fluctuations, the continuous IOP measurement demonstrates the variations
along the cardiac cycles[306] characterized with ocular pulse amplitude parameter.
The values of ocular pulse amplitude were reported 2.0-3.9 mmHg [48 [116, 147,
300] (varying according to used methodology [271], [336], posture [306], IOP level
[48]). The IOP levels depends mainly on four factors, i.e. extraocular muscle tone
modulated through central nervous system, vitreous humour, balance of aqueous
humour, and ocular blood volume and flow.

IOP-venous pressure relationship. As noted above, IOP represents a good
approximation of intraocular venous pressure. This is a result of general vein charac-
teristics and mutual pressure interactions inside the eye. Due to high compliability
of the veins [25] and levels of venous pressure (10-15 mmHg), the intraocular veins,
exposed to the compression force of IOP, behave as Starling resistors Figure [1.6]
This means, the venous pressure must be equal to IOP or slightly higher otherwise
the veins start to collapse. Once the vein is collapsing, the resistance to flow is
increasing in order to increase the venous pressure and balance the negative IOP-
venous pressure gradient. In case IOP exceeds the arterial input pressure, the vein
collapses completely and the blood flow ceases.

Blood flow and Related hemodynamic parameters. The retinal blood
flow demonstrates pulsatile characteristics in both arteries and veins [281], [325], 337]
despite the fact the venous flow pulsations in general are considered to be non-
observable [32 [I85] (except for the jugular veins or particular veins in brain).

The total ocular blood flow was reported 900 yl/min [I74], including the total
retinal blood flow in range 38-80 ul/min [58| [70, 86, 177, 319, 318, 320]. The total
retinal blood flow is 33-35 ul/min in arteries and 34-36 pl/min in veins [57, 263].
Local blood flow varies over the retinal parts and according to local vessel diameter
(blood flow increases with the vessel caliber). Blood flow in the temporal part of the
retina is reported to be higher than in the nasal part [57]. Considering the diameter,
retinal blood flow in each vessel changes according to its diameter: artery blood flow
is increasing in range 0.16-6.68 ul/min for arteries of sizes up to 60 ym in diameter
and 0.18-4.8 ul/min in veins of sizes up to 50 pm in diameter [233]. Similar values
and the same increasing trend of flow with diameter were demonstrated in previous
study [281], were the mean flow was in range 0.13-0.45 pl/min for arteries (diameter
100-160 pm) and 0.14-0.3 pl/min for veins (of diameter 37-189 pm) [281]. Trend of
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Fig. 1.6: Ocular Starling Resistor [275]. IOP - intraocular pressure, P, - arterial

pressure, P, - venous pressure, (J; - blood flow, R; - vessel resistivity

increasing blood flow with vessel caliber was demonstrated also in [319] where artery
blood flow increased from 2.5 to 8.7 ul/min according to artery diameter 33-85 um,
and venous blood flow from 1.8 to 15.8 ul/min for veins of diameter 44-150 pm [319)].
This information comply with Murray’s law.

The average flow velocities of blood particles is reported 3.4-4.2 mm/s in arteries,
2.9-3 mm/s in retinal veins [29, [340] while in other study reported flow velocity
16-28 mm/s in veins and 38-51 mm/s arteries[319], and capillary flow velocity is
2.894+0.41mm/s [334]. Generally, the absolute values of blood flow and velocity
varies according to used methodology, specific tissue and measured atribute (i.e.
plasma, red blood cells, leucocytes, etc.) in order to get required parameter (total
volumetric blood flow, average blood flow). Particular clinical techniques, including
the most recent, demonstrates the relative blood flow, velocity or blood volume
changes, i.e. in arbitary units or ratios (laser speckle contrast imaging [253], scanning
laser Doppler flowgraphy [229]) or even in alternative quantities (arteriovenous pulse

delay) specific to the used methodology, thus the resulted values are not comparable.
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Related hemodynamic parameters help describe blood flow and understand the
ocular circulation and pathophysiological processes, i.e. arteriovenous passage time
(i.e. mean circulation time), arteriovenous pulse delay, pulse wave velocity, blood
flow pulsatility, etc. Arteriovenous passage time is oftenly measured via fluorescent
dye along with angiography methods and demonstrates the time period between
blood filling of arteries and veins, i.e. the first dye appearance in an artery and cor-
responding vein. The arteriovenous passage time was reported in range 0.87-2.44 s in
healthy subjects [74] 167, [334] and can be prolonged in glaucoma patients [74], 241].
The angiography studies with fluorescent dye also help to understand succession of
blood filling of particular ocular tissue. It was reported the choroidal blood filling is
faster than retinal [110, 339], as blood filling of ONH microvasculature (prelaminar
region supplied by choroid[I80]) precedes the blood filling of retinal vessels [110].
Technology development made possible measurement of arteriovenous pulse delay,
the time period between the pulses in arteries and veins. The delay depend on re-
gion, where the vessel is measured. Morgan et al. reported delay 4.4% of cardiac
cycle (0.04 s) in lower vein [219]. Gugleta et al. reported delays from 3 spots of
lower vein outside the OD, i.e. proximal 76°4+58°, middle 31°4+60°, distal 2.5°+80.5°
phase shift degrees which correspond subsequently to 20%, 8% and 0.7% of cardiac
cycle. Although there was a big variability across the subjects, this measurement
demonstrated altered pattern of oscillation phase delay for vasospastic subjects [99].
Arteriovenous pulsation delay was also quantified in [294] while using the full-field
phase-sensitive swept-source optical coherence tomography, where the delays were
19 ms (measured foot-to-foot) and 99 ms (measured peak to peak). The pulse wave
velocity reflecting the pulse propagation within the vessel is one of the biomechan-
ical parameter determining the elasticity of retinal vessel. Pulse wave velocity was
quantified to 400 pm/s [163], 20mm/s [165], 600 mm/s [294], measured with reti-
nal vessel analyzer, retinal vessel analyzer and fluorescein angiography and full-field
swept-source optical coherence tomography respectively. Another parameter related
to blood flow is blood flow pulsatility index/ratio evaluating pulsatility of retinal
circulation through CRA or choroidal circulation (evaluated through macular tis-
sue). The pulsatility is usually expressed non-specifically and the values depends on
used methodology (i.e. Doppler velocimetry, laser speckle flowgraphy). Changes in
pulsatility index are influenced by the vessel resistence as proven in several studies
of different fields [117), 230} [B08]. Blood flow pulsatility is also a potential clinical
marker of age-related macular degeneration (which causes higher choroidal pulsatil-
ity) [96].

Auto/regulation. Blood flow is altering according to factors mathematically
described above, i.e. IOP, blood resistance, OPP and consequently blood pressure.
The relationship between IOP and OPP is mutual as the changes in OPP could
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increase/decrease IOP and, vice versa, IOP increase can affect the ocular perfusion.
As a result, the impairment in retinal venous outflow leads to retinal volume en-
gorgement and local arterial pressure increase and thus to increased I0OP [43], [150].
The moderate reduction of ocular arterial pressure (within physiological ranges) has
only a little effect on IOP [43 [I06], still in certain range of arterial pressure (<90
mmHg) the IOP decrease might occur [43]. On the other side, an IOP increase due
to insufficient outflow of aquous humour decreases the retinal perfusion and retinal
blood flow[43] [150] which may lead to retinal ganglion cell axon damage [23], [76].
OPP is also altering with the systemic blood pressure, i.e. OPP increases with
increasing blood pressure.

In order to control the blood flow and maintain constant level, the ocular circu-
lation systems (retina, choroid) has the ability of auto/regulation. Besides a system
regulation common for various vascular beds of the human body (e.g. autonomic
nervous system as sympathetic and parasympathetic innervation, circulating vasoac-
tive hormones and drugs), choroid is also characterized with myogenic autoregulation
[275]. Generally, autoregulation of blood flow in a tissue of vascular bed is defined
as the ability of the tissue to maintain its blood flow relatively constant despite vari-
ations in perfusion pressure [5]. Particularly myogenic autoregulation is the ability
of arteries (of corresponding vascular bed) to change the vascular muscle tone in
response to vascular wall tension [23 152]. Other words, choroidal arterial vessels
are able of vasoconstriction/vasodilatation in response to a stretching force (caused
by arterial pressure) and thus to regulate blood flow. Still, the autoregulation of
choroid is very limited.

Unlike choroid, retina does not respond to autonomic control as it does not have
parasympathetic and sympathetic innervation [78] 144, 268, 275]. Still, limited sys-
temic regulation is not fully excluded as studies proved the presence of alfa and
beta-adrenergic and cholinergic receptors [144]. Neverthless, the question of mag-
nitude of systemic regulation remains unresolved as in vivo studies of retinal vessel
reactivity after systemically administered alfal-adrenergic agonists showed contra-
dictory results [268]. Therefore, retina is characterized with strong local autoreg-
ulation systems - myogenic, metabolic, low-mediated vasodilation, flow control by
intercellular conduction. Retinal myogenic autoregulation balance blood flow during
increase of mean systemic blood pressure or intraocular pressure. In particular, local
autoregulation system decreases the retinal blood flow in response to increased IOP.
Yet retinal autoregulation is effective in certain ranges only, i.e. IOP below 30-45
mmHg [19, B332]), mean systemic blood pressure to 41% up to the baseline values
[5]. Except the myogenic autoregulation responding to arterial pressure changes,
retinal artery walls are able to alter the resistance and vascular tone[238] accord-

ing to levels of local metabolite production (angiotensinII [76], nitride oxide [I11],
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adenosin diphosphate [76]) so the blood flow supplying the tissue complies with
metabolical demands and local needs. Thus, the blood flow depends on factors as
temperature [99], illumination [332], blood gases [68, [78], 115, 144, 155} 232, 277] and
postular changes [87]. For example, the blood flow is decreased during the constant
illumination while there is 65% increase in retinal blood velocity, 5% increase in
venular diameter and up to 82% increase in blood flow in the dark [332]. Effect
of illumination is also demonstrated in [166, 226], where the light flicker stimula-
tion was applied. High-frequency flickering stimulation causes different physiological
processes creating alterations in ocular blood flow and related vessel diameter (va-
sodilatation, irregularities in longitudinal vessel profiles [166], increased retinal and
ONH perfusion due to increased metabolical demands [5]). Besides the illumina-
tion, there is an impact of oxygen level on blood flow and vessel diameter in retinal
vascular bed. To maintain blood concentration constant, retina causes an increase
in blood flow and vasodilatation in reaction to systemic hypoxia, and causes vaso-
constriction and decrease in both blood flow and velocity in reaction to hyperoxia
[68, [78, 115, 144, 155], 232, 296]. Retina is more sensitive to changes of oxygen con-
centration than choroid. It is indicated, that choroid is unaffected by mild systemic
hypoxia due to its large volume of oxygenated blood [275]. In case of temperature
changes, a faster artery-to-vein pulse wave propagation is demonstrated in subjects
exposed to low temperatures [99].

Pulsatile ocular blood flow and the ocular pulse amplitude is influenced also by
human measures. As an example, eyes with longer axial lengths, are characterized
with lower pulsatile ocular blood flow and ocular pulse amplitude [47]. The blood
flow is not influenced only by local measures, but it seems to be affected also by
overall body structure as lower ocular pulse amplitude was repored in individuals
with higher body mass index [147].

1.2 Retinal pulsation phenomena

Retina provides unique space for non-invasive in-vivo observation of retinal flow.
The blood volume is changing periodically along the each cardiac cycle and all these
changes may be observable through the most simple ophthalmoscopic methods. The
ophthalmoscopy in combination with recording proved the significant changes of
blood volume in retinal tissue and geometrical measures of the morphological or
structural elements (i.e. vessels or ONH) over the cardiac cycle. With a simple
parametrization and further analyses of the recorded images, we can obtain the
time-courses of blood flow or volume changes in relative or even absolute values.
Generally, these retinal changes over the cardiac cycle can be marked as retinal

pulsation phenomena. This term is not limited to visible vessel diameter change,
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total collapse or movements visible through simple ophthalmoscopic methods. The
term includes also topics as blood flow/volume pulsations, arterial blood particles
velocity pulsations or other atributes depending on particular imaging method. Ac-
cording to morphological structure, we can identify the pulsation of the whole fundus
"fundus pulsation’, pulsation of the tissue of ONH "ONH pulsation’, pulsation of
the veins "spontaneous venous pulsation” and pulsation of the arteries "arterial pul-
sations" described in the following paragraphs.

These retinal pulsatile phenomena depend on both systemic factors and local
retinal autoregulation system. This system has a capability of vasoconstriction
or vasodilation to regulate the blood flow in order to fill metabolical demands as
described in previous chapter. These contractility/ wall tonus changes may alter
the character of retinal pulsation phenomena. Neverthless, contractility changes
were mostly demonstrated in extreme conditions (hyperoxia, hypoxia, hypercapnia,
extreme temperature). The changes in pulsation character are potential sign of
pathologies - both local (e.g., glaucoma [3],92], 178 182, 218, 285] 287], CRV occlusion
[8, 56l 138, 140} 203]) and others (e.g., internal carotid artery stenosis [312], diabetes
[230]), described in the chapter "Clinical significance of retinal pulsation phenomena'
in more detail.

Fundus pulsation. The elements of the eye, i.e. retina and cornea, are pe-
riodically moving axially back and forth (in amplitude 25-35 pum [149, 291]). The
dislocation of the elements are induced by blood filling of ocular tissue (retina,
choroid) during systole along each cardiac cycle. These location changes called fun-
dus pulsations are characterized with fundus pulsation amplitude (FPA) defined as
mutual distance changes of retina and cornea (app. 4pm [291]).

Research group of L. Schmetterer published several papers about the fundus pul-
sation and its influencing factors observed with a laser interferometer [274) 276], 277,
278,279]. The research group described the temporal characteristics of cornea-retina
mutual and individual movements. Fundus pulsations were strongly associated with
ocular pulse amplitude and pulsatile ocular blood flow [274]. More, Schmetterer
and Findl et al. demonstrated variability of FPA as its magnitude depends on the
location and tissue composition of certain retinal area. As an example, macula,
retinal area where the retinal layer is reduced, changes its volume with choroidal
filling only. This results in FPA of 3.4 ym. In contrary, the FPA of optic cup, an
area including both choroidal and retinal layers, is 11.2 ym. The smallest FPA were
measured in peripheral retina. [75] 274 279).

The other studies using different technologies also proved the presence of fundus
pulsations. K. Singh evaluated both retinal and corneal axial movement along with
its mutual distance in time via Fourier domain optical coherence tomography. Reti-

nal and corneal movements were highly correlated, the amplitudes of both tissues
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were almost equal. The small phase difference between the both retinal and corneal
movements resulted in fundus pulsation amplitude of 4 um. The phase difference
originates in propagation of the pulse wave, as the expansion of the choroid during
systole pushes the retina forward and this pressure force reaches cornea with a delay.
[290, 291].

The frequency analysis revealed the retina moves axially not only with heart
rate, but also at its multiple frequencies [149, 290] (up to 7th harmonic [149]). Yet,
any closer etiology remain unclear.

Later studies using laser doppler holography [245] 246], 247] also revealed the
pulsations of the retinal tissue outside the vessels. The intensity of the pulsations
varied over the all retina according to location (macula, periphery, ONH, peripap-
illary area of ONH) [245, 247] which is in agreement with previous results of L.
Schmetterer.

Fundus pulsation in ONH particularly, reflecting the blood filling in ONH tissue,
are described in the following paragraph as ONH pulsation.

ONH pulsation. The ONH tissue is mostly perfused with choroid and partly
with retinal vessels. As a result, the pulsation of ONH can be observed in various
forms (both the axial dislocation and reflectivity changes).

ONH pulsation seems to be tightly linked to fundus pulsations as ONH is a
structural part of retina. However, dysynchronous movement of retinal tissue and
ONH was demonstrated as mutual axial distance between retina and cup alters
with each cardiac cycle [290]. The ONH axial pulsatile movements were reported
in [6, (75, 290, 274] and mathematically modelled in [I31]. ONH axial movements
are correlated with pulsatile blood flow in CRA [6]. As noted previously, the axial
movement (defined with FPA) is larger in ONH than in other areas of retina. FPA
in ONH cup is in range 6.3-13.4 ym and FPA in neuroretinal rim 5.1-11.5 pym. As
the whole fundus pulsates with the heart rate and at its higher frequencies, the same
applies for ONH [290]. Additionally, the ONH pulsations can be also observed as the
periodic changes of light reflection of ONH tissue with ophthalmoscopic methods or
laser scanning ophthalmoscope [325].

The ONH pulsations (including both the pulsatile movements and changes in
reflectivity) could be altered in ocular hypertension [237], or also can be affected
by ONH tilting causing deformations of ONH due to horizontal eye movements
1315, 316, B317).

Overall, pulsatile changes of ONH reflectivity are not fully understood or de-
scribed. The possible etiology is in blood filling of ONH prelaminar region via
choroidal circulation. This phenomenon and its possible etiology is more described
in following chapter as a part of the outcomes of the thesis.

Arterial pulsations. The arterial pulsations were firstly reported by J. Frieden-
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wald in 1934 [80]. J. Friedenwald classified the arterial pulsation into serpentine,
collapsing/expansile and tonic category and described the main factors influencing
the origin and intensity of these pulsations, i.e. artery turtuosity, pulse pressure,
systolic pressure, blood viscosity, peripheral resistance, artery wall pliability [80].
Arterial pulse was also noted in book of H. Davson in 1972 [49], where he men-
tioned arterial collapse under non-physiological conditions (while applying external
pressure on eye bulb).

Arteries generally do not collapse due to their high lumen blood pressure and
thick walls [RT) 104]. Yet, arteries may collapse under pathological conditions (it is
suggested that arteries collapse downstream of a stenosis [301]). Regarding retinal
studies, the pulsation of arterial diameter was a sign of pathology, e.g. retinal arterial
pulse can be manifested during central retinal vein occlusion [8], ocular hypertension
[193], external force pressing the eye [135] [137].

However, small periodic alterations of retinal arterial diameter were observed
in healthy populations. Studies using dynamic vessel analyzer (DVA) [85] 284]
demonstrated periodical changes in retinal artery diameter in healthy subjects [165]
as well as study using scanning laser ophthalmoscope with further customed image
processing [215], Doppler optical coherence tomography [325] or swept source optical
coherence tomography that showed retinal artery thickness pulsation [294].

Except for arterial diameter, also arterial blood flow, volume and velocity demon-
strate pulsatile character [117, 165], 187, 219 247, 312} 319, 325]. Wang et al. enu-
merated pulsation of blood flow velocity for CRA over the cardiac cycle from the
peak systolic velocity 11.8 mm/s to the end diastolic velocity 3.8 mm/s in healthy
subjects [312].

Arterial blood flow pulsation represents a great source of information as arterial
waveform profile is influenced by the arterial compliance and peripheral resistance
[10, 267]. Moreover, retinal blood flow measures represent potential diagnostic pa-
rameters for cardiovascular diseases. In particular, the speed of pulse propagation
over the retinal artery, called retinal pulse wave velocity, is a direct marker of ar-
terial stiffness and its increased value is associated stroke and hypertension [187].
The retinal pulse wave velocity was reported in range 10-30 mm/s [165] [I87] in
healthy young subjects, 50 mm/s in subjects with hypertension [I87], range 200-300
mm/s in older subjects [165]. However, the contradictory values of retinal pulse
wave velocity, i.e. 600 mm/s in healthy subjects, were shown in [294] using swept-
source optical coherence tomography declaring the methodology as the first speed
and sensitivity-sufficient for this measurement.

In a detail, the retinal arterial flow pulsation are synchronous with choroidal
arterial pulsation. More, retinal arterial flow waveform was characterized with a

steep slope up and only gentle slope down [I53] 247] similarly as the waveform of
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choroidal arteries.

Spontaneous venous pulsation. The most visible dynamic phenomenon
through ophthalmoscopy is spontaneous venous pulsation (SVP) of CRV inside
the OD. SVP is mostly considered as a rythmic changing of CRV diameter due
to blood filling and are visible in central part of OD, where CRV is crossing the
ONH and leads posteriorly through the lamina cribrosa sclaera outside the eye
bulb. SVP presence in human population varies over the research studies from
15-99% (113, 124], 184, 205] 335]. The reported incidence of SVP increases with the
imaging tehnology development and its utilization and overall objective assessment.

SVP were observed and reported by Coccius in 1853 for the first time[I13] [124]
185]. Since then, many investigators tried to find the right theory or model explain-
ing the SVP etiology (e.g. Bailliart 1917[12], Elliot 1921[62]; Smith 1918]292], Duke-
Elder 1926[59], Weinstein 1939[328], Engel 1946[64], Kahn 1950[142]; Baurmann
1925[15]; Walsh 1969[311], Lorentzen 1970[195], Levin 1978[184], Hedges 1994[113];
Levine 1998[185], Jacks & Miller 2003[124], Levine 2016[186], Babbs 2016[11]). The
latest widely accepted theory explains the spontaneous venous pulsations of CRV as
a result of pressure gradient between IOP and cerebrospinal fluid pressure (CSFP)
originated from subarachnoidal space along the retrolaminar segment of optic nerve
[124], 185]. Cerebrospinal fluid pressure is considered to be of the same value as
intracranial pressure (ICP).

As noted, throughout the last century, the SVP were observed as periodic partial
or even full collapses of central retinal vein. Technical development enabled precise
quantification of these venous diameter alterations not only in CRV in ONH but also
in its branches outside the ONH where the changes are not even visible. The example
of rythmic diameter change of the retinal vein inside ONH with its time-course is
demonstrated in Figure [1.7]

The technical development uncovered the influence of SVP to pulsations of local
blood flow, volume and velocity. Various ophthalmoscopy-based methods enabled
to measure and evaluate morphological structures of the retina (i.e. vessel diame-
ter alterations) - direct ophthalmoscope [335], slit lamps [143], 219)], fundus camera
based systems (Retina vessel analyzer ([85], 284]) [86) 89} 02], scanning laser oph-
thalmoscope [153], 215] 8325], custom-build ophthalmoscopes [287, 303]. Except for
diameter change, these methods enables to observe the intensity alterations along
the vessel lumen [217, [325] which is supposed to correspond to a local blood vol-
ume and flow. Except the ophthalmoscopy based methods, others were used for SVP
studies - Doppler optical coherence tomography [57, 281, 319], 325] [337], swept-source
optical coherence tomography [294], Doppler sonography [209], Doppler holography
[245] 247], dynamic angiography [234], laser speckle contrast imaging (implemented
in XyCam [253]).
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Fig. 1.7: Spontaneous Venous Pulsation [287]. SVP in a form of periodic changes

of venous diameter

As noted, different imaging tools provide different measures - flow, velocity, in-
tensity and vessel diameter. Its mutual relationships were explored in [86] [325]. All
of the measures have pulsatile character with various phases. It is reported that the
pulsatile intensity changes were synchronous with a vessel collapse [325]. The mean
flow velocity increases as the vein diameter decreases during each cardiac cycle and
the maximum flow velocity seems to be in phase with the vein collapse [86, 325].

Through the past, the studies demonstrated contradictory results about venous
collapse. In late 20th century, Chen et al marked the start of venous collapse to early
systole, the maximum collapse to early diastole and the total dilation to end dias-
tole [34]. Michelson extended the knowledge about SVP and observed the diameter
pulsations are synchronous with IOP pulsations [209]. More, he also evaluated the
mean delay of CRV and ICP pulse velocity to 0.024s [209]. However, recent studies
utilizing more sophisticated methods with proper measurement demonstrated dif-
ferent timing of SVP occurence: the venous diameter started to decrease at early
diastole and reduction persisted until early systole [143, [I53]. The synchronicity of
IOP and SVP diameter pulse was also refuted. Vein collapse was recorded 40 ms
(0.04 cardiac cycles) after IOP minimum [I43] and the venous expansion occured 5
ms after IOP maximum [143]. SVP diameter pulsation are supposed to be in phase
with intracranial pressure instead [220].

As both arteries and veins demonstrate pulsatile characters of the vessel caliber,
flow and velocity, the researchers evaluated differences and delays. The venous
collapse was reported 0.13-0.26 cardiac cycles after the minimum of arterial diameter
occurence in study [99]; and 0.044 cardiac cycles in [219] which corresponded to 40
ms. However, the study methodology in [219] lacks due to low frame rate 25 fps that
only alows to detect the temporal differences of 40 ms. Other study reported that

arteriovenous delay in vessel caliber pulsation was reported 19+-4ms [294]. The
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venous flow pulsation amplitude is lower in comparison to arterial flow pulsation
amplitude [247, [325]. Arterial blood flow maximum corresponds to venous minimum
flow.

Spontaneous venous pulsations are altering according to IOP, MAP and other
factors described in the previous chapter. Georgevsky et al. demonstrated the
postural effects on SVP diameter changes. Increased IOP, decreased SVP diameter
amplitude and decreased MAP was reported in supine position in comparison to
sitting positions. No significant change was reported during the change from supine

to lateral decubitus positon.

1.2.1 Etiology behind the spontaneous venous pulsation

Veins generally do not pulsate in its diameter. However, due to lack of rigidity, their
walls are so distensible that even a small change in pressure produces a significant
change in diameter. Therefore, the veins may collapse under certain conditions due
to their properties that correspond to Starling resistors (decribed previously, Figure
. The venous collapse and SVP etiology in general is widely discussed, yet
never fully understood. The physiological theories and mathematical models, trying
to comprehend this phenomenon, covers several physiological variables - venous
pressure, IOP, ICP, autoregulation mechanism, geometry and mechanical properties
of lamina cribrosa sclaera and vessels.

Levine’s CIVO model. Authors Jacks & Miller (2003) in their clinical study
accepted theory of Levine’s constant-inflow-variable-outflow (CIVO) model that ex-
plains the vein pulsation as a result of fluctuating intravascular pressure gradient
between intraocular veins and retrolaminar CRV segment [124], [185] [186]. This theo-
ry rejected all previous explanations about SVP etiology and till now, remains the
most accepted by the researchers in the field.

The theory covers CRV (its morphology and behaviour) in two surrounding en-
vironments - intraocular and retrolaminar, divided by lamina cribrosa sclaera. In-
traocular space is characterized with IOP and retrolaminar space with CSFP ori-
ginating from subarachnoidal space along the CRV in retrobulbar segment of ONH.
Cerebrospinal fluid pressure is supposed to be of the same value as ICP. Both ICP
and IOP fluctuates with the cardiac cycle in a different level, scale and with a
different phase. All these pressure fluctuations are transmitted into the CRV. Re-
garding the mechanical properties of the capillaries, the inflow of blood into venules
is supposed to be non-pulsatile and hence constant. Levine hypothesized that IOP
never exceeds pressure in retinal veins. As an implication, IOP fluctuations are
transmitted into intravenous pressure of retinal veins, yet never reverse transmural

gradient. The hypothesis was in contradiction to previous theory [333] accepted
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by many researchers [113] 184, [311] Figure [1.8] As a result, the blood flow and
intravenous pressure in CRV is pulsatile at the exit of the eye bulb and fluctuates
in 3 mmHg amplitude, the same as IOP. In retrolaminar area, the ICP fluctuations
are transmitted to CRV so retrolaminar segment of CRV fluctuates in ImmHg am-
plitude. This sudden change while crossing the lamina cribrosa sclaera results in
pulsatile prelaminar-retrolaminar intravascular pressure gradient of 2 mmHg am-
plitude (when prelaminar intravenous pressure is 1 mmHg higher in systole and 1
mmHg lower in diastole than retrolaminar). Thus considering the constant inflow,
the increased outflow during the systole causes CRV collapse. The mutual mech-
anism of intraocular-retrolaminar intravenous pressure gradient is described in the
schema Figure [124]. [124, 187]

The venous system was modeled as semi-infinite cylindrical tube of constant ra-
dius with resistance and capacitance per unit length. The model supposed constant
inflow and variable outflow represented with a Fourier series with a fundamental
frequency equal to heart rate. According to model, the biggest diameter pulsation
is in CRV at the exit point of retina and it is simulated with equation (Equation
based on pulsatile flow given with Fourier series, were f is heart rate, H, is
maximum value of the n-th harmonic of the flow, R is venous wall resistance to
blood flow, C' is venous capacitance, ¢, is a phase angle of n-th harmonics, x is the
location on vessel where the pulsations are measured in time . Venous radius r is

oscillating about base value rq. [185]
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Model demonstrated that the length of the pulsating segment decreases with

increasing heart rate, venous resistance and capacitance. More, the amplitude of

Previous theroy Levine's CIVO model

— intravenous pressure
-------- intraocular pressure
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Fig. 1.8: Levine’s CIVO hypothesis [I85]. CIVO hypothesis suggests the intraocular
pressure never exceeds intravenous pressure which is contrary to previous theory

where the transmural gradient reverses during cardiac cycle.
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Intraocular venous pressure
Intraocular retinal venous pressure rises

1 mm Hg more than retrolaminar pressure
with systole. This results in increased flow
of blood from the eye. With a constant
inflow to the venous system this increased
outflow results in partial collapse of the
retinal vein.

Venous pressure gradient across lamina
cribrosa rises and central retinal vein
collapses

Retrolaminar venous pressure
Retrolaminar venous pressure rises 1 mm Hg
less than intraocular venous pressure with
systole, outflow of blood from the eye
increases with systole causing the vein fo
collapse.

Intraocular venous pressure
Infraocular retinal venous pressure falls

1 mm Hg more than retrolaminar pressure
with diastole. This results in decreased flow
of blood from the eye with diastole.

As venous oufflow is constant this causes
the retinal vein to expand.

Venous pressure gradient falls and central
retinal vein expands

Retrolaminar venous pressure
Retrolaminar venous pressure falls T mm Hg
less than intraocular pressure with diastole,
outflow of blood from the eye reduces
causing the vein to expand.

Fig. 1.9: Practical interpretation of Levine’s CIVO model [124].

CRV diameter pulsation decreases with increasing heart rate as shown in (Equation
. The diameter pulsation amplitude dependency to heart rate has been omitted
factor in many basic clinical studies investigating SVP etiology and timing, yet
heart rate could be the reason behind the diameter amplitude variability and overall
contradictory results in SVP incidence. Additionally, implementation of heart rate
as a factor in research studies,that link the SVP to various pathologies (glaucoma,
ICP hypertension, etc.), has a potential to bring more accuracy to clinical evaluation
and possible biomarker definitions.

Although Levine’s theory offers rather a complex mathematical description of
SVP etiology, the model does not cover all the possible factors influencing SVP.

Levine’s extended CIVO model. Throughout the years, the timings of ve-
nous collapse, venous pressure and IOP pressure pulsations were questionable. More,
the original CIVO theory and its results were often misinterpreted in other studies
[220]. Therefore, Levine published extended CIVO model to clarify the phase rela-
tionship between IOP and venous collapse, and more, he extended this model with
lamina cribrosa and retrobulbar segment of CRV. [180]

Levine demonstrated that both amplitude and phase of CSFP and IOP oscil-
lations has significant impact on timing of the vein collapse and venous diameter
oscillation in general Figure [1.10} Graphs in this figure demonstrate the diameter

oscillation through one ocular cycle (0°-360°) regarding the phase difference between
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IOP and CSFP (-60°-60°). Left graph shows the phase of venous diameter minima
in case the CSFP amplitude exceeds IOP amplitude, and the right graph for the
opposite case. [186]

Even through model extension, Levine admits the limits of the model as he did
not consider the fact that resistance and capacitance changes with the vessel diame-
ter. Moreover, the model of CRV in retrobulbar area is only a rough approximation
as it is not clear how much the rigid surroundings may restrict the CRV to change
its diameter.

Guidoboni’s retinal blood flow model. Guidoboni et al. (2014), as first
research group implemented retinal blood flow autoregulation mechanism with blood
pressure as factors in the retinal hemodynamics and IOP model. The model uses
hydraulic analogy to Ohm’s law. The whole retinal system was modeled as a three-
segment multicompartment Windkessel model Figure [1.11] [124]. [100]

Subsequent compartments represent elements of retinal vessel system (CRA, ar-
terioles, capillaries, venules, CRV) in three anatomical regions (intraocular, translam-
inar, retrobulbar). Each compartment includes resistors, capacitors - the resistors
represents a resistance of vessel wall to blood flow and capacitors define the ability
of vessel wall to dilate due to changing blood volume. Blood flow autoregulation
mechanism, causing vasocontriction/vasodilation, was simulated through variable
resistances. Input to this model is temporal waveform of the blood pressure and

output is retinal blood flow and velocities in CRA, CRV and microvasculature.
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Fig. 1.10: The CRV diameter waveform through ocular cycle (0°-360°) as a function
of phase difference between IOP and CSFP [186] for two cases - amplitude of CSFP
is lower than IOP amplitude, and amplitude of CSFP exceeds IOP amplitude. The
CRV diameter minima is marked as triangle, CRV diameter maxima is marked as
circle. CSF Py - cerebrospinal fluid pressure amplitude, IO Py - intraocular pressure

amplitude.
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Fig. 1.11: Guidoboni’s three-segment multicompartment Windkessel model [100].

[100]

The model was validated when calculated levels of velocities and flow followed
the clinically measured values in healthy subjects. Model described the response of
retinal blood flow to increasing IOP while active or absent autoregulation. More,
model also demonstrated temporal waveform of intraluminal pressure pulse in each
compartment for different levels of IOP. The intraluminal pressure base level and its
pulsation amplitude decreased with each subsequent compartment, so the venous
pressure demonstrated lowest base level and amplitude. With IOP increase, the
resistance to blood flow increases, so the intraluminal pressure pulse increases too.
This effect of increasing IOP is most significant in the veins due to its properties
causing sensitivity to extravascular pressure changes. [100]

Although this model simulates blood flow pulsations and velocity, the cardiac
cycle induced changes of venous diameter were not evaluated. The authors admitted
the model is lacking due to limited number of compartments representing the retinal
vasculature, and inaccurate description of lamina cribrosa geometry. Despite the
limitations, this model is another step to better understanding of SVP etiology
and its associations to disease as glaucoma, age-related macular degeneration and
diabetes. [100]

Babbs model of retinal venous pulsations biomechanics. Ch. Babbs

utilized three-segment Windkessel model similarly as the Guidoboni et al. and linked
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Fig. 1.12: CRV diameter pulsation amplitude as a function of CSFP in specific IOP
level [11].

the SVP to intracranial pressure.

Still, Babbs included a few changes as the model considers resistance represent-
ing capillary bed in paralell connection. More, Ch. Babbs came up with innovating
theory including non-linear compliance and bending deformation. Non-linear com-
pliance is characteristic for veins while transmural pressure varies from positive to
negative. Vessel is deforming from circular to oval shape in cross-section, i.e. flat-
tening, while the transmural pressure reverse to negative. [11]

Babbs model uses values from Gray’s anatomy as input values. The modelled
fluctuations of flow, pressure, blood volume and diameter in each compartment is
demonstrated for various conditions - active and disabled non-linear compliance,
varying CSFP, IOP and venous pressure, varying arteriolar resistances. Pressure,
flow and volume were in phase with arterial pressure. Compartment corresponding
to CRV exiting the eyebulb demonstrated flattening and its diameter waveform
shape indicated increased diameter with reduced blood volume. Interesting output
is the graph describing the dependence of CRV pulsation amplitude on CSFP in
specific IOP level Figure The CRV pulsation amplitude is rising steeply till
CSFP is almost equal to IOP. When CSFP is equal to IOP, the pulsation amplitude is
minimal. Then, with increasing CSFP, the pulsation amplitude is slightly increasing
again. [II] CRV diameter pulsation disappears when venous pressure is equal or
exceeds CSFP.

Babbs model offers quite a complex solution while considering all the possible
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variables and demonstrates its mutual relationships. However, Ch. Babbs did not
demonstrated any influence of possible heart rate induced changes. As previous
model, also Babb’s model includes limited number of compartments and represents
only a rough approximation of the whole retinal vascular system. Additionally,
the lamina cribrosa geometry is not modelled accurately and the possible phase
differences of CSFP and IOP are not discussed.

Jin’s model. The importance of heart rate influence on ocular pulse and fundus
pulsations is described in recent Jin’s model. The model includes the mathematical
descriptions of eye bulb tissues, i.e. sclera, choroid, neural tissue etc., which were
previously described with other models. The main innovation is an implementation
of a mathematical description of lamina cribrosa sclerae’s viscoelastic properties.
The viscoelastic properties were defined based on experimental measurements of
seven porcine eyes. [131]

The model considers both IOP and CSFP baseline levels of 15 mmHg and 11.3
mmHg respectively and constant venous pressure of 15 mmHg. Ophthalmic artery
pressure was considered pulsatile from 71-93 mmHg. The heart rate is changing in
range 60-120 beat per minute (bpm) in order to explore its influence on ocular pulse
amplitude, choroidal volume and ONH deformation. [I31]

As a result, the ocular pulse amplitude and the pulse volume decreased with
increasing heart rate by 0.04 mmHg (2.7%) and 0.13 ul (2.8%). Moreover, the model
demonstrated pulsations of lamina cribrosa sclerae (Figure [1.13pa-c) and fundus
pulsations (particularly ONH and parapapillary retina anterior-posterior movements
through cardiac cycle, Figure [1.13d-f). ONH pulsated in amplitude of 5.8 ym and
decrerased by 0.1 ym for every 10 bpm heart rate increment (Figure [1.13[f). The
ONH displacement follows the measured ONH pulsations in Singh’s study [290].
The model also demonstrated that lamina cribrosa is becoming stiffer with a higher
heart rate. [131]

Although this model innovatively considers viscoelastic properties of lamina
cribrosa sclerae, the model is simplified and omits pulsatility of the CSFP, and
overall blood circulation over retina.

In summary, the dynamic phenomena of the retina as SVP or other pulsation
are investigated for its diagnostic impact in various fields of medicine as described
in the next section. To properly observe these pulsation phenomena and prove the
hypothetical models, the various current and developing hardware tools along with
data processing methods are utilized in research. The most common methods are

described in the following sections.
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Fig. 1.13: Anterior-Posterior displacement of lamina cribrosa sclerae (a-c) and ONH
(d-f) and its dependency on heart rate [131].

1.2.2 Clinical significance of retinal pulsation phenomena and

biological factors influencing retinal pulsation phenomena

Clinically standard ophthalmology examinations focused on retina rely on both sub-
jective observations and objective quantified markers. Clinically used biomarkers in
opthalmology are mostly derived from a static 2D /3D image captured with either a
standard fundus camera or optical coherence tomography. The marker examples are
cup-to-disc ratio (C/D ratio), retinal neural fiber layer (RNFL) thickness and arte-
riolar caliber that are attributed with diagnosis of glaucoma. However, the static
image cannot be used for detection of any abnormalities in retinal hemodynamics,
which are important factors in development of ocular diseases such as glaucoma
[93, [329], age related macular degeneration [221] and diabetic retinopathy [280], etc.

The pulsatility of ocular tissues and vessels, as a direct implication of periodic
cardiac cycle induced hemodynamic changes, is potentially altered in response to
different kinds of pathologies, i.e. local (glaucoma, age-related macular degenera-
tion, giant cell arteritis), other pathologies (diabetes mellitus, carotid artery stenosis,
Alzheimers disease, atherosclerosis), and to biological factors (age, sex). The follow-
ing paragraphs describe the research findings linking the pulsation phenomena and
various diseases, pathologies and biological factors.

Glaucoma. The hemodynamic changes, such as reduced ocular blood flow,
were reported in glaucomal[75, 97, 283]. In addition, the reduction in pulsatile ocular
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blood flow and pulse amplitude were observed in glaucoma [I51),282]. These findings
indicate further potential changes in pulsatility of various ocular structures as both
pulse amplitude and pulsatile ocular blood flow is highly correlated with FPA [274].
The association of retinal pulsation phenomena with glaucoma disease was proven
in the following studies.

In 2012, Singh et al. focused on FPA in subjects with glaucoma disease. This
research group measured the change in axial distance between the peripapillary
retina and the base of the optic disc cup throughout the cardiac cycle. The significant
increase in pulsatile change of the axial distance was measured in nasal part of
glaucomatous patients in comparison to healthy subjects (14.9+5.6um, 10.7£2.1um,
respectively, p = 0.03).

The absence of SVPs in association with glaucoma was reported in [3, [I78], 182,
218, 285]. In 2004, Morgan et al. evaluated prevalence of SVPs in 94 glaucoma
patients, 105 glaucoma suspects and in 41 normal subjects to be 54%, 75% and 98%
respectively [218]. In 2009, research group of U. Legler observed the presence/ab-
sence of SVPs in 352 healthy participants and 84 patients with chronic open-angle
glaucoma and determined the prevalence 75.3% and 64.1% respectively [I82]. In
2012, Seo at al. reported that SVPs are more frequently found in glaucoma suspects
than in patients with primary open angle glaucoma (86.3% vs 53.3%, p < 0.0001)
based on study including 229 glaucoma patients (primary open angle glaucoma)
and 205 glaucoma suspects [285]. In 2013, Pinto et al. found SVP less prevalent in
glaucoma patients including both normal tension and primary open angle glaucoma
than in healthy subjects, i.e. 51%, 50% and 82% respectively [3]. In this study,
the prevalence of SVPs’ in normal tension glaucoma group decreased with increased
glaucoma damage. Yet this statement did not apply to primary open angle glau-
coma group. In 2017, Lee investigated also the presence/absence of SVPs in healthy
participants and patients with unilateral primary open angle glaucoma with low
IOP [178]. Lee reported the smaller prevalence of SVPs in glaucomatous eyes with
50.5% in comparison to healthy controls 81.7%. All in all, the SVPs’ prevalence was
lower in glaucoma patients in comparison to healthy controls in all mentioned stud-
ies [3| (178, [182], 218, 285]. Importantly, the evaluation of SVPs’ presence/absence
was done subjectively by observers in all these studies.

The SVPs’ association to glaucoma is studied also in the work of S. Shariflou
[287]. He evaluated the SVP’s presence subjectively and reported SVPs’” in 67% of
glaucoma suspects and in 62% of glaucoma patients and the results are in agreement
with the previous work with subjectively evaluated SVPs. However, he also run com-
puter analysis that revealed the presence of SVPs’” in 100% of participants (including
both glaucoma suspects and glaucoma patients). The computer analysis quantified

the average SVP amplitude to be larger in glaucoma patients than in glaucoma sub-
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jects (43+£10.7% vs 34+6.7%). [287] Also, this work reports that SVP’s amplitude is
correlated with the thickness of RNFL (r = 0.49, p = 0.006) proving the association
of SVPs with neurodegenerative disease of glaucoma [287]. The SVP-RNFL corre-
lation is also in agreement with previous study using the semi-automatic algorithm
and objective SVP quantification [92] where Golzan et al. reported decreasing SVP
amplitude with increasing RNFL loss. Golzan et al. also suggested the magnitude
of SVP as an indicator of glaucoma severity [92].

Other diseases. The spontaneous venous pulsations in a form of diameter
change are reported in up to 99% of healthy population. However, the prevalence
of SVPs is significantly reduced in people with optic disc edema regardless the
intraocular and intracranial pressure [204].

The direct association of IOP and SVPs is proven in study of J. Jonas [136],
where Jonas used outside pressure on eye bulb to increase the IOP and consequently
induce and enhance the SVP. The outside force measured with a pressure sensor
enabled to determine vein collapse pressure in moment of SVP appearance [136].
This ophthalmodynamometric method was used in following studies linking the SVP
with both local (optic disc excavation [13]) and other pathologies (such as thyroid-
associated orbiopathy [139] and giant cell arteritis [I37]). The study of J. Jonas [139]
found the central retinal vein collapse pressure is higher in patients with thyroid-
associated orbiopathy than in control group. The second study found a significant
difference in central retinal artery collapse pressure between the patients with giant
cell arteritis and patients with nonarteritic anterior ischaemic optic neuropathy [137].
These studies prove the importance of retinal hemodynamics along with its induced
structural changes in neurological, neuro-ophthalmological and orbital diseases [139)].

The SVPs are reported altered also in certain vascular pathologies - local (CRV
occlusion [8, 66, 138, 140), 203]) and others (internal carotid artery stenosis [312]).
Particularly, ophthalmodynamometric method of J. Jonas was used to differantiate
the patients with CRV occlussion of ischemic type, patients with CRV occlussion of
non-ischemic type, patients with branch retinal vein occlussion, patients with retinal
venous stasis and healthy controls [138, [140]. J. Jonas reported the largest CRV
pressure in patient group with CRV occlusion of ischemic type, followed by group
with CRV occlusion of nonischemic type, group with branch retinal vein occlusion,
and with control group with the lowest CRV pressure [138], [140]. In following study,
McAllister indicates worsening prognosis of the CRV occlussion in patients with
higher levels of retinal venous pressure [203]. Additionally, the study demonstrates
a correlation of retinal venous pressure and worsening visual acuity [203]. In 2020,
N. Arej observed the spontaneous retinal arterial pulsations in CRV occlusion via
infrared video sequence of ONH. Arej reported higher best corrected visual acuity in

patients with presence of retinal arterial pulsations, and indicated a faster recovery
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for this patient group [§].

Not only local vascular pathologies are reflected in ocular pulsation phenomena.
The studies indicates also the changes in ocular hemodynamics that resulted from
the pathologies in vessels outside the eye bulb [154, 157, 191], 240], 312]. Particularly
in patients with internal carotid stenosis, there is significantly lower peak systolic
and end diastolic velocity in CRA and PCAr [312], significant perfusion changes in
superficial vascular layer of retina [I91], abnormalities in intraocular pressure and
pulse amplitude [I57, 240]. The direct proofs of influence of stenosis in vascular
system outside the eye bulb towards the pulsation phenomena were presented in
works of M. Rina [260] and R. Tornow [305]. M. Rina found changes in parame-
ters describing the pulse waveform of blood flow in ONH vessels measured via laser
speckle flowgraphy. Particularly the parameters, i.e. blowout time and blowout
score, were significantly associated with mean intima-media thickness and plaque
score of carotids internal and common [260]. In 2017, R. Tornow used custom-build
video-ophthalmoscope [304] utilizing photoplethysmography to measure hemody-
namic changes in ONH. The eyes in the patient with macroangiopathy and plaque
of the carotid communis (both sides) demonstrated asymmetry in timing and wave-
form of pulses derived from outer rim area - the pulse in the left eye preceded pulse
measured in the right eye (40 ms time difference) [305].

The worsening vascular condition affecting the ocular blood flow and associated
retinal pulsation phenomena may originate also from another multi-systemic disor-
der - diabetes mellitus. It is known, the diabetes mellitus cause hardening of the
arteries throughout the whole body and may progress into diabetic vascular disea-
se and diabetic retinopathy. The alterations in retinal hemodynamics (blood flow
velocity in CRV, blood flow in retinal microvasculature) were reported in patients
with diabetic retionopathy [102, 229, 233]. In 1997, the reduced FPA was found in
patients with proliferative diabetic retinopathy [278]. In 2013, the changes in retinal
arterial pulsations (diameter oscillations) were observed in diabetic (type 2) patients
via dynamic vessel analyzer [16]. The analysis revealed a reduction in high frequency
oscillations of retinal arterial pulsations [16]. In 2021, the blood flow pulsatility ra-
tio of retinal artery was reported significantly higher in patient with diabetes (type
2) receiving the insulin treatment than in patients with diabetes (type 2) without
treatment [230].

Biological factors. One of the most important factors directly influencing
pulsation phenomena is IOP. If the amplitude of IOP, i.e. ocular pulse amplitude,
is higher than 1.2 mmHg, the SVPs are reported to be visible on fundoscopy [297].
Also, SVPs are changing with IOP level. Reduced IOP causes reduction in SVP
amplitude, which was observed in IOP experiment with utilization of pharmacolog-

ical intervention [89]. Additionally, the ling between IOP and SVP is proven via
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ophthalmodynamometric method of J. Jonas mentioned previously [I36]. via IOP
manipulation experiment with utilization of pharmacological intervention

The main biological factor influencing the overall body is the age. Generally,
the retinal vasculature demonstrates decrease in blood flow [63], 235], metabolic de-
mands [235] and vascular autoregulation [129, 235] in elder population. Additionally,
vascular compliance, stiffness and systemic vascular resistance changes with the age
[83, 128, [175] 179, 194, 206]. This indicates the potential changes also in retinal
pulsation phenomena. Kotliar et al. studied the retinal diameter pulse changes
along the vessel axis via retinal vessel analyzer [165], [166]. Kotliar demonstrates the
age-related changes in vessel response to flicker stimulation - less regular longitudi-
nal vessel profiles were found in elder population [I66]. In the next study, Kotliar
found the pulse wave (vessel diameter change) is transferred through the vessel with
a higher velocity in elders which indicates also lower vascular compliance [165]. The
other connection between the vascular compliance and retinal vascular pulse (mea-
sured via modified photoplethysmography) was studied in work of Abdul-Rahman
[2]. Additionally, N. Luft demonstrated the pulse waveform measured with laser
speckle flowgraphy alters with age [196].

The another factor influencing overall body is the body position. It is known,
that body position alters the systemic blood pressure and IOP values [146] 18T,
202, 244]. Also, higher levels of ocular perfusion pressure were found in recumbent
position in comparison to sitting position [146, I81]. Hence, the changes in retinal
pulsation phenomena may be expected. The influence of postural effects on SVP
were studied by D. Georgevsky. She demonstrated significant reduction in SVP
amplitude from sitting to supine position [87].

The studies demonstrated higher pulsatile ocular blood flow in women [4, [I51]
which marks the gender as another potential biological factor influencing retinal
pulsation phenomena. Besides gender, also body mass index may potentially af-
fects the retinal pulsations, as R. Karadag found decreased ocular pulse amplitude
in subjects with higher body mass index [147]. Yet, according to my knowledge,
neither gender nor body mass index was inspected as a factor influencing the retinal
pulsation phenomena.

ICP predictor. The alteration or disappearance of SVPs due to elevated ICP
[111, 27, [9T), 90, 124. 220, 335] has been a known physical diagnostic finding for many
years. In theory, SVPs originate from a varying pressure gradient between the
intraocular space and cerebrospinal fluid (CSF) [90, 124} [185]. Both intraocular and
intracranial pressures affect retinal vessel hemodynamics. The central retinal vein
collapses when intraocular pressure (IOP) is higher than the venous outflow pressure,
i.e., the pressure within the optic nerve. Then, the central retinal pulsatility (i.e.,

SVPs) is clearly visible if the IOP and venous outflow pressure are equal. In case
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of higher venous outflow pressure, the pulsatility disappears [341]. SVPs’ absence,
or a change from presence to absence, can indicate elevated ICP [46] [124] Yet, the
empirical relationship between continuous SVPs and ICP waveforms is currently not
fully explored [124], 184 335], [341].

Pitfalls of state of the art of clinical significance. The retinal pulsa-
tion phenomena has a tremendous potential in a diagnostic field of ophthalmology,
neurology, cardiology and endocrinology. However, the biological factors and its
influence must be identified properly prior any utilization in diagnostics. As there is
no standard in retinal function imaging and parametrization, the essential identifi-
cation of biological factors along with its influence on extracted parameters remain
unexplored. In focus on ophthalmoscopic methodology, there is no study demon-
strating the influence of the age on the amplitude of vessel pulsation in retina,
despite Kotliar’s studies demonstrated the changes in pulse wave propagation. And,
the increase of stiffness in elders indirectly indicates the altered reaction to cardiac
induced changes of blood volume. Hence the factor of age and its impact is not fully
investigated yet.

As age has a serious impact on overall body condition, it also changes the mech-
anism maintaining the cardiac output of an individual. It was found that the in-
creased cardiac output in elders is achieved with a lower heart rate and higher stroke
volume [266]. In other words, the higher heart rate allows less time for ventricle to
fill, hence the stroke volume is reduced. This information reflects the Frank-Starling
law. In focus on ophthalmoscopy and retinal vessels, the changes in amplitudes of
vessel pulses with the heart rate are expected. Levine in his CIVO models included
heart rate as a factor impacting the SVP amplitude [I85] [186]. And yet, heart rate

has remained to be omitted factor in clinical studies.

1.3 Functional Retina Imaging and Ocular Hemody-

namic Assessment

The retinal hemodynamics and its changes has tremendous potential in diagnos-
tics of various diseases. Except for the opththalmology diagnostics (CRA occlusion,
diabetic retinopathy, glaucoma), the hemodynamic changes in retina reflects also
neudegenerative diseases (Alzheimer disease, multiple sclerosis, stroke) or cardio-
vascular diseases and pathologies (coronary heart disease, hypertension, diabetes
and higher arterial stiffness).

The potential of functional retinal imaging exceeds the potential of classic sin-
gle photography as the additional temporal dimension may provide the information

about blood flow, velocity, and overall vascular condition. Additionaly, in combina-
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tion with the further stimuli, dynamic retinal imaging is revealing the deeper view
into neurovascular coupling mechanism.

Continuous temporal measurements of ocular hemodynamics revealed pulsation
characteristics of its specific features, such as blood flow, red blood cell velocity, etc.
These pulsations imply also blood concentration and structural changes, i.e., vessel
caliber changes detectable mainly via dynamic recordings of e.g. ophthalmoscopy-
/OCT-based methods.

Throughout last two decades, there were attempts to assemble tool covering
ocular hemodynamics and retinal pulsation phenomena, i.e. the temporal struc-
tural, volumentric and blood concentration changes, through various different kinds
of techniques. Examples of such devices focusing on retinal pulsation phenomena
are commercially available ophthalmoscopy-based retinal/dynamic vessel analyzer
(RVA/DVA, Jena, Germany), XyCam (Vasoptic Medical, Inc., Baltimore, USA) and
OCT-based HRA+4SLO (Heilderberg Spectralis, Heidelberg, Germany), or custom-
built ophthalmoscopy-based prototypes including experimental ophthalmoscope de-
veloped in colaboration of Alexander-Fridrich University (Erlangen, Germany) and
Brno University of Technology (Brno, Czech Republic) closely described in following
chapter.

Yet no technique is considered as a gold standard for functional retinal imaging
and overall hemodynamics assessment [75], [196].

In the next chapters, the methodologies assessing ocular hemodynamics and
retinal pulsation phenomena manifesting in certain retinal pulsatile patterns (RPP)
will be introduced from the oldest - ophthalmoscopy-based techniques to newer

interferometry-based methods and their various combinations.

1.3.1 Ophthalmoscopy based methods

Ophthalmoscopy-based methods are the oldest techniques for retina examination
and hemodynamic observation. Till now, the ophthalmoscopic methods remained
the most commonly used in clinical ophthalmology either in their upgraded forms or
in combinations with other methodologies based on different principles (e.g. Doppler
effect).

The first attempts of ocular hemodynamics assesment started already in the
fifties of 19th century, when Coccius as first observed SVPs while using the first
direct ophthalmoscope. [113] 124, [185]

Nowadays, there are various forms of the direct and indirect ophthalmoscopes,
slit lamps, fundus cameras, scanning laser ophthalmoscopes, and other advanced
ophthalmoscopy-based tools providing a direct observation, digitalized single image

or even an image sequence with a dynamic information about retinal structure.
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Angiographic imaging. In late 50s and 60s, ophthalmoscopic methods while
contrast dye administration (fluorescein angiography, indocyanine green angiogra-
phy) defined angiographic imaging of ocular hemodynamics and structure [110], 115,
250]. For the objective assessment of retinal hemodynamics, arterio-venous delay
and mean circulation time were defined as parameters. However, the term objective
is not accurate as the observer subjectively assessed the time-points to mark down
and calculate the parameters.

With technical development, the angiographic imaging was combined with video-
recording devices which enabled further data analysis through image processing,
and hence proper quantitative evaluation of the parameters. More, commonly used
classic fundus cameras or slit lamps yielded scanning laser ophthalmoscopes (SLOs)
enhancing image contrast, temporal and spatial resolution.

The combination of SLO and angiography methods was popular for ocular hemo-
dynamic studies in 90s [74, 334]. However, the imaging methodology is invasive as
pupil dilation and dye injections are needed. More, the interpretation of the results
is difficult. The angiographic methods using SLO to assess the hemodynamics are
used till the present. Commercially available SLOs covers operating modes for vari-
ous needs of angiography imaging, and also other operating modes for non-invasive
static/dynamic imaging.

Scanning laser ophthalmoscope. Scanning laser ophthalmoscope (SLO) was
introduced already in early 80s [326]. Unlike the classic slit lamp or a fundus camera
acquiring the whole image of the retina at one time, this electro-optical imaging
device uses a high collimated laser beam scanning retina point by point.

To compare both principles in more detail, fundus cameras use the majority of the
aperture area, i.e. pupil, for light entry and only a small part for the exit of reflected
light. The utilization of the high collimated laser beam yielded a revolutionary
concept of inverted ratio of entering and exiting light. Hence, SLO uses only a
small, 0.5 mm?, area for entering beam and the rest, cca 49 mm? of the dilated
pupil, for the reflected light to exit. The laser beam scans the retina in a raster
pattern 'point by point’ illuminating only 20 pym diameter spot at one time. The
laser beam is moved by two mirrors mounted on galvanometers - with frequency of
60 Hz vertically and 7875 Hz horizontally. The total retinal irradiance was limited
to 50 uW. As a result, the retina was illuminated with much smaller light levels with
SLO than with concurrent devices. More, the output image reduced the reflections
and light scattering commonly presented in concurrent devices. [326]

The examples of commercial SLO devices using SLO are F10 SLO (Nidec, Inc.,
San Jose, California, USA), Spectralis series products - Heidelberg Retinal An-
giography (HRA), Heidelberg Retinal Tomography (HRT), HRT4+OCT (Heidelberg

Engineering, Heidelberg, Germany), etc. All SLO devices work in various modes
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and operate in specific wavelengths accordingly. In angiography imaging mode, the
shorter wavelengths (blue, cca 500 nm) are used to excite the fluorescence. Gene-
rally used wavelength for retinal vessel imaging is 550-640 nm, and 640 nm and
higher wavelengths are the most convenient for imaging of deeper retinal layers.

Most commonly used device in research of retinal hemodynamics, and sponta-
neous venous pulsation in particular, is Spectralis HRA, used in [153] 215] 285 [325].
All noted studies used near-infrared imaging (820 nm), 8-10 fps, 5-20 s of acquisi-
tion time, resolution up to 768x768 px in 15° field of view. Wartak et al. utilized
SLO for analysis of both vessel diameter and intensity fluctuations (Figure
and compared the time-courses and the peak timing with OCT measurements as
described in the following paragraphs focused on OCT.

Although Spectralis HRA in a simple SLO mode has a potential in static retinal
imaging, in dynamic imaging lacks in frame rate for proper dynamic analysis. In
[285], authors admits limited frame rate that had to be compensated with interpola-
tion method. More, Kotliar et al. stated that even frame rate of 25 fps is insufficient
for research of retinal pulsation phenomena and its timings [165]. Additionally, the
tool includes no further software for following detailed dynamic analyses. There-
fore, mainly clinicians struggles in evaluation of retinal pulsation phenomena and
uses subjective evaluation methods (e.g. [45], 285]).

Retinal vessel analyzer. Retinal vessel analyzer (RVA) (Imedos, Jena, Ger-
many), also called dynamic vessel analyzer (DVA), is a fundus camera based system
with a vessel tracking software providing video-recording of retinal hemodynamics
along with a semiautomatic detection and analysis of retinal vessel diameter.

The system was introduced in 2002 [284] and it is the most common hardware
used for detection and analysis of retinal blood vessel pulsations in research of various
pathological conditions (glaucoma, diabetic retinopathy, Alzheimer’s disease, etc.).

The overall RVA /DVA design is demonstrated in the Figure . The system
is based on fundus camera (Zeiss Jena, Germany), halogen bulb as the source of il-
lumination, and a computational unit for the analysis. Inserted filter in illumination
pathway transmits only the green light close to 500 nm which creates the optimal
contrast of the erythrocytes in vessel lumen and surrounding tissues (according to
extiction coefficients for oxy/deoxy hemoglobin Figure A).

The main principle of the RVA/DVA is that the hemoglobin absorbs the wave-
lengths in range of 400-620 nm while the surrounding tissues are more reflective
to this light. Therefore the light detected on fundus camera CCD detector includes
mostly the reflected light of the surrounding tissues, and the resulted brightness pro-
file of the vessel column is demonstrated in Figure [I.15[B. In reality, the brightness
profile is not ideal due to reflections on the vessel surface or shadowing structures.

The included algorithm is monitoring the image quality and vessel atributes to
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Fig. 1.14: Analysis of Scanning Laser Ophthalmoscope (SLO) video-recording. A,
Image acquired with SLO B, Intensity fluctuations extracted from selected area (ves-
sel) in SLO video-recording C, Transversal vessel diameter fluctuations extracted
from selected vessel in SLO video-recording. [325]

ensure the correct measurement and results. The algorithm provides the temporal
measurements of the vessel diameter in a manually selected fundus area. Once se-
lected, the repeated measurements are evaluated automatically. For the best results,
the area for vessel analysis is designated in range of one to two diameters from ONH.
The analysis of the vessel diameter is limited to vessels of diameter > 90 um. Also
the selected region of interest cannot include two vessels close to each other as the
system cannot distinguish them as two separate vessels [85]. Additionally, the RVA
requires administration of mydriasis, i.e., eye drops for pupil dilatation.

RVA provides the possibility of flicker stimulation. Flicker stimulation induces
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Fig. 1.15: Retinal vessel analyzer. A, Design of RVA [85] B, Principle of RVA [284].

a vascular dilatation that is altered in various pathological conditions, such as
glaucoma [84, O8], diabetes and diabetic retinopathy [176) 189] and Alzheimer’s
[164], 249], and may lead to neurovascular coupling clarification [324]. The flicker
stimulator included in RVA system is based on the optoelectronic shutter device
which interrupts illumination generated by fundus camera. The stimulation is set
to 12.5 Hz.

Except for the flicker stimulation, the system includes also the interface for syn-
chronized recording of finger pulse plethysmography and electrocardiogram.

For overall summary of presented technical parameters, the video-recordings of
the fundus is acquired with 25 fps, measuring resolution < 1 ym and image resolution
10 um in field of view 40°. The examination time is limited up to 10 min.

Retinal vessel analysis applied in healthy subjects reveals correlation of blood
velocity and flow with retinal vesssel diameters. [86] Additionally, pulse wave ve-
locity (expressed in mm/s) may be derived. RVA/DVA analyzers are used for
observation of both retinal arterial pulsations and spontaneous venous pulsations
[89, 91}, 92], 165]. The example of the RVA/DVA application and following analysis
is demonstrated in Figure [1.16

Laser Speckle Imaging (LSI methods). Another way of ocular (retinal
and ONH) circulation estimation is via laser speckle imaging methods (LSI) [51,
196, 253) 298]. The general principle of this methodology was introduced already
in 1981 when the red blood cells (RBCs) velocity distribution was presented using
means of laser speckle photography [73, [196]. The methodology has developed into

LSI as known today and represents another way of dynamic retinal imaging. The
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Fig. 1.16: Use of retinal vessel analyzer. A, Proximal and distal segments of the
retinal artery selected for analysis B, Time-courses of vessel diameter measured in
relative units (RU) C, Filtred time-courses (representative example of healthy young
subject) [165].

methodology uses infrared coherent light (approximately 650-830 nm, emitted by
a laser) [196, 298] that scatters on diffusing surfaces. The scattered light forms a
speckle pattern whose contrast fluctuates according to velocity of moving particles
(e.g. blood components as RBCs) in specific location and time. The speckle pattern
fluctuations are evaluated statistically only. Derived descriptive parameters are
mean and standard deviation of the intensity distribution of a speckle pattern, ratio
of standard deviation of the intensity distribution of a speckle pattern to mean
intensity of spatio-temporal neighborhood, normalized blur and square blur ratio,
where mean blur rate represents relative value of blood flow velocity, normalized blur
correlates with blood flow ratio in ONH and retina and square blur ratio represents
an information about blood velocity [196) 298]. Thus, LSI generally provides values
of the blood velocity in arbitary units only. The link of the output descriptive
parameters and absolute values of velocity was established by correlations of outputs
with directly measured values via invasive methods - microsphere method, hydrogen
gas clearence method [300, [314].

Examples of commercially available devices are LSFG-NAVT (SoftwareCo., Ltd.,
Fukuoka, Japan) [196] and recently introduced XyCam (Vasoptic Medical, Inc.,
Baltimore, USA) [44, 511, 145, 252, 253]. Both devices provide dynamic recording of
retina up to 5 s long through the dilated pupil. LSFG-NAVI system, more common
in Japan, provides 4 s acquisition time with framerate 30 fps, image resolution
750 x 360 px for field of view 30° or 45° (~ 1.06 x 1.06 mm or 0.72 x 0.72 mm)
[196, 298]. The primary evaluated parameter is mean blur rate (expressed in arbitary
units) which represents blood flow velocity. The software of the commercial device
quantifies the parameters describing the shapes of mean blur rate waveform. In
comparison to LSFG NAVTI system, XyCam evaluates blood velocity based on laser

o4



Optic DisC === === Pulse Oximeter

Peak to'Peak Distance '

3 -

Pulse Oximeter (a.u.)

v
ol . i s ‘._.,_\_....

l
I
I
I
1
I
I
I
1
I
I
I

g f=f=Foro=d=1

XyCAM RI Bloo

Time (milliseconds)

M—-: A-V Delay

|
Fall Time |

XyCAM RI Blood F

Rise Time

0 40 60 80 100 120
C) Time (milliseconds)

—_

Fig. 1.17: Retinal hemodynamics analyzed with XyCam (LSI method). A, Blood
flow velocity map covering the fundus B, Blood flow velocity time-courses (in ar-
bitary units) of OD compared to finger pulse oximeter C, Blood flow velocity time-

courses extracted from selected locations of the artery and vein. [37]

speckle contrast, i.e., standard deviation of intensity distribution to intensity mean
of spatio-temporal neighborhood [51], 253]. The XyCam system emits light of laser
wavelength of 650 nm and CMOS camera detects 120 speckle images at a framerate
>60 fps from field of view of 20° [253]. The advantage of the device is in its size,
device can be used as handheld or attached to a slit lamp base. XyCam can be
connected to finger pulse oximeter and the software monitors, and evaluates the
pulsatile time-course of the blood flow in selected location (i.e., artery, vein, the
whole optic disc) Figure [37, 51, 145]. However, the main disadvantage of
both LSI devices is the evaluation of blood velocity in arbitary units.

Retinal function imager. The retinal function imager (RFI) is based on
principle of functional optical imaging of neocortex, widely used in brain research
[95]. Research group of A. Grinvald applied this principle to retina and in 2004
the newly developed RFI (Optical Imaging Ltd., Rehovot, Israel) was introduced
[94]. This fundus camera-based system is focused mostly on retinal microvasculature
imaging [313]. As RFI covers also the retinal functional imaging, RFI maps the

blood flow velocities in retinal vessels including the capillaries of 5 ym in diameter.
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Additionally, RFI is referred to measure oximetry and metabolic function of retina.

RFT utilizes adjusted fundus camera with a stroboscopic light source generating
the flashes at 100 Hz and providing continuous illumination of 75 W. RFI is operating
at four different wavelengths switching with a fast filter wheel according to imaging
protocols and resulted images are acquired with high-speed digital camera. The
imaging parameter of the introduced device in 2004 are as followed: resolution 1024
x 1024, one pixel corresponding to 2-20 pm, field of view 6° - 60°, four optional
wavelength in range 450-1100 nm, frame rate up to 50 Hz in full resolution and
up to 100 Hz in binned. [94] Nowadays, RFI system is distributed as systems with
various fields of view (20°, 35°, or 50° corresponding to 4.3 x 4.3 mm?, 7.3 x 7.3 mm?,
10.4 x 10.4 mm?) [313]. The current base construction is the same as introduced,
only software is still continuously improving.

At first, the device included the manual drawing tool to mark the analyzed ves-
sels [36]. Throughout the years, the improvements in rapid automatic processing and
blood velocity measurements were done with new algorithms. Since 2016, the soft-
ware is able of automatic frame alignment, generates vessel topography maps with
differentiated arteries and veins and precisely measures vessels diameter [313].The
only limitation of RFI is that it cannot distinguish the vascular beds (i.e. retina
and choroid) where the vessel originates.

The RFI provides dynamic imaging as the standard measurement captures the
sequence of eight images with a mean exposition time of 1 ms and 10-20 ms apart,
which creates a video record of 0.122s. RFI detects RBCs in each frame and sub-
sequent image processing determine the local flow velocity as the ratio of traveled
distance of RBC between frames and time difference. Resulted image with mapped
flow velocities is shown in Figure [1.18

Although the RFI provides dynamic recording of the retinal hemodynamics,
the recording is too short for the overall evaluation of retinal pulsations (velocity
fluctuations in particular) induced by cardiac cycle. However, these velocity fluctu-
ations are considered in the overall assessment as RFI monitors possible impacts of
the pulsation phenomenon with synchronized acquisition of cardiac cycle through a
probe (finger/earlobe) while hemodynamics mapping [94) B13]. Therefore the RFI
is suitable mainly for microcirculation mapping (as demonstrated in .

The imaging of detailed retinal vasculature and blood flow velocity mapping is
important for early diagnostics therefore RFI was utilized in research of various
diseases as diabetic retinopathy, age related macular degeneration or glaucoma, etc.
28, 29, 228

Other customized devices. Various commercial devices do not meet the
demands of researchers. Therefore the researchers come up with various principle-

based devices used for retinal pulsation phenomena observations. Regarding oph-
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Fig. 1.18: Blood flow velocity map assessed by RFI in macular area [302)].

thalmoscopy, Morgan et al.[217, 219, 220], Moret et al.[215]. The most of these
devices utilize the commercially available imaging device used for retina in combi-
nation with a recording device.

Tablet-based ophthalmoscope. The research group of M. Golzan introduced
a new low-cost video-ophthalmoscope in 2020 [287]. The ophthalmoscope can be
used in combination of tablet camera (within iOS operating system). The intro-
duced ophthalmoscope requires administration of mydriatic drops a provides the
video recording of 30 fps, 77 pm/pixel resolution and 46° field of view. The subse-
quent off-line analysis in ImageJ uses the green channel only to measure diameter
of manually selected vessel. The data processing and diameter variations evaluation
were performed in Excel.

Another customized device introduced in 2015 - video-ophthalmoscope [303]
(that is in main interest of this chapter) will be fully described later in this chapter.

1.3.2 Doppler Based methods

Commonly used methods for hemodynamic assessment of large retinal vessels, ONH
microvasculature and submacular choriocapillaris, are based on Doppler effect (both
optical and acoustic). Optical Doppler effect describes the frequency shift induced by
a reflection of coherent light from moving particles in the tissue. Detected spectrum
of coherent light beam scattered and reflected by a static nonchangeble surface
remains the same, while spectrum of the coherent light beam reflected by moving
particles broadens. The spectrum of the scattered light is called Doppler shift power
spectrum. In application to retinal hemodynamics, the moving particles are RBCs in
the vessels and vascularized tissue. Basic Doppler-based methods are laser Doppler
velocimetry [262], 265] and laser Doppler flowmetry (single-point Doppler flowmetry,
scanning laser Doppler flowmetry) [24], 207, 208, 264].
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Doppler flowmetry. The Doppler flowmetry uses optical Doppler effect. As
noted previously, the spectrum of the coherent light beams broadens when scattered
and reflected by a perfused tissue while spectrum of the coherent light reflected by
other tissue (i.e. vessel walls) remains unchanged and serves as a reference. The
width of the spectra depends on the velocity of moving particles and also on the
angles between the velocity vectors of the moving particles and light propagation
vector. As a result, the Doppler shift corresponds to the flow, fraction power of the
Doppler shift to volume and velocity is calculated as a ratio of flow and volume.
[208]

The Doppler flowmetry principle was utilized in several no longer commercially
available devices including Canon Laser Blood Flowmeter, Laser Doppler Flowmeter
and Scanning Laser Flowmeter.

The Doppler-based methods can be also combined with scanning laser ophthal-
moscope [24], 207, 208]. This combination provides more accurate assessment of
blood flow, as the calculation is not based on standard mean value of vessel diameter
but utilization of SLO enables to calculate the blood flow based on a measured indi-
vidual’s vessel diameter. Commercially available device combining Doppler flowme-
try and confocal scanning laser tomograph is Heidelberg Retinal Flowmeter (HRF;
Heidelberg GmbH, Heidelberg, Germany). This laser scanning retinal flowmeter
scanned the retina with parameters field of view 10°, 2.7mm x 0.7 mm with a spa-
tial resolution 10 um, i.e., area of 256 x 64 px. [208].

The effect of cardiac cycle on scanning laser Doppler flowmetry measurements
was demonstrated in work of Sullivan et al. while using HRF [299)

Doppler sonography. The Doppler effect is not limited to coherent light but
also applies to wave phenomena in general, i.e. to acoustic waves.

Doppler sonography uses acoustic Doppler effect to quantify blood velocities
(both peak systolic and end-diastolic) and resistivity indexes in retrobulbar ves-
sels, including central retinal artery, posterior ciliary arteries and ophthalmic artery.
Doppler sonography evaluates the Doppler shift in frequency of reflected sound
waves. Sonographic B-scans provides the image of ocular anatomy. This methodol-
ogy includes a Doppler probe that is applied on the closed eyelid. Thus the probe
is stressing the eye leading to elevated IOP and improper measurement. Insufficient
resolution does not allow to measure the retrobulbar vessel diameters and so the
measurement of volumentric blood flow is not possible. [327]

The examples of sonographic devices applicable to retina were Color Doppler
Imaging device (Siemens Quantum 2000 system, Siemens, Munich, Germany) and
Doppler sonography device (Trancraniell Doppler, EME, Uberlingen, Germany).
[107, 209]
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1.3.3 Interferometry based methods

The basics of interferometry-based methods were introduced in late 80s and origi-
nally were utilized to measure axial lenght of the eye [72]. In 1991 first optical
coherence tomograph was introduced [I18]. Since then, many commercial and in-
house OCTs were assembled. Regarding ocular hemodynamics, Schmetterer et al.
were ones of the first focusing on ocular pulsations while laser interferometry uti-
lization [274), 276, 277, 278, 279].

Laser interferometry. Since 1995, group of L. Schmetterer was focused on
observation of fundus pulsations via laser interferometry [274], 276| 277, 278, 279].
This methodology was one of the first non-invasive methods estimating pulsatile
ocular blood flow. Laser interferometry measures fundus pulsation amplitude which
is a maximum distance between cornea and retina.

The methodology uses modified pulsation interferometer connected to a fundus
camera. Laser beam of high coherence length (wavelength 783 nm, power of 50-80
pW, beam diameter 1 mm) [276, 278, 279] is partially reflected in cornea and par-
tially in retina. The light reflected from cornea serves as a reference wave. The both
reflected waves form interferences which are detected with CCD detector. The mu-
tual distance alterations between cornea and retina are derived from interferograms.
The connection of the device to a fundus camera secures the visual inspection of the
measurement point (which is approximatelly 20-50 pm in diameter) [276].

To compare laser interferometry with the older methods focusing on pulsatile
character of ocular hemodynamics, i.e., pneumotonometry, the output parameters
of the both methods (i.e. pulse amplitude and fundus pulsation amplitude FPA)
strongly correlates. The disadvantage of both methods is that they evaluate pulsatile
ocular blood flow only, not the total volumentric blood flow.

Spectral domain low-coherence interferometry (SD-LCI). K. Singh et
al introduced (SD-LCI) approach that represents a custom-build SD-OCT system
to measure ocular pulsatility changes and FPA [289, 290, 291]. This methodol-
ogy overcomes the previous work of Schmetterer [276, 278, 279] as it increased the
displacement precision and acquisition speed to 100 Hz and 40 nm respectively.
Additionally, in comparison to laser interferometry, the SD-LCI can simultaneously
measure the displacements of each ocular layer separately and distinguish their di-
rections.

Similarly as laser interferometry, SD-LCI method is based on Michaelson inter-
ferometry. In this case, the interferometer is connected to superluminiscent diode
generating coherent light beam of shorter wavelenghts than previous technique to
enable better precision in depth resolution. The beam is splitted into two arms,

sample and reference. The outer part of the sample beam is focused in cornea while
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central part is focused on retina. This configuration enables simultaneous measure-
ment of amplitude and direction of the corneal and retinal displacement. [290] 291]

This SD-LCI technique was utilized to measure pulsatility changes in glaucoma
with acquisition parameters of 7um of depth resolution and 40 fps. In application
on human subjects, the spectral analysis of pulsatile movements of retina reveiled
the presence of fundamental frequency of the heart rate and more, its harmonics
(up to seven)[290] 291].

Optical Coherence tomography (OCT) methods. Optical coherence to-
mography is a non-invasive method for three dimensional eye imaging commonly
used in clinical practice and research for monitoring various eye diseases (e.g. glau-
coma [82], age related macular degenerations[225]), and neurology diseases (Parkin-
son’s disease, Alzheimer’s disease, multiple sclerosis, intracranial hypertension etc.)
[132], 236], etc. The first such device was introduced in early 90s [118].

Optical coherence tomography is an interferometry-based method. Time domain
OCT (TD-OCT) was introduced as first. The TD-OCT principle is similar to SD-
LCI method noted in previous paragraphs. Basically, the low coherent, near infrared
light beam is generated from superluminiscent diode. The beam goes through a
beam splitter that splits the beam into the reference and sample beams. The sample
beam is partially absorbed by the transparent tissues in anterior segment of the
eye. The sample beam is then backscattered and reflected by tissues of interest in
posterior segment of the eye. In OCT, the interference of the reflected light beams
at the level of photodetector is only possible when the distances traveled by the light
in both pathways (reference and sample) are the same. This allows measurement of
the echo time delay and also implies the importance of the mechanical shifting of
the mirror in reference beam pahtway. Reference mirror is translocated so echo time
delays from reference mirror and ocular tissue layers (superficial retinal layer has
shorter echo time than deeper choroidal) matches. Then, the axial scan (A-scan) is
quantified based on amplitude of occurred interference signal made from reflected
sample and reference beams. [273]

Later, the detector was replaced with interferometer capable of analyzing the
full spectrum of interference signals at once. This allowed the elimination of me-
chanically translocated mirror so acquisition time of A-scans was reduced and reso-
lution improved. This was only possible with the utilization of Fourier transform
equation, hence this methodology is called Fourier-domain or spectral domain OCT
(SD-OCT). SD-OCT is no longer working with echo time delays but evaluates the
output interference signal as a function of wavelengths. [273]

OCT technology is getting more advanced and the scan speed was increased with
utilization of narrow bandwidth laser as a light source. This technology is called
swept source OCT (SS-OCT) [273, 294]. Spahr et al. used full field SS-OCT to
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investigate retinal vascular dynamics by measuring the global displacement of the
retina due to blood filling. As a result, pulsations of retina thickness near arteries
and veins and their mutual delays were presented [294].

Doppler OCT. Functional extension of OCT, i.e. Doppler OCT (DOCT),
enabled observation of retinal hemodynamics through cross-sectional imaging of the
flow in retinal blood vessels [6l, 57, 119, 183, 187, 281], 294, 319] B325], 337].

DOCT is not measuring only amplitudes of the interference signals as conven-
tional OCTs, but also detects Doppler shifts in reflected spectrum induced by moving
particles in tissue, similarly as in laser Doppler velocimetry or flowmetry. [337]

Research group of S. Yazdanfar was one of the first observing blood flow in larger
retinal vessels with color DOCT technique in time domain. However, the sampling
frequency was limited as they acquired 40 sequential images (of 5 depth scans) in 5s,
i.e. 8 cross-sectional images per second. In their work, they demonstrated extracted
flow velocity profiles of blood flow pulses with fitted parabole curves represented by
detected Doppler shift in units of kHz. [337]

Next advances in DOCT were made by research group of Y.Wang when they
introduced optical DOCT in spectral domain with ability to measure volumentric
flow (in pl/min).

Since 2013, the dual-beam DOCTs were introduced [21), [57]. The single beam
systems (used before) suffered from unknown Doppler angle between the sample
beam and vessel. Single beam system used to address these issues usually by in-
tensive post-processing calculations. However, the calculated angles suffered from
lower accuracy affecting the final determined velocity precision. More, the single-
beam systems cannot determine the velocity in cases that the beam is perpendicular
to plane of measured area. Dual-beam systems eliminates the dependence on the
unknown Doppler angle and secures that the velocity is always possible to determine
as two beams illuminates the area of interest under two different angles [57].

Doblhoff-Dier et al. introduced a dual-beam DOCT system combined with DVA
for exact determination of vessel diameter so the total retinal blood flow can be
measured. As a result, pulsatile character of blood velocity of both arteries and veins
were presented and mutual dependency of pulsatile curves of vessel flow velocity and
diameters were demonstrated. [57]

Research group of A. Leitbeg, focused on pulsatile ocular blood flow measurement
[21), [183], 281], and introduced the dual-beam bidirectional Doppler swept-source
DOCT composing the rotating Dove prism. Rotating Dove prism keeps the detection
planes of the sample beams parallel to velocity vectors so the angle between them
is low. Larger angles lead to errors in determined velocities. More, rotating Dove
prism enables measurement duration to decrease. [21I] As a result, they presented
the pulsatile axial velocity in indicated vessels (Figure .
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Fig. 1.19: Blood velocity outputs from dual-beam bidirectional Doppler swept-
source DOCT. A-D, F-I Time courses of blood velocities measured in highlighted
areas in E while using rotating Dove prism. red and blue - axial velocity for two
channels A and B, black - calculated absolute velocity, dotted - mean value of abso-

lute velocity. E, En-face mean projection of OCT data set forming the 15° fundus

image.[21]

Also the combinations of techniques were used for retinal hemodynamic esti-
mation. Huang et al. [I19] presented a technique combined of OCT angiography
and DOCT. The research group utilized intensity-based Doppler variance method
to perform OCT angiography. Based on custom-programmed algorithm for 3-D
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segmentation and vessel boundaries extraction, the Doppler angle was obtained for
further angle correction of detected blood velocities. The advantage of this approach
for volumentric blood flow evaluation is that this technique is easily applicable for
commercial devices without a necessity of technical upgrades. [119]

Lately, Li et al. evaluated pulse wave velocities using a jump-scanning method
via phase resolved DOCT [I87]. This methodology basically measures the pulse
wave transit times from two different indicated scanning areas through "transient
jumps'. Li in his work used custom built SD-OCT and derived pulse wave velocity,
marker of arterial stiffness.

The important work about ocular hemodynamics, and spontaneous retinal ve-
nous pulsations in particular, was presented by Wartak et al. [325]. In their work,
they analyzed, compared and explored the mutual relationships of pulsatile phenom-
ena characteristics and parameters provided by different tools, i.e. ophthalmoscopy-
based method - SLO and conventional intensity-based OCT with Doppler extension
(Figure . The research group acquired data of 3 consecutive cardiac cycles
with SLO (10 fps), and custom-built OCT (Doppler coss-sectional images with 44
fps, and B-scans with 24 fps where A scan rate was 100 kHz). Wartak et al. re-
ported that the pulsatile intensity changes were synchronous with vessel diameter
changes (i.e. vessel collapse). And, as noted in previous chapter, the mean flow
velocity increases as the vein diameter decreases during each cardiac cycle and the
maximum flow velocity seems to be in phase with the vein collapse. [325]

Overall, most of commercial devices on market combines various types of SLO
or IR camera and OCT because SLO/IR camera provides live fundus imaging for
quick orientation before OCT measurement. There are many OCT manufacturers
on market, i.e. Heidelberg Engineering, Inc., Germany; Carl Zeiss Meditec, Inc.,
Jena, Germany; Topcon, Tokyo, Japan; Optovue; Fremont, California, USA; Nidek,
Inc. San Jose, California, USA; Optos, Inc., Dunfermline, United Kingdom; etc.
The most commonly used in medical research is Spectralis OCT+HRA (Heidelberg
Engineering, Inc. Heidelberg, Germany).

Laser Doppler Holography. The laser Doppler holography (LDH) is interfero-
metry-based full-field imaging method originating in OCT and inspired by laser
Doppler flowgraphy. This method measures primarily Doppler power spectrum
density from the interference of reflected beams - holographic reference beam and
Doppler broadened beam backscattered by the retina. Optical field formed by a ref-
erence beam beats against Doppler-shifted sample beam. Optical field power can be
increased in order to use shorter exposure time. Thus, the temporal resolution could
be as low as 1.6 ms. Then, detected interferograms are analyzed and holograms are
reconstructed. [245], 246, 247]

Methodology brought many advantages, i.e. Doppler spectral broadening of
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Fig. 1.20: SVP evaluation and comparison between DOCT/OCT and SLO tech-
niques. A SVP area evaluation of DOCT (total area, tranversal diameter) and SLO
(transversal diameter) over 3 cardiac cycles. Data were acquired within consecutive
sessions. B, SVP intensity evaluation of OCT tomograms and SLO images within

indicated region of interests withi three cardiac cycles.[325]

backscattered light enabled the contrast of the same level as in OCT angiography
methods in much lower exposure time than current methods. The exposure time of
this level (i.e. 1.6 ms) may provide the proper analysis of blood flow. [245] 246,

Using LDH, the blood flow, velocity and volume can be evaluated from Doppler
amplitudes and shifts. The research group of L. Puyo analyzed the pulsatile char-
acter of blood flow in retinal vessels using LDH. However, the resulted data suf-
fered from artifacts originated from saccadic eye movements and axial movements
of choroid and retina due to blood filling. Later, these movements were successfully

filtered out by utilizing singular value decomposition methods. Singular value de-
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composition helped identify high powered components (i.e. saccadic eye movements)

so only low powered components were preserved.[245] 246], 247]

1.3.4 Other technologies recording retinal pulsation phenomena

Ophthalmodynamometry. Ophthalmodynamometry is an older method deter-
mining the collapse pressure in retinal vessels. Besides evaluation of ocular per-
fussion, the method was clinically used to detect carotid stenosis, thus gives the
important information about perfussion of both eye and brain. Current ophthalmo-
dynamometric examinations utilize slit lamp for biomicroscopic observation of ONH
while Goldmann contact lenses and pressure sensor are applied [I36]. The example
of commercial device was ODM - Saugnapfdynamometer (Fa. Boucke taberna pro
medicum, Luneburg, Germany) [223].

Pneumotonometry. Methodology uses pneumatic applanation tonometer to
measure changes in IOP caused by rhythmic filling of intraocular vessels. These
changes in IOP are parametrized with pulse amplitude (maximum IOP change du-
ring cardiac cycle) and pulsatile ocular blood flow (POBF) parameter as an output.
Examples of commercial pneumotonometric system were OBF System 3000 (OBF
Labs, Malmesbury, UK), Ocular Blood Flow Analyzers (Paradigm Medical Indus-
tries, Salt Lake City ,USA). [274] 327]

1.3.5 Experimental video-ophthalmoscope

The main focus of this chapter is the device of the experimental video-ophthalmoscope
(VO) [303]. The VO acquired retinal video-sequences that were used for analyses
and algorithm development in published journal articles introduced in chapter Re-
sults. The video-ophthalmoscope [303] is the in-house built ophthalmoscope devel-
oped in collaboration of Department of Biomedical Engineering in Brno University
of Technology (Brno, Czech Republic) and Erlangen University Hospital in Erlangen
(Germany). This prototype of non-mydriatic VO was introduced in 2015 in [303].

Video-ophthalmoscope [303] innovatively uses the inner part of the pupil as an
entry for light emitted by the light source and outer part of the pupil for the light
reflected by the retina. Classic fundus cameras use the opposite approach. The used
approach enables simple construction of the VO regarding the location of the light
source. The light source is placed in the optical path between the detector and eye
in comparison to fundus camera, where the light source is placed out of optical path
and the light is deflected by the optical system of mirrors into the eye. [303]

The wavelength of the light is determined based on Lambert-Beer law so the light

is sensitive to hemodynamic changes in retina. Lambert-Beer law defines intensity
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Fig. 1.21: A, Extiction coefficients as a function of wavelength for chromophores -

melanin, oxy- and deoxy-hemoglobin [88]. B, LED diode characteristics.

of light after transmission through specific tissue (Equation [1.7)
I = Iyet=WE (1.7)

where [ is intensity of light source, L is length of optical path through specific
tissue, and p, is absorption coefficient ([p,] = em™!) determining the ability of
the tissue to absorb the light of specific wavelength. The absorption coefficient is
directly proportional to extinction coefficient which is demonstrated as a function
of wavelength for three different kinds of matter (i.e. oxy- and deoxy- hemoglobin,
melanin) in Figure A. Melanin, oxy- and deoxy- hemoglobin are the most
important chromophores in the optical path in retina imaging. The extinction coef-
ficient function indicates the absorption coefficient for hemoglobin is the highest in
wavelength range of 525-575 nm. More, oxy- and deoxy hemoglobin may be distin-
guished while utilizing the light with wavelength of 575 nm. The high concentration
of melanin, which is characterized with high absorption coefficient, may impact the
intensity of output image. [40), [88], 148)]

The main advantage of the VO is that it enables non-mydriatic approach as var-
ious kinds of mydriasis may cause side effects (i.e. long-term dilation, eye irritation,
hypertension). Another advantage is long-term (non-limited) data acquisition due
to low light intensity source meeting the conditions for long-term light exposure.
Additionally, besides stated frame rate of 25 frames per second (fps), the detector

enables options of higher frame rate, e.g. 50 fps. The detected image is of lower
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Fig. 1.22: Schema of experimental video-ophthalmoscope [303].

intensity level in higher frame rate but the output image is still sufficient for further
image analysis. [303]

The whole optical system of the VO consists of light source, detector, optical
lenses, optical aperture, ophthalmic lens. The VO scheme is in Figure [1.22]

Light source. The light sources are characterized with different dimensions, lu-
minosity, and dominant wavelengths. The determination of appropriate light source
depends on used detector, particularly the sensitivity to specific wavelength, and
Lambert-Beer law as described above.

The light source’s dimensions must be minimal as it can’t obstruct the optical
path. The intensity of the light source must be sufficient but non-irritating for the
eye. Therefore, the LED diode of 3 mm in diameter, and of light power not exceeding
10 uW at pupil plane is used for imaging with VO. As a result, illumination of retina
is 40 W /cm? which meets the standards ANSI Z136.1. The LED diode is generating
the light of peak wavelength 574 nm (25 nm full width at half maximum of the peak,
the characteristics of the LED diode is in Figure [1.21] B). [303]

Detector. The detector used for the VO was CCD camera (iDS-imaging Ger-
many) of following parameters - resolution 640x480 px, frame rate up to 75 fps with
full spatial resolution or up to 135 fps with reduced spatial resolution. The stan-
dard frame rate used for data acquisition is 25 fps (= exposure time of 40 ms for
a single image). Later, the detector was replaced with CMOS (UI-3060CP-M-GL,
iDS-imaging, Germany). The output resolution was 9.3 pm/pixel. [303], 304]

Optical lenses. In the optical system of the ophthalmoscope are placed 2
achromatic and 1 ophthalmic lenses. Ophthalmic lens of 40 D (Volk Optical Inc.,
USA) creates aerial image in the plane of optical aperture. The apparent image is
transmitted through two achromatic lenses (both of focal distance 120 mm; Quoptiq,
Germany) into the detector. The angle of field of view is 20° x 15°, where OD is in
the center. [303]

Optical Aperture. Asindicated above, the reflected light is transmitted through
the outer part of the pupil and not the central, and the incidental reflected light

transmitted through central part of the pupil is eliminated with optical aperture.
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In the plane of optical aperture is additionally placed the red diode representing the
fixating point for the subject.

Output image. Acquired single image (with parameters - field of view 20°
x 15°, resolution 640 x 480 px, where 1 px corresponds to 9.3mum? of retina)
is demonstrated in Figure [1.23| B. The whole temporal series of these images
may suffer from artefacts originated from blinking or eye movements (microsaccadic
movements, etc. ).

Binocular modification. The binocular modification of VO was introduced in
2017. The binocular VO enables the simultaneous data acquisition of both eyes. This
enables to measure (and reveal) assymetric retinal pulsations, which can be useful
in diagnosis of various diseases, e.g. glacuoma [331]. The schema of binocular VO
is shown in Figure A). The construction is similar to the monocular version.
The binocular VO contains extra OLED displays for visualization of fixating point

for subjects. Both cameras of this version are precisely synchronized with a trigger
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Fig. 1.23: Schema and results of binocular video-ophthalmoscopic acquisition. A,

Schema of binocular video-ophthalmoscope [304]. B, Simultaneously acquired im-

ages from left and right eye with binocular ophthalmoscope.
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signal generated by one of the camera. [304]

Data acquisition. The data of both monocular and binocular data were ac-
quired within Erlangen Glaucoma Registry (NCT00494923, registered
at www.clinicaltrials.gov) between years 2015-2017.

Recorded retinal pulsation phenomena. The image processing and the reti-
nal pulsation phenomena assessment are described and discussed within the section
Results.

1.3.6 Simultaneous acquisition of retinal video sequences and

other biosignals

Through the time, the functional retinal imaging techniques (i.e. video-ophthalmo-
scopy, interferometry, etc.) were combined with blood pulse volume measurement
[143, 158, 162, 291], 279] or electrocardiography [34], (60, 105 162], 169, 256] to per-
form simultaneous data acquisition and define a temporal characteristics of retinal
pulsations within a cardiac cycle. Such definition of the temporal characteristics,
may help in diagnostics of diseases where vessel narrowing represents a symptom.
Vessel narrowing occurs in elder people, people with hypertension or inflammation.
Vessel diameter change of 3% within a cardiac cycle indicates the timing of single
fundus image acquisition may be important and a proper standardization or single
fundus image replacement with retinal sequence acquisition for the whole cardiac
cycle may improve diagnostics. Additionally, many studies tries to clarify the tim-
ings of SVPs within a cardiac cycle. Increasing temporal resolution of simultaneous
acquisitions identified the timing of retinal venous collapse within a cardiac cycle to
first half of ventrical diastole within a cardiac cycle [22} [34] 162, 169] (Figure [1.26]).
Moreover, Morgan et al. tried to clarify the the timings and relationship of SVP
to intracranial pressure (ICP) within his study [220] where the authors acquired
simultaneous dataset of ICP and retinal sequences. However the used methodol-
ogy is debatable and brings the questions about its precision (see next paragraphs).
Within the experimental part of this doctoral Thesis (see chapter [3.4)), a simultane-
ous acquisition of ICP, EKG, blood pulse volume (finger plethysmography) will be
performed utilizing Kolar’s solution described in the next paragraph.

History of simultaneous acquisition of retinal sequences and other
biosignals. The simultaneous acquisition of retinal video-sequences and various
biosignals were rarely performed in the past. Starting 1994, Chen et al. performed
an experiment including the simultaneous acquisition of electrocardiogram (EKG)
and retinal sequences acquired with a fundus camera [34]. Fundus camera was
triggered via a time delay switch. Time delay switch was set to record eight time

points during a cardiac cycle just after R-wave, i.e. a retinal photo in each 1/8th
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fraction of the cardiac cycle was acquired (0/8th, 1/8th, ... 7/8th of cardiac cycle).
Considering the normal heart rate between 60-100 beats per cycle, the temporal
resolution of 1/8 of cardiac cycle represents 75-125 ms. [34]

In 1995, the interferograms determining time-courses of fundus pulsations were
acquired simultaneously with the ear lobe photoplethysmography signal. Unfortu-
nately, neither the synchronization of interferometer and photoplethysmograph, nor
the temporal resolution was described within the paper [279].

Year after, Dumskyj et al. used purpose-built EKG synchronization unit (His-
toryonics, Chatham, UK) [60]. The system triggers the fundus camera in 12 sub-
sequent intervals after EKG R-wave (1st interval Oms, 2nd interval 120 ms, 3-12
interval 83 ms each). Thus, the temporal resolution is independent to heart rate in
comparison to previous EKG-synchronized solution. As a result, this kind of syn-
chronization provides fundus sequences through variable numbers of cardiac cycles,
i.e. 12 subsequent intervals cover one cardiac cycle in a person with heart rate 60
while it may cover two cardiac cycles in a person with heart rate 120. Thus the
measured vessel diameter is most likely measured in a different phase of cardiac
cycle in each individual. [60]

Another EKG-synchronized retinal imaging was introduced in 1999 by D.S.
Reshef [256]. Reshef et al. assembled a synchronization system utilizing a stan-
dard cardiac intensive care unit (EKG monitor) and a custom build control unit.
The Intensive care unit is able to detect R-wave and produce external pulse within
this detection (originally intended for cardiac defibrillation). A computerized con-
trol unit detected the external pulse, evaluated the heart rate, and determined eight
equidistant time delays (1/8 of a cardiac cycle in time) according to an individual’s
heart rate. The camera, triggered with the control unit, acquired retinal images
with the eight delays (in 0/8th, 1/8th, ... 7/8th of cardiac cycle) starting with R-
wave. The number of delays determining eight segments within a cardiac cycle was
inspired by the previous published work, i.e. [34], so the results could be compared.
The temporal resolution is within the range of 75-125 ms.

In 2004, Knudtson et al. used a pulse synchronized ear clip trigger to acquire the
fundus images in sequential order at 0%, 30% and 70% of the cardiac cycle starting
at the peak of the wave at the ear lobe. Considering the heart rate 60-100 beats
per second, the temporal resolution would be within the range of 150-250 ms. A
detailed description of synchronization is not publically available. [15§]

Five years later, Kain et al. used audio-videorecordings for synchronized acquisi-
tion of pulse oximeter and slit-lamp mounted video camera [143]. The video-camera
acquired retinal sequence with a temporal resolution of 40 ms (25 fps) while micro-
phone was recording the "beep" sound of the oximeter marking each pulse. Addi-

tionally, Kain presented the synchronized acquisition of applanation tonometer and
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Fig. 1.24: R-wave triggering the fundus camera in eight equidistant points within
cardiac cycle. The figure demonstrates the outputs of EKG and trigger signals in
1/8, 2/8...7/8 fraction of RR interval. [169]

oximetry (based on the same principle) in the subsequent experiment. Despite all
the efforts, the synchronization through the audible signal of the oximeter brings
doubts to its precision. [143]

In 2011, Singh et al. performed the simultaneous measurement of Fourier-
Domain OCT and custom-made ear lobe pulse oximeter to assess the influence
of cardiac cycle on fundus pulsation amplitude [291]. The signals from OCT CCD
camera and oximeter were processed via dual-core computer with custom script in
LabView (National Instruments, Austin, USA). A detailed description is not publi-
cally available. [291]

Kumar’s research group in its works through years 2012-2013 [105, [169] utilized
EKG R-wave (detected by EKG monitoring system) to trigger a fundus camera.
Following the pattern of previous studies [34, 256], fundus images were acquired at
eight distinct points within a cardiac cycle (R-R interval), i.e. in intervals 0.125
fractions starting with R-wave (as demonstrated in Figure . The acquisition
required invariable R-R intervals. These were monitored for a 10% changes that
triggered alarm. Again, this approach leads to limiting temporal resolution of se-
quential retinal images (i.e. 75-125 ms). Moreover, changes in heart rate up to 9%
were not considered and yet may be source of erroneous trigger points. [105, 169

In 2012, Morgan et al. acquired the retinal video sequences using the modified slit
lamp simultaneously with intracranial and intraocular pressure[220]. Morgan took
advantage of audio-visual recording similarly as in Kain’s study. The microphone
was recording the "beep" sound of the pulse oximeter device. The ICP monitor
projecting the ICP values and pulses were recorded with a video-recorder. All the
signals - audio signal from a microphone, visual signals from the video recorder
and slit lamp detector were inputs to a audio video mixer. The authors declare a

temporal precision of 0.04s.[220]

71



Light source

Biosignals:
ECG
Ear PPG
Respiratory

BiosignalPlux

Fig. 1.25: Simultaneous acquisition of retinal video-sequences and other biosignals
according to Kolar 2023 utilizing Arduino platform and biosignals plux hub to reach

precise synchronization. [162]

In 2023, Kolar research group introduced an innovative hardware solution for si-
multaneous acquisition of retinal video-sequences and various biosignals [162]. The
solution includes a video-ophthalmoscope (VO, introduced in chapter and in
[303]), a biosignal acquisition unit and a synchronization unit Figure Syn-
chronization unit, i.e. Arduino platform, generates a trigger signal of frequency
determining also the framerate of the VO. The trigger signal is driving the detector
of a video-ophthalmoscope acquiring the frames with each rising edge of the trigger
signal. Biosignals acquisition unit, i.e. BiosignalsPlux hub (PLUX Wireless Biosig-
nals S.A., Lisbon, Portugal) records both the biosignals - EKG, photoplethysmogra-
phy, respiration plethysmography signals, and the trigger signal at 1kHz frequency.
This setup results in precisely synchronized biosignals and retinal video-sequences.
Additionaly, Kolar et al. evaluated the timings of the retinal vein collapse to the
R-~wave of EKG signal and compared his findings with other published work Figure
[162] Kolar’s custom solution for precisely sychronized datasets was utilized
within the experimental part of this doctoral Thesis (see chapter .

Commercially available solutions. Today, commercially available devices
acquiring retinal video-sequences provides simultaneous acquisition with finger pho-
toplethysmography or electrocardiogram with proper synchronization using its pro-
prietary software. Semi-automatic analysis of RVA/DVA results in temporal moni-
toring of the diameter of selected vessel simultaneously with the finger photoplethys-
mography signals (e.g. as utilized in [22]). XyCam device utilizing the light of
infra-red wavelength provides the simultaneous retinal blood flow monitoring along
with finger plethysmography and EKG signals [37, [51]. However, the temporal reso-

lution of these techniques reaches 25 fps which may not provide sufficient results in
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Fig. 1.26: A graphical summary of retinal vein collapse timings during a cardiac
cycle (defined with R-R interval) measured in different published studies, i.e. [22]

application to diagnostics or precisetiming identification [165].

1.3.7 Sources of physiological artifacts in retinal video-sequences

and their suppression

Temporal retinal video-sequences generally suffers from artifacts originating from
participant’s movements regardless the used imaging technique. Such movements
result in empty, blurred, distorted or/and most usually shifted images. Additionally,
the images can suffer from discontinuality in images acquired with raster scanning
techniques (i.e. SLO, OCT) due to eye movements.

The acquisition conditions and overall experimental procedure (common for both
ophthalmoscopy-based and interferometry-based methods) eliminate or reduce the
imaging distortions as follows: Placement of a participant into a sitting position
eliminates large horizontal movements. Head placed into a chin holder with fore-
head rest reduces sub-centimeter vertical translations and rotations. Fixed positions
of the chin holder and anchored imaging tool secure a stable distance eliminating
variable scaling over time. [I73] However, the sub-milimeter translational distortions
are still possible due to fixational eye movements called physiological nystagmus that
includes rapid saccades, high frequency tremor and slower drifts. These movements
are characterized with amplitude 5-15 arc min and frequency 40-100 Hz, and distore
the acquired video-sequence with translated or rotated frames [295]. Therefore all
acquired frames need to be aligned before the subsequent analyses.

The recorded scene, i.e. the eye, composed of soft tissue is not fully rigid, it
stretches due to blood filling and causes local tissue deformations (i.e., ONH axial

pulsations [0, 290], vessel pulsations and displacement) that need to be corrected.
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[35]

Eye-blinking presents another source of artifact in recorded video-sequences. The
blinking may be partially controlled voluntarily but generally is considered as an
involuntary act. Blinking produces dark or bright empty frames without retinal
spatio-temporal information. In the pixel-wise time-course of local retinal haemo-
dynamics, the eye-blinking artifact manifests as spike.

All residual motion artifacts of translational, rotational, scaling or shearing ori-
gins in the recorded retinal video-sequence needs to be supressed by the iterative
image registration technique prior any subsequent video analysis. More detailed
information about the state of the art of image registration methods utilized in reti-
nal video-sequences is summarized in the chapter 1.4.2 Image Registration. If the
eye-blinking spike artifact is present in an emphasized RPP time-course pattern,
the artifact should be supressed by signal restoration techniques non-bluring the
physiological pattern of the time-course. To the best of my knowledge there is no
established method in retinal image analysis how to effectively supress the spike

artifact.

1.3.8 Summary

In summary of overall estimation of pulsatile ocular/retinal hemodynamics, there
is no static or dynamic gold standard technique. Each particular method evaluates
parameters corresponding to a different biological atribute. If measurements are
expressed in arbitrary units, a between-methodologies comparison is problematic
or even impossible. Thanks to the compact size, simple and low-cost design, the
video-ophthalmoscopy has a broad diagnostic potential in various diseases impacting
vision, cardiovascular, neurovascular and systemic health. However, regarding the
depth dimension (in a form of axial scans) and finer temporal resolution, some
interferometry methods (e.g., LDH) may provide higher accuracy in assessment of
the blood flow and the pulsation phenomena, but utilizing a non-compact device
designs with multiple times higher purchase budgets. Every device design provides
retinal video-recordings with motion-related artifacts which are mandatory to be

suppressed within image analysis.

1.4 Image Analysis in Functional Retina Imaging

This chapter is focused primarily on the state of the art of image analysis in
ophthalmoscopy-based functional retina imaging. It is a large field including the
video/image quality assessment, image registration, segmentation of various struc-

tures of retina, RPP extraction and its parametrization or modeling.
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Ophthalmoscopy-based retinal video-sequences are monomodal data of similar
contrast and include intensity-based depth projection of hemodynamics over retinal
surface in time. Thus the imaged scene is changing due to tissue movements or

deformations, as described in previous section.

1.4.1 Video quality assessment

One of the first pre-processing step is the assessment of video quality and a decision
if the retinal sequence is suitable for following analysis. In this case, each image is
evaluated separately and the overall video quality level is evaluated. Manual sub-
jective assessment is time expensive and provides significant inter-rater variability.
Therefore there is a need for automated computational models that can reliably
determine the quality of recorded frames in video sequences that is in agreement
with a general human visual perception.

Generally, the approaches of image quality assessment can be categorized into
three groups — no-reference (blind models) with no access to original image, reduced-
reference and full-reference image quality measures [321].

No-reference methods can be based on precalculation of certain statistical proper-
ties as natural scene statistics (BRISQUE metrics [212]), or discrete cosine transform
statistics [26, 269]. In direct application on human retina imaging, feature-based
no-reference methods were utilized [77, 160]. These methods used a vessel tree as a
feature to evaluate quality score or clarity as quality parameters [77, [160].

The most widespread methods are full-reference where the original undistorted
image is available. This approach uses statistical error metrics (e.g. mean squared
error, averaged difference, etc). Widely used quality measure is similarity index
SSIM considering human visual criteria for image quality evaluation as luminance,
contrast and structure [322], 323]).

The example of the full reference image quality assessment method is the uti-
lization of the phase correlation introduced in my work [I88] which is not included
within the Results chapter of this Thesis. The methodology applies the normal-
ized cross-correlation to spectral representations of reference and evaluated images.
Then, the distribution of the inverse Fourier transform of the normalized cross cor-
relation, i.e. §(z,y) function, is parametrized and evaluated. In case that evaluated
image is identical to reference image, the distribution of §(z, y) equals to Dirac func-
tion. In case the evaluated image is identical to reference but shifted, the d(x,y)
leads to shifted Dirac function. In case of blurred, distorted images, the distribution
of §(x,y) is spread, noisy and without a visible maximum.

In general, the methodology musts consider the artifacts (physiological, techni-

cal) and diagnostic needs for quality determination if suitable, correctible, or not.
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Fig. 1.27: Block diagram of image registration process.

1.4.2 Image Registration

Image registration (Equation is an iterative optimization process aligning
transformed image (A) to the reference image (B). Each iterative step includes
three major operations, i.e., geometrical transformation (73,), interpolation to the
reference image grid, and assessment of a similarity criterion (¢) between reference
image and transformed image T, (A). The similarity criterion is a maximized or min-
imized cost function depending on the character of the criterion, while coefficients
of the geometrical transformation («) are optimized. [127] Basic block diagram of
the image registration process is demonstrated in Figure [1.27] In this section, the
main image registration methodologies applied on retinal images are introduced.
[127, 293]

ap = arg max (B, T,(A)) (1.8)

Regarding proper image registration, the data character and possible imaging
distortions need to be identified to find optimal solution. In this case, the section
is focused especially on mono modal image registration with the same imaging ge-
ometry. However, a majority of articles in the retina imaging field are focused on
multi modal image fusion, thus the articles utilized multi modal image registration
of images of different spatial resolutions with (full/partial) overlapping field of view.

Generally, various combinations of transformation functions, similarity criteria
and optimization strategies were utilized on retinal images.

Transformation function. The number of coefficients in vector « defines
degrees of freedom in the optimization process. Geometrical transformations of
different degrees of freedom are necessary for different kinds of mutual image distor-
tions. A proper selection of the geometrical transformation is essential for correct

image alignment.
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The very first algorithms in the field utilized cross-correlation for estimation of
translation between images [227]. The computational demands of the algorithm
were reduced when the search area was restricted to image areas containing retinal
vessels [239]. The cross-correlation function was also utilized in order to find the
parameter for rotation and scaling via log-polar mapping of the Fourier magnitude
transformation [39, [38]. Algorithms estimating transformation via cross-correlation
did not provide sub-pixel precision due to missing interpolation step Figure [1.27]

The linear image registration utilizing rigid geometrical transformation is usu-
ally sufficient enough for the eye motion artifact correction within the intra-subject
functional retina imaging (i.e., the same imaging geometry over acquisition time,
monomodal image character of similar field of view with inter-frame linear contrast
transformation function). [161) 173].

If the optimized transformation is a linear operator providing rigid transforma-
tion, scaling and shearing, we talk about the affine image registration. The scaling
may be the reason why the affine transformations were optimized within the image
registration implemented in earlier commercial and custom-build imaging techniques
[114, 217, 281] and other general retinal image registrations [31), 173, T98].

If the transformation operator is spatially variant, we talk about the non-linear
image registration. Non-linear image registration is usually needed when the warping
of the image data into a template space or into space of another subject is needed.
Retinal soft tissue is not fully rigid, blood filling can cause local image deformations
and necessity of a non-linear transformation within intra-subject image registration
can arise [35], 54, [69, 173].

Similarity criterion. The cost function determines the similarity level via
its global or local extreme. Similarity measures between two images A(z,y) and
B(x,y) (x,y rows and columns in image) are categorized into intensity-based and
feature-based.

The intensity-based approaches use image intensities and gradients. The most
utilized global intensity-based similarity criteria through the literature in the field
are direct intensity-based criteria, e.g. cosine criterion(Equation [1.9)), norm-cosine
criterion (i.e., correlation coefficient) and its modifications [I7, [38, [39] 198, [342],
and information-based criteria, e.g. mutual information [35], 26I]. Cross-correlation
is also a common operation in image registration in custom-build prototypes with
publicly available principles [287, [324].

The main difference is that the presumption for the direct intensity-based criteria
is equal or linearly dependent contrast between images. Hence it cannot be used
for multi modal images. The information based criteria rely on geometrical features
rather than on intensity similarity, therefore these may be used for intermodal image

registration.
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Considering the images A and B as gray level sets G4 and G, of m,n gray
levels in A and B respectively, the mutual information describes the amount of the
information that one of the sets gives us about the other. The calculation of mutual
information is based on joint histogram and is described with Equation where
p(ga) is the probability of particular intensity level occurring in A (Equation [1.11)),
p(gs) is the probability of particular intensity level occurring in B (Equation [1.12)),
P(9a, gp) probability of particular intensity level occurring at matching locations in
A and B (Equation [1.13). The probabilities are estimated based on distribution
of grey levels across the overlapping part of images A and B (H is the value of the
joint histogram formed from the overlapping part, N number of points in common
part). [127, 261]

> 2y Alz,y) B(w,y)

cee(A, B) = Ve Xy A, y)y /3, 5, B (x,y) .
cui(A, B) = enr(Ga, Gp) gép 9as 9b) m (1.10)
P(Gas o) = H](\?“) (1.11)

P(gar 96) = H](\?b) (1.12)

P(Gar gp) = W (1.13)

The next category, feature-based methods are then categorized into general image
descriptor-based methods and vessel-based methods [54].

General image descriptor-based approaches extracts local invariant descriptors as
image features and searching for correspondences between two sets of features. The
example of such descriptors utilized in retinal imaging registration is scale invariant
feature which is used in combination with RANSAC score [190] or with sum of
squared differences [251], salient feature region in combination with Kullback—Leibler
divergence criterion [342].

The vessel-based approaches uses the vessel tree and its characteristic descriptors
(e.g. bifurcation points) as landmarks in the process of registration. The features,
i.e. locations are then evaluated with statistical metrics, i.e. euclidian distances,
least median of squares [31], root mean square error [I73], energy cost function [69],
ete.

Optimization Strategies. In the retinal field were utilized various iterative
searching strategies to find the optimum of the cost function, i.e. simulated anneal-
ing with pyramid sampling [261], combination of simulated annealing and genetic

algorithm [198], iterative nearest neighbour matching [190].
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Open source registration tools. Besides the published algorithms, the open
source tools for general registration tasks are available. The most known are Elastix
(registration toolkit) and ITK (registration and segmentation toolkit). Elastix
(available at https://elastix.lumc.nl/) is an open-source tool for general image regis-
tration, both rigid and elastic. Elastix provides the algorithms/protocols with pa-
rameters optimized for brain imaging [156].

Image Registration algorithms in commercial devices. All commer-
cially available retinal function imaging devices introduced in the previous section
uses its proprietary software for movement corrections and image alignment. Due
to proprietary software, the used algorithms are kept unpublished. RVA/DVA im-
age registration algorithm is based on vessel tracking and branching geometry [98].
The Automatic Real Time operation software for Spectralis HRA+OCT aligns the
retinal sequences based on point-based global criteria, i.e. a set of hundreds of land-
marks is determined in each image. A combinatorial algorithm matches landmarks
between the images via two-dimensional affine transformation of which parameters
are optimized with least square algorithm [I8] 114]. The LSI Xycam camera includes
also the image registration algorithm in the software, however the authors admits
vascular information losses due to rapid microsaccadic movement that result into

blurred images and cannot be registered [37].

1.4.3 Retinal pulsation phenomena parametrization

This section is focused on algorithms for image processing and parameter extraction
from temporal retinal sequences of two dimensional images acquired with direct/
indirect ophthalmoscopy-based methods as RVA/DVA, LSI, slit lamps, fundus cam-
eras or other experimental devices.

As noted previously, the retinal pulsation phenomena is not limited to vessel
diameter alterations but it includes also the pulsations of measured atribute within
both vessels and surrounding tissue. Such atribute can be the intensity of reflected
light or the level of mean blur rate in case of LSI.

FEvaluation of vessel diameter pulsations in functional retinal ima-
ging. The first, structural changes (i.e., vessel diameter pulsations) were spotted
already in 19th century. Through the time, these changes have been evaluated
based on both subjective visual perception and objective tools measuring the dia-
meter. Subjective visual perception methods limits the precision level of the evalua-
tion. Some researchers categorized the vessel diameter pulsation into present /absent
groups [3], [153], 286]. Other researchers [45] 46, 205], [335] used the Hedges scale [113],
where the diameter pulsations were subjectively categorized into four groups (in the

scale 0 to 3), where 0 was used for no collapse of a vessel, 1 for partial collapse (up
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to one third of its diameter), 2 for moderate collapse (up to two thirds), and 3 for
collapse greater than two thirds of the diameter.

Despite the advancements in medical retinal imaging, the subjective visual per-
ception methods were used even in the last decade [3], [45] 146, 153, 205 286 335].
In focus on SVP incidence, studies with objective tools demonstrated the presence
of venous diameter pulsations in 100 percent tested population [287] in comparison
to lower and varying SVP incidence in literature where subjective visual perception
methods were utilized [3] [113] [153) 178 182, 218, 286]. This result highlights the
importance of the utilization of objective methodologies into clinical practice.

Starting in 1994, the vessel diameter was determined based on transmittance
profile of manually selected vessel as the width in half-height transmittance peak
profile [34]. The same algorithm was used recently in [87], and similar approach was
used in [2T5], where research group used a wide sliding linear fit across the trans-
mittance profiles, yielding a smooth local slopes dividing the profiles into heights
and depths. Then, the vessel diameter was determined as the distance between the
intersections of transmittance profile and linear slope.

Many algorithms and image processing for structure/intensity retina analyses
were utilized within general data processing tools with customized settings and
protocols (Context Vision Digital Image Analysis system, Linkoping, Sweden [34];
Adobe Premiere elements version 4.0 Adobe Systems, Inc., San Jose, USA [143];
Igor Pro 6.1, WaveMetrics, Inc., Lake Oswego, USA [215]) or their combinations
(ImageJ + Excel + GraphPad Prism [287]) with many manual sub-steps (e.g. vessel
selection).

As introduced earlier, the only complex semi-automated ophthalmoscopy-based
imaging tool RVA/DVA covering tasks from acquisition to vessel diameter evalu-
ation (based on the vessel brightness profile in manually selected fundus area) is
RVA/DVA (Figure [1.15B). The proprietary software and its algorithms are not
publicly described.

Noteworthy are semi-automated software measuring the vessel caliber in static
fundus camera images, i.e. Retinal Analysis RA (Department of Ophthalmology
& Visual Science, University of Wisconsin, Madison, WI, USA), Integrative Vessel
Analysis IVAN (University of Wisconsin, Madison, USA; Figure , Singapore |
Vessel Assessment SIVA (National University of Singapore) and VAMPIRE (Vessel
Assessment and Measurement Platform for Images of the REtina, project of Uni-
versity of Edinburgh, UK, and University of Dundee, UK). RA requires significant
user input and manual tracing of the vessels. IVAN provides an automatic detec-
tion of OD and a measurement of manually marked vessels in distance from 1-2 OD
diameters from the OD center. SIVA provides automated detection of OD, auto-

mated detection and identification of arterioles and venules and their measurement
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Fig. 1.28: Integrative Vessel Analysis IVAN (University of Wisconsin, Madison,
USA) [312].

in the distance of 1-3 OD diameters from OD center. With a bigger computational
demands, these tools has a potential to be optimized for temporal retinal sequences
of fundus camera images and vessel pulsation phenomena quantification. However,
these tools cannot measure the vessel diameters inside the optic disc due to frequent
vessel crossing. [200, 20T, 312 [338]

Similar tool for static vessel measurement is provided by Canon, In. (Tokyo,
Japan) within the proprietary software of adaptive optics SLO. SLO provides auto-
mated retinal image analyser software ARIA. [9]

Manual subjective selection of the vessel for following temporal analysis is a
common research practice in the field [34] 87, [143] 215 including RVA/DVA
[85], 284] utilization [89) OT], 165]. However, each vessel tree is unique and manual
selection reduces the objectivity in evaluation. More, manual input requires the
time and human resources. The full automatic algorithms for pulsation evaluations
were implemented for intensity pulsations in retina.

FEvaluation of intensity level pulsations in functional retinal imaging.
Intensity level alterations of various retinal tissues and vessels are small, frequently
non visible with eye. Thus, it excludes any subjective visual perception methods for
their evaluation. The utilization of image processing methods are crucial to detect
intensity changes in tissues, veins and arteries.

In dynamic ophthalmoscopy, Morgan’s research moved towards automatic de-
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Fig. 1.29: Morgan’s image processing schema for automatic detection of vessel pul-

sation [217].

tection of vessel pulsation mapped to corresponding location in retina [217, 219].
The detected intensity level in his measurement demonstrates the relative blood
volume in the vessels. The whole schema of the image processing is in Figure [1.29|
Morgan’s research group used green channel of the detected image sequence to be
processed. The separate images were divided into clusters and the intensities in clus-
ters were locally transformed by using negative logarithm. The intensity time series
of each cluster was extracted and fitted with estimated linear spline regression. The
heat maps are calculated based on intensity amplitudes of each cluster. The color
code corresponds to intensity amplitude level (where the intensity amplitute level
range is 0-40). The heat map was thresholded with the ideal threshold. The level
of ideal threshold was set to maximize specificity and sensitivity and was evaluated
based on comparison with subjective mapping of vessel pulsations in images by two
observers. Overall ideal threshold was set to 5, although the ideal threshold value
differs in range from 2-10 over the participants. [217] In these works, the authors
omits the variability in the waveforms over the retinal tissues and vessels.

In the next work, Morgan’s research group designed a model to fit the extracted
temporal intensity data from determined anatomical structures (lower and upper
retinal vein, artery, Figure ) and in Hx5 px arrays across the whole image.
Here, the modeled function modeling of retinal pulsation is considered as a function
of three components, i.e., periodic, non-periodic and stationary error. The periodic
component periodic f,(t) covers the periodic cardiac induced changes, i.e. retinal
pulsation, and it is modelled using Fourier series. Non-periodic component includes

temporal intensity trends (i.e., decrease, increase) and is modeled a as linear spline.
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Fig. 1.30: Betz-Stablein’s vessel pulsation modeling. A, Investigated anatomical
structures, i.e., artery, lower and upper vein B, Heat maps generated based on
pulsation amplitude and downslope C, Modeled function fitted on temporal intensity
data of artery, lower and upper vein D, Amplitude, maximum and minimum slope

values for artery, lower and upper vein across the dataset. [20].

[20]

The modeled function was fitted to temporal intensity data of arrays in the image
and the retinal heat maps were generated based on amplitudes and slopes Figure
[L.30B,C. The authors in this work presumed the variability of the waveforms accross
the vessels. Authors fitted modeled function on temporal intensity curves of artery,
lower and upper retinal vein. All three determined vessels differs in amplitude,
maximum and minimum slope(Figure [1.30D).

It is not just the intensity level to evaluate. As noted before, LSI evaluated

the size of detected speckles and gives mean blur rate, the equivalent of blood flow

83



velocity. The pulse-waveform analysis along with evaluated parameter (Figure
and the physiological interpretation was studied in the work of Luft. [196].
Luft et al. designed and evaluated parameters such as blowout time, blowout score,
skew, acceleration time index, rising and falling rate, flow acceleration index and
resistivity index. [196]

In summary image processing of the retina video-recordings along with the
parametrization of measured atributes is still in early stages. Although the com-
panies included further processing software in their commercially available devices,
the processing tools may not meet the researchers requirements. Therefore some
researchers use the qualitative and subjective methodologies [45, 285]. Other re-
searchers using custom-built devices uses their own algorithms for the processing.
Generally, there is no gold standard, universal open-source processing tool evaluat-

ing the retinal phenomena.

1.4.4 Other applied algorithms in retinal imaging field

Besides the algorithms directly processing the parameters (diameter, intensity level,
...), other operations are used in the retinal imaging field.

Regardless the measured atribute, one of commonly used preprocessing step is
contrast-limited adaptive histogram equalization CLAHE [343] utilized in [87, 253,
9%7).

Interesting step in preprocessing is utilization of principal component analysis
as filter to remove non-pulsatile dynamic features prior to temporal measurement of
vessel diameter [214], 215].

1.5 Multivariate Statistics

Retina imaging field provide a unique space for utilization of various multivariate
statistics algorithms. As retinal sequences are 2-dimensional data in time that may
be represented by a 3D matrix of periodic and nonperiodic events, the utilization
of principal or independent component analysis seems promising for extraction of

these events.

1.56.1 Principal component analysis

Principal component analysis (PCA) is the most common and oldest method of
the multivariate data analysis [211]. The main goal of the PCA is to reduce the

dimensionality of the data therefore PCA usually represent a first step in analyzing
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Fig. 1.31: LSI mean-blur-rate pulse-waveform analysis. BOT - blowout time is
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FAI - flow acceleration index represent highes increment between two frames. RI
- resistivity index is the ration of mean blur rate peak-to-peak amplitude to mean
blur rate maximum. RR - rising rate, FR - falling rate [196].
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of large data sets. Additionally, PCA covers other mathematical tasks as signal
denoising, blind source separation, data compression, etc. [211].

The main goal is to reduce the dimensionality of the data set consisting of inter-
related variables, while preserving possibly the same amount of variation as present
in the data [I, 211]. To do so, PCA computes a new set of orthogonal basis re-
expresing the data so the new basis will filter out noise and help determine the
important and redundant dynamics of the data [288].

PCA uses basic linear algebra and statistics. The usage of linear algebra and
basic statistics only is linked to several assumptions defined prior the PCA calcula-
tion. One of the assumptions is linearity. Linearity defines a problem as a change
of basis [288]. The assumption of linearity reduces a set of potential new basis to
sets of basis which are a linear combination of the original set of basis. PCA also
assumes the Gaussian, zero-mean, probability distribution of the dynamics of each
variable. Zero-mean probability distribution can be described by mean and variance
only, so the PCA can be limited to basic statistics. The third PCA assumption is
that the components with large variances have important dynamics. The last, the
principal components are orthogonal. [28§]

As the assumptions are defined, the PCA and its goals may be described more
mathematically. PCA computes the new set of basis which is a linear combination
of the original set. Thus the new re-representation of data is a result of the original
data matrix linearly transformed by a new set of basis. The new set of basis is
chosen to reduce the noise and redundancy in the data. The noise is mathematically
characterized with signal-to-noise ratio (SNR) computed as a ratio of a signal and
its noise variances o2 0rsise (Equation [1.14). [288]

signal>’

2

signal
5 (1.14)

notse

g

SNR =

More importantly, PCA solves the problem of redundancy in the data. The example
of the redundancy is when two variables are correlated and one can be expressed as a
linear combination of another and thus can be reduced (Figure . Redundancy
is quantified with variances within one variable (e.g. 0% within a variable A), and
covariances between two different variables. For variables A and B represented by
its vectors a and b of length n, the covariance o}, is calculated with Equation
where 7" is mathematical operation of transpose. [28§]

1
2 T
= b 1.15
Tab = 72 (1.15)

Hence, for the data set X of m variables and n observations, i.e. matrix X(m,n),
the covariance matrix Sx may be calculated as follows (Equation [1.16|)
1

n—1

Sx = Xx* (1.16)
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(r can be expressed as a linear combination of rq, i.e., ro = kry) [288].

Covariance matrix Sx is a symmetric matrix of m x m dimensions, where variances
are placed on diagonal and covariances off-diagonal. The example of Sx for X

consisted of m = 3 variables represented by vectors x,y,z is in Equation [1.17],

2 _ 2 2
where oy, = 0% .. Xy

entirely uncorrelated. In case of ai,y = 02, the variable x = y and one of the

It is important to note, that if oz = 0, the variables x,y are

variables may be reduced.

2 2 2

Ox Ux,y 0%,z

— |2 2 2
Sx = |0, 0y 0, (1.17)

2 2 2

Ozx Ozy Oz

This means, to remove redundancy in the data, the covariances (off-diagonal
terms) must be zero. In this case, PCA is computing a new set of orthogonal basis
which transforms the original matrix X into a new matrix Y so its covariance matrix
Sy is diagonalized [288].

FEigenvector decomposition. The easiest way, how to diagonalize a square
symmetric matrix is via eigenvector of covariance while utilizing mathematical theo-
rems: 1) a matrix is symmetric if it is orthogonally diagonalizable and 2) a symmetric
matrix A is diagonalized by a matrix of its orthonormal eigenvectors according to
Equation [1.18

A = EDE” (1.18)

where matrix E includes eigenvectors and D is a diagonal matrix that includes

eigenvalues corresponding to the eigenvectors in matrix E [28§].

87



Let’s have a dataset X with m variables and n samples each, X(m,n). Then, the
new projection of data Y is calculated as Equation where P is orthonormal
matrix of new set of basis while covariance matrix Sy is diagonalized. The covariance
matrix can be expressed using PX instead of Y (Equation [1.20]). [288]

Y = PX (1.19)

1 1
YY! = 71P(XXT)PT (1.20)

n—1 n —

Sy =

The matrix XX is a symmetric matrix diagonalizable by an orthogonal matrix of its
eigenvectors according to second theorem defined in previous paragraph, i.e. there
exists a diagonal matrix D where XX” = EDE” (columns of E are the eigenvectors
of XX™). The proof, that suitably selected P diagonalizes covariance matrix Sy
comes with substitution of XX” with EDE” where matrix P is to represent E”,
hence Equation [1.21] [288].

1

1
Sy = P(P'DP)P” =
n—1

n—1

D (1.21)

Simply, the required principal components, i.e. the new set of basis P, are eigen-
vectors of matrix XX, i.e. Exxr.

Important to note, the eigenvector decomposition solution serves for square, pos-
itive semi-definite matrices. The most of the matrices are not even square. Fortu-
nately, as written in previous paragraphs, the variance and mean are fully sufficient
statistical description preserving all the information about the dataset that PCA
needs, hence the covariance matrix can be used in place of the original dataset.

Singular value decomposition. More generalized solution of PCA is via
singular value decomposition (SVD) serving also for rectangular matrices [1, 211].
SVD of dataset X including m variables and n samples/observations, i.e. X(n,m),
where each variable was normalized to have zero mean (i.e. column-centered), is
expressed as Equation [1.22]

X =UxVv” (1.22)

where U and V are matrices with orthonormal columns while U is a matrix of
left singular vectors of (n,n) matrix XX” V is a matrix of right singular vectors
of (m,m) matrix X’X, and ¥ is a diagonal matrix of singular values of matrix
X1, 108, 134, 288]. The squares of singular values in ¥ divided by (n — 1) are
equivalent to eigenvalues of matrix XX’ and gives values of variances of final prin-
cipal components. Singular values in diagonal matrix ¥ are in descending order
which defines also the order of corresponding columns in U and V [I], 108 [134].
SVD can be calculated in full dimensions of particular matrices U, ¥ and V
according to Equation [288], or in "economy" version (Equation [108]
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that removes zeros from diagonal matrix ¥ along with the columns in U or V that
are multiplied with zero diagonal values of 3 [134], i.e. economy PCA preserves
only those columns of U and V corresponding to its non-zero eigenvalues. The
economy PCA applies when there is more samples than variables in the dataset, i.e.
m < n. In case of more variables, i.e. m > n, then ¥ will be of (n x n) dimensions.
Considering r the rank of matrix X while » < min(n, m), then Equation is
applied [134].

anm = U(nxn)z(nxm)v?mxm) (1'23)
Xpxm = U(nxm)z(mxm)v{me) (124)
Xopxr = U(nXT)E(TX'I‘)V{er) (125)

Projection of the original observations to principal component space, i.e. projec-
tion/factor score/score matrix F, is expressed via multiplication of original data set
X and right singular vectors in V Equation [1.26] Singular vectors in V also called
the loadings, represents the geometrical transformation (similarly as in Equation
1.19)) [1, 134).

F=XV=UXV'V =UX (1.26)

Important to note, the original matrix can be reconstructed based on Equation

as Equation [1.27] (Figure [1.33) [I, [108].
X =FV7’ (1.27)

One of the algorithm for SVD solution is called "power iteration" [I08]. This
algorithm computes component by component as an iterative calculation that enu-
merate vectors in U and V separately for each component. Algorithm works with
initial estimate for of V vector for first component and computes the estimation for
corresponding vector in U. In the next step, the estimate for U vector is normalized
and used for optimizing the initial value of vector V. The values of both vectors of
U and V are optimized with each iteration.

Results and interpretation. Important and difficult at the same time is the
interpretation of the results. SVD decomposes the data set X to left and right
singular vectors U,V respectively, and singular values in 3. However, in case of
PCA, the main expected results for data analysis are scores, loading and variances
explained.

To summarize mathematical outputs above, squares of singular values are actu-
ally the variances of final principal components. The most important principal com-

ponents are those with the biggest variances. The right singular vectors (columns in
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Fig. 1.33: Reconstruction of original data set matrix X based on SVD outputs.
Element X, j as a result of a dot product of ¢th row in scores F and jth column of
transposed loadings V' [108].

V) of the column-centred data matrix X are called loadings, i.e. principal compo-
nent coefficients or the principal axis, and represent the contribution of each variable
to each principal component [I08]. Geometrically, loadings represent the coefficients
of geometric transformation including the rotation, that projects the original dataset
to a new set of basis while explaining the most variance possible (Figure [1.34]). In
a closer explanation, the loadings are defined by a cosine function, i.e. each principal
component axis is defined by the cosine of its angle of rotation to relative its original
axis [10§].

The data X projected to a new set of basis are the principal components, i.e.
scores F (projection matrix/factor scores) where the values are the positions of the
samples in the new coordinate system [I08]. The scores can be presented also as left
singular vectors weighted by singular values (Equation [1.26]). The mathematical
relationship between the scores and original dataset is visualized in (Figure
demonstrating the decomposition of original data to scores and loadings.

Overall, the PCA does not use any prior knowledge about the analyzed system.
This fact brings both advantages and disadvantages. One of the PCA pros is the
objectivity of the results, as these were obtained without further motivation. On the

other hand, the prior knowledge about the system may be used to characterize the
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Fig. 1.34: Rotation of original axes to maximize variance along one of two axes. A,
Scatterplot of original dataset B, axes A, B rotated by 20° while explained 55.4%
and 20.1% variance respectively C, axes rotated by 60° marked as first and second
principal component axes as it demonstrates the maximum variance, i.e. 98.9% and
1.1% for A and B respectively. [10§]

new orthogonal basis which may lead to better and precise results and potentially
avoid inaccurate separation. [258) [288]

Shortly, PCA reveals the hidden dynamics and reduce the dimensionality of
the data. These properties of mathematical operation of PCA represents a great
potential in dynamic retinal imaging which may define and localize the dynamics of

retinal pulsation phenomena.

1.56.2 Independent component analysis

Except PCA, independent component analysis (ICA) is another data-driven ap-
proach method of multivariate statistics widely used for blind source separation or

feature extraction.
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Fig. 1.35: Projections of PCA (a) and ICA (b) axes. [192]

To compare both methods shortly, both PCA and ICA removes correlations
from the data however the ICA removes also higher order dependence. In other
words, while PCA removes the correlations through diagonalization of covariance
matrix and maximize variance (hence the 2nd order statistics), ICA uses higher
order statistics to maximize mutual independence among the components through
either minimization of mutual information or maximization of non-Gaussianity. Asa
result, the principal components are orthogonal and ordered according to explained
variability (i.e. importance) while independent components do not have to be neces-
sarily orthogonal and all the components are equally important. [1211, 126, 192 213]
Figure demonstrates projections of PCA (a) and ICA (b) axes: PCA rebuilds
the sample data according to the found unit orthogonal vector basis and in this
case, PCA axes do not correspond to data well. As the ICA is not enforcing the
orthogonality, ICA axes on the other hand are along with the axis of the largest
statistical directions. [192] 213]

Independent component analysis is seeking the components which are not only
uncorrelated but also mutually independent. Two variables are statistically inde-
pendent if information of the first value of the first variable does not give any infor-
mation on the value of the second variable, and vice versa [121]. In other words, the
two variables are statistically independent if the joint distribution of the variables
is a product of their marginal distributions. Mathematically, the independence of
two variables y; and ys may be described with their probability density functions:
the variables y; and y,, with their marginal probability density functions p;(y;)
and po(y2) respectively, are independent if their joint probability density function
p(y1,y2) is factorizable as Equation [1.28] [121].

P, y2) = p1(y1)p2(y2) (1.28)

Independent component analysis assumes the observations are generated as a
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Fig. 1.36: Independent component analysis. a, General principle of ICA: ICA as-
sumes the observations x () are generated as a combination of underlying indepen-
dent sources s(t) and computes the estimates of the original sources §(t). [126] b,
ICA data workflow.

combination of underlying sources and computes the estimates of the original sources
based on observed data only, without any prior knowledge (Figure [1.36f). Let’s
have m observations at instant time ¢, x(t) = [21(t), 21(t), .7, (¢)]? that are results
of the n underlying sources s(t) = [s1(t), s1(t),...s,(t)]7 combined together with a
mixing matrix A, i.e. Equation [1.29][126]. Independent components analysis then
computes the estimates of underlying sources §(¢) and unknown de-mixing matrix
W (Equation [1.30]).

x(t) = As(t) (1.29)

3(t) = Wa(t) (1.30)

Additionally, the computed estimated sources §(¢) are not ordered as in PCA so
all the sources are of the same importance. As the components are not ordered and
the number of sources is not known, the data reduction in form of PCA is an usual
step prior to ICA. Figure demonstrates data workflow while using ICA,
that includes also general data preprocessing steps (i.e. mean extraction, variance
normalization), PCA and data reduction. [65] [126]

To compute the estimates of the underlying sources §(t), the most of the ICA
algorithms use the basic assumptions which simplify the computation and makes
the ICA more tractable [126]. The most of the assumptions are about the process

of mixing the original sources s(t), hence the matrix A. The mixing is supposed
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to be linear, noiseless, stationary with a square mixing matrix. The assumption
of linearity and noiselessness means, that the observations x(¢) are generated by
mixing the original sources using linear superposition without any additional data
distortion caused by noise. The mixing process is stationary so its statistical param-
eters (i.e. mean, variance, etc.) are time independent. More, generally applies that
the number of observations exceeds the number of sources, i.e. m > n. However,
the most of ICA algorithms simplifies the computation with an assumption that the
number of observations corresponds to the number of sources, i.e. m = n, hence the
square mixing assumption. [I126] Next assumption is the statistical independence of
the sources so the sources meet the condition of independency as described earlier.
Additionally, it is assumed, the distributions of the components are non-Gaussian
with finite moments of any degree [7].

While computing ICA, there are another facts that must be taken into con-
sideration: neither the variances or the order of the independent components can
be determined. The explanation for these is that both s and A are being un-
known. Mathematically, the coefficient multiplying the vector of observations can
be weighted and also canceled by corresponding vector in matrix A multiplied by
the same coefficient [I2I]. This implies the differences in magnitudes of the com-
ponents. To avoid these differences, there is another assumption of unit variance
of the independent components that is reached by adapting of matrix A to comply
this restriction. [7], 121]

The ICA algorithms may be categorized into algorithms based on higher order
statistics and time structure based algorithms. Furthermore, there are ICA exten-
sions which additionally use prior knowledge about the mixing process or character
of the observations. [126] Time structure based algorithms and further extensions
of ICA are out of scope of this thesis, and only higher order statistics based ICA
methods will be described below.

Higher order statistics based ICA methods. The general process of ICA
via higher order statistics includes a postulating a certain parametric family for
the marginal probability distributions followed by optimizing of a contrast function.
The main criteria of statistical independence is minimization of mutual information
and maximization of non-Gaussianity. The contrast function representing the mu-
tual information are measured by Kullback-Leibler divergence or maximum entropy.
The criteria of non-Gaussianity is motivated with Central limit theorem saying the
sums of non-Gaussian random variables have more Gaussian distributions than the
original random variables individually. The contrast function representing the non-
Gaussianity is measured through kurtosis or negentropy. Besides the mutual infor-
mation and non-Gaussianity, I[CA may be computed based on maximum likelihood
approach. [126, 213, 270]
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There are many algorithms representing non-Gaussianity statistical criteria. Par-
ticularly, open source fastICA algorithm estimates independent components via kur-
tosis (the 4th order cumulant) in its fast fixed-point iterative algorithm. The kurtosis
is zero for Gaussian distributed signals. The general equation for the kurtosis of a
zero-mean random variable v is in Equation The optimization of the contrast
function is via the maximization of kurtosis of random variables in order to make

them non-Gaussian as much as possible.
kurt(v) = E{v*} — 3(E{v?})? (1.31)

In other words, fastICA algorithm is looking for a linear combination of the sphered
observations w’x (where w is considered as a weight vector and z; as observations)
such that has maximal kurtosis [I120]. The first step of the algorithm is to estimate
one independent component. A random vector of norm 1 is set as an initial vector
w(0) of searched w(k). Then, the vector w(k), expressed as Equation [1.31] is

being repeatedly calculated in iterations k until | w(k)Tw(k — 1) | is close to 1.
w(k) = E{z(w(k — 1)"z)*} — 3wk — 1) (1.32)

The next step in fastICA algorithm estimates other independent components. This
step adds orthogonalizing projection in the loop to make sure that each estimated
independent component is different [120].

The another popular algorithms using the non-Gaussianity is infomax, also called
Bell-Seinowski algorithm, using neural network gradient-based algorithm, and JADE

using joint approximate diagonalization of eigenmatrices.

1.5.3 Concurrent multivariate statistics

Besides PCA and ICA, multivariate statistics covers far more methods including
multiple regression methods, multivariate analysis of variance (e.g. analysis of vari-
ance ANOVA, analysis of covariance ANCOVA), factor and cluster analyses, etc.
These methods are out of scope of this thesis except for ANCOVA that was used
in statistical analysis investigating between group differences including confounding
factors. [255]

Analysis of covariance. Analysis of covariance ANCOVA originates in ana-
lysis of variance ANOVA, that compares between-group variances and within-group
variances, and extends ANOVA with a multiple regression analysis. ANCOVA is
utilized on data that includes at least one qualitative variable (continuous depen-
dent variable) and at least one categorical variable (i.e., independent variable; e.g.,
group). ANCOVA is usually used when other covariate/s is/are present. In com-

parison to ANOVA, ANCOVA compares one variable in two or more groups while
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considering the variability of other variables. The reason is that the other variables
may be related to the dependent variable. ANCOVA partitions out the variances
of the related variables from the residual variance of dependent variable to increase

the statistical power.

1.5.4 Multivariate statistics in the biomedical engineering field

PCA and ICA, often called the blind source separation (BSS) methods, have been
widely utilized to isolate signals of orthogonal or independent sources. In elec-
troencephalography and magnetoencephalography, the BSS proved to be useful for
a suppression of physiological noise [14], 42, 53, 55, [66, 103], 310, B09], separation
of distinct oscillation sources [41], 122 170], or enhancement of event-related poten-
tials [52, 61), 231]. In functional brain imaging, the spatial ICA is a prime method
forming data-driven functional connectivity matrices [30, 133, 307]. In cardiology,
BSS (ICA) is used to extract atrial activity from electrocardiogram (ECG) record-
ing of atrial fibrilation [259], or to remove artifacts from ECG signals acquired with
wearable system (i.e. biologic origin: muscle activity, and technical: electrode dis-
placement) [210]. Additionally, BSS via ICA/PCA may be used for extraction of
fetal electrocardiogram from maternal [50, 123]. In ultrasound imaging, BSS via
PCA was utilized to suppress noise (random distortion, i.e. electronic noise) and
cluttering (artifacts originating in deterministic sources in the area of measurement,
i.e. tissue movement and multiplicative noise) [199, 330]. BSS was also utilized
in dynamic positron emission tomography to reduce the noise in data time-courses
[130].

Despite advancements in various biomedical fields via BSS, the BSS has only been
implemented with a limited extent in the dynamic retina imaging field. Temporal
PCA was shown to be capable to filter out representative time-courses [214, 215].
However, BSS power to isolate spatially orthogonal or independent sources has not
been tested yet. Therefore, the presented Ph.D. thesis will extend current knowledge
about spatial BSS applicability in the retina imaging field and advance the field
about innovative data-driven image analysis method isolating functionally distinct

patterns in the optic nerve head hemodynamics.

1.6 Pitfalls of the state of the art

Lately, dynamic retinal imaging raises in popularity as it provides both static and
dynamic information. The in vivo observations of hemodynamic changes or vessel
pulsatility reflect the information about the retinal condition and its local patholo-

gies as well as the vascular condition, and even systemic neurodegenerative diseases.
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However, this field of dynamic retinal imaging lacks in several points, from technical
to data processing aspect.

As the retinal imaging field is still developing in both technical and clinical sides
(i.e. biomarker definition), there is currently no clinical standard for dynamic reti-
nal imaging. All various kinds of methodologies utilized in the field (described in
chapter "Functional retina imaging and ocular hemodynamic assessment”) have its
pros and cons to consider. Promising commercially available RVA/DVA provides
recordings in limited fps and semi-automated analysis only, thus it partially de-
pends on subjective evaluation. Commercially available DOCT devices provides 3D
image of retina in selected region. However the DOCT devices are expensive and
bulky. As the biomarkers within the dynamic retinal imaging are not established
yet, the mentioned devices are used especially in experimental settings and the pro-
prietary software often limits the research teams in progress. Promising and popular
among the researchers are various kinds of low-cost custom build experimental oph-
thalmoscopes with targeted image analysis. However, video-opthalmoscopy is still a
developing field and many tasks in techniques, imaging and data processing remains
unsolved.

Proprietary software of commercially available devices provides the basic anal-
ysis. Open source algorithms for image processing of the video-ophthalmoscopic
recordings (including registration, feature extraction and subsequent analysis) are
limited. Till now, the subjective evaluation of retinal pulsation phenomena in
video-ophthalmoscopic recordings determining presence/absence categories or four-
magnitude level categories according to Hedges scale persists till present and brings
potential faults into the analysis. The whole image processing often lacks the full
automatization of pulsatile pattern extraction, filtering the artifacts and objective
evaluation.

The method of multivariate statistics, i.e. principal component analysis and
independent component analysis, are widely used in neuroscience to locate the
functionally distinct anatomical parts as the sources of observed signal. Video-
opthalmoscopic recordings are represented with a similar data with a potential to
use in a same way and automize the process of locating the specific pulsatile patterns
in the retina. Yet, these methods were applied on retinal videosequences to reduce
the noise only, and were never applied in a sense of blind source separation.

The clinical biomarkers via dynamic retinal imaging are not established yet.
Many experimental studies provides promising candidates for biomarkers for detec-
tion of various diseases and presents also the changes in ocular hemodynamics be-
tween healthy controls and affected groups with various progression levels. However
many researchers skipped the basal research on healthy controls that may define the

significant physiological factors such as heart rate, age, sex, body mass index, etc.
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and their influence on RPPs. In dynamic retinal imaging field using the ophthal-
moscopic methods, the researcher focused mostly on spontaneous venous pulsations
or arterial pulsation and link them to specific diseases. However, the origin of SVPs
is still discussed and no experimental research confirmed any model explaining the
SVPs. Neither the biological factors and their influence on SVPs are fully described.
Additionally, there are other pulsation phenomena to research via ophthalmoscopy
methods, e.g. pulsation of optic cup tissue.
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2 Aims of doctoral thesis

Dynamic imaging of retina function represents a rapidly developing biomedical field
of recent years. Although a video-ophthalmoscopic initiatives are dated early af-
ter 2000, fast high-resolution dynamic imaging systems along with necessary image
processing methods (e.g., image registration) started to appear between 2010-2018.
Yet, automated image quality assessment of retinal frames remains underdeveloped
when compared to concurrent imaging fields. A data-driven automated “functional”
feature extraction from retinal videos has not been satisfactory developed and opti-
mized. There is also plenty of space for artifact suppression. For example, eye-blinks
generates signal spikes in time-courses of retinal hemodynamics and efficient spike
suppressing filter has not been presented. The clinical video-ophthalmoscopy field
has also number of research expectations, such as improve early diagnosis of retinal
diseases, non-invasively assess early failures in systemic diseases (e.g., hyperten-
sion, diabetes mellitus), or even predict level of intracranial pressure non-invasively.
However, neither clinical research task is completely solved today. Moreover, basic
biological research hypotheses also remain underdeveloped and should be answered
to allow reliable clinical study design.
Overall, my doctoral thesis aims to pursue five specific aims:
1. Develop automated spatial feature extraction based on mutual temporal co-
herence rather than based on anatomical morphology as preferably used today.
2. Develop adaptable spike suppression filter optimized for time-courses of retinal
hemodynamics.
3. Utilize existing or developed image processing and biomedical engineering tech-
niques into clinical research applications.
4. Assess basic relationships between morphology of retinal hemodynamics and
other biological variables and discuss implications for clinical study designs.
5. Conceptualize and design retina imaging experiment for simultaneous ima-
ging of video-ophthalmoscopic recordings with invasively measured intracra-
nial pressure (ICP) and other biosignals (finger photoplethysmography, respi-
ration plethysmography, electrocardiogram, electrooculogram), modify hard-
ware and software solutions for the experiment, and conduct proof of concept

experiment of the hardware part.
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3 Results

The core of my doctoral thesis is 1) development of currently missing piece of tech-
nology in retinal imaging - automatic methodology separating different pulsatile
patterns in recordings of human retina; and 2) the application of this innovative
approach providing new observations advancing the basal biological knowledge.

The first section of this chapter is focused on the utilization of higher order statis-
tics methods, i.e., PCA and ICA, in retinal imaging in effort to develop methodol-
ogy that automatically separates different pulsatile patterns in recording of human
retina. The presented approach includes also the spike suppression filter to effec-
tively reduce the effects of blinking artifacts in retinal recordings. Here, this topic
is presented via published article (IEEE Transactions in Medical Imaging) and ad-
dresses the specific aims (1,2) defined in the Aims of Doctoral Thesis.

Application of the presented approach is described in the second section of this
chapter via a published article (Communications Biology). The observation provided
by utilization of the presented approach revealed the morphology of SVPs and OCPs
and their relationship to biological factors - heart rate and age. These observations
advance the basal biological knowledge and address the specific aims (3,4) defined
in the Aims of Doctoral Thesis.

In an effort to address specific aim 5 defined in the Aims of Doctoral Thesis,
I have co-designed the experiment simultaneously acquiring the retinal recordings,
invasively measured ICP and other biosignals. The Design of the acqusition and
acquired data are described in the third and fourth sections of this chapter. The on-
going experiment has a potential to reveal the relationship/origin of retinal pulsation
phenomena and ICP.

During my doctoral studies I have partially focused on image quality assessment
issue in retinal imaging. My outcomes were presented as a research article (FElec-
trorevue), and a conference paper. However this topic does not represent a major
outcome and it is not included in chapter Results. Additionally, I have also con-
tributed to a clinical experiment in glaucoma research that utilize developed image
processing techniques. This topic address the specific aim (3) defined in the Aims
of Doctoral Thesis. Neither this topic is included in the chapter Results as it does

not represent the major outcome.
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3.1 PCA and ICA utilization in Retinal dynamic
imaging

The application of higher order statistics in dynamic ophthalmoscopy for blind
source separation of functionally distinct anatomical parts characterized with spe-
cific pulsatile patterns was published in journal of IEEE Transactions on Medical
Imaging: Labounkova, Ivana, et al. Blind source separation of retinal pulsatile
patterns in optic nerve head video-recordings [172]

Author’s contribution and Innovation. As a first author, I have developed
a methodology utilizing principle and independent component analyses for blind
source separation of functionally distinct areas in retinal video-sequences, called
retinal pulsatile patterns. I have identified two highly reproducible pulsatile patterns
(RPPs) through out the subjects, i.e. spontaneous venous pulsations SVP and
optic cup pulsations OCP. The methodology reaches high detection rate of SVP
(97.5% detection rate in single eye analysis) in comparison to variable detection
in other methodologies or subjective evaluation utilized in the field (varying 15-
99% 113, 124), [184), 1335, 205]). The methodology revealed the influence of respiration
on RPPs. T have participated on results interpretation and written the significant
part of the manuscript.

The developed methods and presented pipeline are incorporated in Retina Imag-
ing Toolbox which is publicly available at
https://github.com/umn-milab/retinaimagingtoolbox.

The authors’s accepted version of the article is attached in the next pages
of this Thesis (©2021 IEEE. Reprinted, with permission, from Labounkova et al.
Blind Source Separation of Retinal Pulsatile Patterns in Optic Nerve Head Video-
Recordings. IEEE Transactions on Medical Imaging, 40(3):852-864, 2021). In refe-
rence to IEEE copyrighted material which is used with permission in this Thesis,
the IEEE does not endorse any of Brno University of Technology’s products or
services. Internal or personal use of this material is permitted. If interested in
reprinting/republishing IEEE copyrighted material for advertising or promotional
purposes or for creating nex collective works for resale or redistribution, please go to
http://www.ieee.org/publications standards/publications/rights/rights_ link.html

to learn how to obtain a License from RightsLink.
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Blind Source Separation of Retinal Pulsatile
Patterns in Optic Nerve Head Video-Recordings

Ivana Labounkova, Member, IEEE EMB, Rene Labounek, Member, IEEE EMB, Igor Nestrasil,
Jan Odstreilik, Ralf P. Tornow and Radim Kolar

Abstract— Dynamic optical imaging of retinal hemodynamics is
a rapidly evolving technique in vision and eye-disease research.
Video-recording, which may be readily accessible and affordable,
captures several distinct functional phenomena such as the
spontaneous venous pulsations (SVP) of central vein or local
arterial blood supply etc. These phenomena display specific
dynamic patterns that have been detected using manual or semi-
automated methods. We propose a pioneering concept in retina
video-imaging using blind source separation (BSS) serving as an
automated localizer of distinct areas with temporally synchronized
hemodynamics. The feasibility of BSS techniques (such as spatial
principal component analysis and spatial independent component
analysis) and K-means based post-processing method were
successfully tested on the monocular and binocular video-
ophthalmoscopic (VO) recordings of optic nerve head (ONH) in
healthy subjects. BSSs automatically detected three spatially
distinct reproducible areas, i.e. SVP, optic cup pulsations (OCP)
that included areas of larger vessels in the nasal part of ONH, and
“other” pulsations (OP). The K-means post-processing reduced a
spike noise from the patterns’ dynamics while high linear
dependence between the non-filtered and post-processed signals
was preserved. Although the dynamics of all patterns were heart
rate related, the morphology analysis demonstrated significant
phase shifts between SVP and OCP, and between SVP and OP. In
addition, we detected low frequency oscillations that may represent
respiratory-induced effects in time-courses of the VO recordings.

Index Terms—Blind Source Separation; ICA; Independent
Component Analysis; Optic Nerve Head; PCA; Principal
Component Analysis; Retina; Video-ophthalmoscopy;
Spontaneous Venous Pulsations

I. INTRODUCTION

EXAMINING the retinal hemodynamic changes is an emerging
approach with many research and clinical applications not
only in ophthalmology (e.g. diabetic retinopathy [1], glaucoma
[2], [3]) but also in other medical fields such as neurology (e.g.
Alzheimer disease [4], multiple sclerosis [5]) or cardiology (e.g.
arterial stiffness [6], hypertension [7], diabetes [7]). The focus
on the optic nerve head (ONH) hemodynamics represents a
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challenging task due to its extreme vascular complexity. Two
arterial systems branching off the ophthalmic artery provide
blood supply to ONH. The main source is the posterior ciliary
artery supplying deeper layers of ONH and choroid via choroidal
vessels. The central retinal artery (CRA) supplies the surface
nerve fiber layer via retinal branches [8], [9]. Venous drainage
of ONH is mainly carried out via the central retinal vein (CRV)
and its tributaries [10], [11].

Several retinal hemodynamic phenomena related to the
complex retinal vascular tree are observable as spatially specific
dynamic patterns, which can be captured by various recording
techniques. Spontaneous venous pulsations (SVP) of the CRV
are the most obvious dynamic pattern. The SVP correspond to a
sudden vein emptying that is observed as a vein collapse during
systole and a subsequent vein dilation (i.e. refilling) during
diastole [12]. SVP are detected along the retinal vein while it
traverses the lamina cribrosa sclerae [13], [14]. SVP are
influenced by subtle changes in the local pressure gradient
between the intraocular pressure (IOP) within the eyeball and
intracranial pressure (ICP) within the intravaginal space along
optic nerve filled with cerebrospinal fluid [13]. Two other
observable phenomena that were previously reported are venous
pulsations due to diameter changes but without an observable
vein collapse [15] and arterial pulsations with arterial bending,
i.e. serpentine pulsations/movements [12], [15]-[17]. Both these
blood vessel pulsations (BVP) are influenced by many factors
such as systolic pressure, wall stiffness, vessel tortuosity,
peripheral resistance, etc. [16]. Lastly, pulsatile variations of the
ONH tissue were studied [17]-[21] and interpreted as changes
of blood volume [22] or velocity [23] in the underlying
microvessels, specifically in the optic cup [24]. Here, we name
this phenomenon as the optic cup pulsations (OCP).

Theoretically, each of these phenomena may be detected in
functionally distinct areas of ONH with heterogeneous retinal
hemodynamic properties [24]-{27] and this was one of the
hypotheses we tested here. Retinal hemodynamic may be
characterized by quantitative markers (e.g. blood flow, blood
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velocity, blood vessel density, etc.) using various approaches
(e.g. ophthalmodynamometry, optical angiography, retinal
Doppler techniques, and others) [2], [28]. Retinal video-
recording (RVR) techniques were also proposed for in-vivo
acquisition of local hemodynamic changes with varying spatial
and temporal resolutions. The relatively basic principle utilized
a slit lamp connected to a video detector [29], [30]. Several
experiments acquired RVRs with classic [31] or scanning laser
ophthalmoscopes [15]. Despite a sufficient spatial resolution,
low temporal sampling and/or short time acquisition represented
limitations of aforementioned techniques. Next, retinal vessel
analyzer (RVA) acquires video-sequences with fundus camera
and provides a semi-automated processing of temporal changes
in vessel diameter and blood flow [32], [33]. XyCAM RI™
camera (Vasoptic Medical Inc.) relies on infrared light laser
speckle imaging for a local blood flow acquisition followed by
velocity analysis [34]-[37]. Laser Doppler methods are another
approach to record retinal local blood flow velocity [38], [39].
All devices acquire the RVRs with high spatiotemporal
resolution [33], [37]-[40], but cannot simultaneously record the
RVR in both eyes. Also, most devices used relatively high
retinal illumination intensity, which can cause discomfort to an
examined subject and may change venular caliber and ONH
blood flow [41].

Recently, monocular [18] and binocular [22], [42] video-
ophthalmoscopes (VOs) using a low intensity non-coherent
monochromatic light have been introduced. The VO measures
the intensity change in the light absorption that corresponds to
the blood volume variation in the retina [22]. VOs offer an
“unlimited”  temporal  video-acquisition = of  retinal
hemodynamics with a sufficient spatiotemporal resolution. The
challenging factor is a limited signal to noise ratio due to eye
safety considerations opting for a low light power source setup.

The analysis of specific dynamic patterns in RVRs has been
performed by manual or semi-automated selections of the
specific area of interest [15], [17], [18], [30], [32], [33], [43].
This approach is prone to subject-related bias that can potentially
decrease the data analysis reliability and reproducibility. Despite
the current knowledge in RVR, an automated algorithm
separating RVR into functionally distinct areas is limited to
spatiotemporal singular value decomposition (SVD) achieved
with Doppler holography technique [44]. Automated algorithms
provide reliable and reproducible analysis across subjects. As
the spatiotemporal SVD may be seen as a high-computational-
demand BSS technique, we propose BSS as an automated
separator tool for RVR with low computational demands.
Previously reported applications of similar BSS approaches
have been limited to artifact suppression [15], [17]. In our
preliminary studies on monocular [45] and binocular [46] RVR
VO data we have outlined the utilization of two concurrent
BSSs, i.e. spatial principal component analysis (sPCA) and
spatial independent component analysis (sICA).

In the current study, we present a full description of the
algorithm utilizing SPCA or sICA for the automated separation
of functionally distinct ONH areas from mono/binocular VO
data. We also examine presence of low frequency respiratory-
induced effects in RVR. These effects have not been reported in
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previous retinal hemodynamic studies [15], [17], [43], [47],
[48], [22], [30], [32], [33], [35]-[37], [40] but are well known in
classic plethysmography [49]. Finally, we propose a novel
adaptive non-linear K-means post-processing of retinal pulsatile
pattern (RPP) dynamics and evaluate detection success rate for
each expected RPP and delays between their dynamics.

II. METHODS

A. Data approval, License statement & Experimental design

All participants were healthy subjects with physiological IOP
values who signed an informed consent form approved by the
ethical committee at the Friedrich-Alexander University of
Erlangen-Niirnberg, in concordance with the Declaration of
Helsinki. The subjects are part of the Erlangen Glaucoma
Registry cohort (www.clinicaltrials.gov, NCT00494923)
founded in 1991. All data analyses were performed with
MATLAB R2017b (MathWorks, Natick, USA) and with its
licensed or publicly available toolboxes, including our proposed
open-source Retina Imaging Toolbox (RIT, Appendix A).

Each subject was examined while comfortably sitting with
head rested and positioned on a VO chin holder to limit subject’s
motion. Each subject was asked to fixate the eyesight at the
target presented as red LED in VO.

B. Monocular VO data acquisition

Retinal video-sequences were acquired from the left eye in six
participants (age 64+14 years, four females, IOP in range 14-21
mmHg; more physiological info in Appendix B) with in-house
invented monocular VO [18]. Briefly, the VO consists of one
optical lens system (40D ophthalmic lens, 2 achromatic lenses),
one monochrome CCD camera (UI-2210 SE-M-GL, USB
interface, iDS, Germany), red LED forming the fixation target
and LED monochromatic low power light source (wavelength
A=575nm) illuminating retina with 30uW/cm?. Hemoglobin
absorbs the highest light power for the used monochromatic
wavelength and the reflected light changes are therefore
modulated due to blood volume changes during the cardiac cycle
[18]. The acquired 10s video sequences were saved in non-
compressed AVI format with 25fps and matrix size 640x480px
covering 20°x15° field of view (i.e. 1 pixel = 9.3x9.3um?).

C. Binocular VO data acquisition

Retinal video-sequences were acquired simultaneously from
both eyes in seven healthy subjects (age 69+14 years, four
females, IOP in range 12-21 mmHg; more physiological info in
Appendix B) with in-house invented experimental binocular
VO [22], [42], which is an extension of the monocular VO. The
difference was in the camera type as two CMOS cameras (UI-
3060 Rev 2, USB 3.0, iDS, Germany) were used. The device
allows acquisition of two separated precisely synchronized
video-sequences (one from each eye). Sequences were 10s long
with 25fps and matrix size 1000x770px covering 20°x15° field
of view (i.e. 1 pixel = 6.0x6.0pm?). The mono- and binocular
groups were fully disjunctive except for one subject.

D. VO data preprocessing

For each mono- and binocular RVR, eyeball movements
during an acquisition (in spite of a target fixation) were
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eliminated via rigid image registration method using the first
video frame as the reference image (output examples shown in
Appendix A) [50]. Due to the limited field of view (20°x15°) of
our VOs and the presence of surrounding artifacts (e.g. time
marks, specular light reflection), we limited the analysis to ONH
and peripapillary area (i.e., area adjacent to ONH aka optic
papilla). This region-of-interest (ROI) was delineated by a
manually drawn mask. For a both-eye BSS, the preprocessed
single-eye RVRs were merged into one binocular RVR.

E. Blind Source Separation of retinal pulsatile patterns

Regardless of monocular or binocular VO RVRs, a variable X
represented a 2D matrix (of dimensions X(7,P) where P>>T)
containing the full preprocessed and ONH segmented video-
recording of one mono/binocular dataset. Each row of matrix X
consisted of P pixels from ONH at one time point # (T is the
number of frames). While P>>T, sPCA [51] or sICA [52], [53]
can be estimated for the matrix X whose dimensions are similar
to those in functional magnetic resonance imaging (fMRI).
Since both BSSs have been widely utilized in fMRI analyses
[53], [54] we have applied them in the RVR data analysis.

For sPCA, a covariance matrix Xx of X served as an input
subsequently decomposed with singular value decomposition
(Eq. 1) at matrix of eigenvectors F of dimensions F(7,7), and
diagonal matrix of eigenvalues A of dimensions A(7,7) [51],
[53]. The first four principal components (PCs) X* of
dimensions X*(4,P) estimated as back-projection of the first
four eigenvectors Fi4 into the input dataset X (Eq. 2) were
considered as the result of the sPCA. The number of four
components was set based on our assumption that there are three
expected sources of spatially distinct phenomena (SVP, BVP or
OCP) and a noise component.

(M
@

Column eigenvectors of T samples in matrix F4 represent
temporal fluctuations (i.e. time-courses) of these PCs. Each row
vector of P samples in X* was transformed to Z-scores and
represented one of four observed spatially orthogonal PCs,
which can be thresholded and rescaled back into the original
anatomical space. All pixels where |X*|<1 (p<0.3174) were
thresholded to 0. This threshold segments each component into
an area of about 31.74% of the whole ROI. The three expected
physiological orthogonal components would be then fully
disjunctive and the expected “three-component” segmented area
would cover about 95% of the whole ROL The thresholded PCs
defined distinct statistical parametric maps with potential
different functional dynamics defined by eigenvectors in matrix
F14. The levels of linear dependence between eigenvector and
distinct local dynamics are proportional to local | X*| values.

The sPCA output served as the input, with reduced data
dimensionality and kept high explained data variance [51], [53]
into the sICA that is optimized to separate spatially independent
non-Gaussian sources better than sPCA, which is expecting
Gaussian sources [52], [53]. Spatial ICA (Eq. 3) was estimated
with FastICA optimizing algorithm [55].

A 0
Iy = [Fia FlT][ 64 Asr] [Fﬂ F{T
X = FI4X.
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Matrix § with dimensions S(4,P) was the source matrix of
spatially independent components. Same as for the matrix X*
from sPCA, each row of matrix § was transformed to Z-scores,
thresholded and rescaled back into the original anatomical
space. Statistical parametric maps in matrix § were thresholded
to 0 in pixels |S|<1 for the same reasons as used for X* values in
sPCA. Columns of mixing matrix 4 of dimensions A(7,4)
characterized the dynamics of observed ICs.

Both BSSs were applied independently as follows: on
monocular data for left eye RVR; on binocular data — for left and
right eye RVRs separately; and for merged both-eye RVR.

Visual inspection of principle components matrix X* and
source matrices S discovered three reproducible spatial distinct
patterns across right/left eyes and across subjects. Plus/minus
signs in Z-score maps of the corresponding morphological
spatial area varied across subjects and eyes. Therefore, the
plus/minus signs of Z-scores of classified spatial areas had to be
manually adjusted for all participants and eyes to be uniform to
assure the proper analysis. If the sign was changed in spatial
pattern of the principal or independent component, then it was
also changed in the time-course where the DC component was
subtracted first and again added afterward.

Counts, minimum Z-score, maximum Z-score, mean of
suprathreshold positive/negative Z-scores, and relative areas of
suprathreshold positive/negative Z-score maps were evaluated
over all participants of all detected reproducible spatial patterns
in estimated and sign uniformed matrices X* or S.

F. Post-processing of separated RPP time-courses

As the resulting time-courses of the RPP dynamics are often
disrupted by random spikes corresponding to strong eye
movements and/or blinks, we have designed the adaptive signal
restoration technique utilizing a single-vector K-means
clustering [56] at two classes with following local adaptive
temporal interpolation of the disrupted signal samples.

After the BSS, an absolute gradient g of each RPP time-course
vector u (i.e. u is a column of matrix Fr4 or A) was estimated
with a convolution formula (Eq. 4), where h=/1 -2 1] is a finite
impulse response function kernel approximating a local first
derivative operator.

9= lushl 4)

This gradient signal was used as an input to K-means
unsupervised method in order to separate samples into
“undistorted” and “distorted” class. A total of 300 runs with
random two-clusters initialization was used and the most
frequent and reproducible result was interpreted as the final and
“optimal” solution. Signal values classified as distorted were
replaced with interpolated values utilizing one-dimensional
cubic spline. Then, the output filtered signal was detrended and
the gradient estimation with following 300 separate K-means
clustering and cubic spline interpolation was repeated one more
time to effectively suppress spikes of lower magnitude.

To test whether there was a change in linear dependence
between non-filtered and filtered signals we evaluated Pearson
correlation coefficients and power ratios between both signals.
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G. Morphology analysis of RPP time-course phase shifts

A matrix M was built for the post-processed time-courses
(details in the Appendix C). The matrix M consisted of groups
with five subsequent control points defining one period of the
RPP. The first control point 1 is the beginning of the period. The
control point 2 is the maximal positive peak (without the DC
component in the signal) of the period. The control point 3 is the
middle period zero-crossing point (without DC). The control
point 4 is the minimal negative peak (without DC) of the period.
The control point 5 is the ending zero-crossing point (without
DC) of the period, which is simultaneously the control point 1
of the following RPP period. The control points were estimated
and visually inspected for time-courses of all physiologically
classified orthogonal and independent components. If necessary,
manual corrections were done in the classification and non-
harmonic parts of specific sequence were excluded.

The control points were used for evaluation of phase delay or
synchronicity of the different physiological RPPs between
themselves. For each subject and BSS technique, a mean heart
rate period and a mean delay between the same type of control
points were estimated. The delays were normalized with the
mean heart rate period. To determine whether positions of some
control points or all control points were “phase shifted”, we
applied a one-tail one-sample t-test rejecting the null hypothesis
that the delay was >0. Multiple comparison corrections were not
used due to low sample sizes. In this proof of concept study, the
hypothesis that BSS can blindly separate spatially distinct,
reproducible and phase shifted RPPs, was tested with
significance p<0.05. Single-subject mean amplitudes of RPP
time-courses were estimated as mean difference between y-
coordinates of control points 2 and 4.

H. RPP time-courses in negatively suprathreshold pixels

Source matrices X* and S yielded both positive and negative
suprathreshold Z-scores. We tested the relationship between the
temporal dynamics of positive and negative suprathreshold
pixels for all three patterns and both BSSs as follows. For both
positive and negative suprathreshold pixels that were identified,
the averaged intensity temporal dynamics were expressed and
these pairs were visually assessed and compared to the BSS-
identified time-courses from matrices F or A.

III. RESULTS

A. Monocular VO

Spatial PCA and sICA, demonstrated three reproducible
spatially distinct patterns in their orthogonal and/or independent
components. The patterns are SVP of CRV, OCP with larger
diameter vessels localized in ONH nasal part and the third group
that we labeled as “other”. A representative single-subject
example of detected patterns with temporal dynamics is shown
in Fig. 1a. The SVP and OCP were detected in almost all
participants with both BSSs. The “other” pattern demonstrated
limited inter-subject reproducibility (Table 1).

Group averaged maximal/minimal/mean Z-scores, mean
positive/negative suprathreshold areas and total suprathreshold
areas are listed in Table 1, together with group standard
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deviations for both BSS methods. The spatial PCA detected
larger suprathreshold areas than sICA (Table 1). All obtained
values were comparable to binocular dataset results (Table 1).
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Fig. 1. Orthogonal and independent RPPs (a) with example of separated time-
courses (b) and statistical evaluation of time-course filtration success (¢) from
monocular VO recordings of the left eye.

(a) Single-subject example of averaged image overlaid with three reproducible
spatial patterns, i.e. SVP, OCP, and “other” pulsations detected with sSPCA and
sICA. Color-coded statistical parametric maps show thresholded coefficients of
X* matrix for sPCA and S matrix for sSICA. Both map types were thresholded to
zero for all [X*|<1, |S|<1, respectively. Colormap is logio scaled. Visualizations
done with rit showmap (Appendix A). (b) Single subject non-filtered and
filtered time-courses of the spatial patterns, i.e. columns of matrices Fi4 and A.
Axis scale color-coding is matched to patterns (plotted with the addaxis [57]).
(¢) Distribution of filtered/non-filtered signal power ratios (left) and the Pearson
correlation coefficients (right) over different RPPs and BSS techniques.
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Visually, the filtered/non-filtered time-courses in Fig. 1b
were phase shifted over different RPPs with an expected
plausible pulsatile heart rate and had different time-course
amplitudes for specific RPPs and BSSs.

Time-courses from sPCA-SVP and sICA-other demonstrated
that the post-processing method filtered out signal spikes (Fig.
1b), particularly for time-courses in binocular data (Fig. 3b).

Within the post-processing of sPCA or sICA time-courses,
sPCA demonstrated lower power of noise in raw non-filtered
time-courses and higher linear dependence between filtered and
non-filtered time-courses for all RPPs (Fig. 1c).

The heart rate was estimated from control points of the filtered
RPP time-courses at 69+5 min'' and was stable and reproducible
over all RPP classes and both BSSs (Table 2).

Time-course amplitudes varied over the BSSs and over the
RPPs. The sICA estimated larger mixing matrix coefficients in
“mean” ranges 0.789-1.509 over RPPs. The sPCA eigenvector
mean values were in ranges 0.003-0.105 (Table 2).

The OCP were demonstrated to be significantly phase shifted
in comparison to SVP when evaluated either for all control
points at once or for each separate control point (Fig. 1c and
Table 2). The OCP preceded the SVP by 10.4+8.6% of heart
cycle period for sICA and by 9.5£6.2% for sPCA. Mean p-
values of observed significance in phase shifts were
0.02340.013 for the SICA and 0.006+0.004 for the sPCA.

The “other” pulsations were not significantly phase shifted to
SVP or OCP (Table 2) while using sICA, whereas the sSPCA
results demonstrated significant shifts between “other”
pulsations and OCP at two control points (Table 2).

B. Binocular VO

Comparably to monocular VO, sPCA and sICA demonstrated

the same three reproducible spatially distinct patterns (i.e. SVP,
OCP and “other” pulsations). A representative single-subject
example of detected patterns is shown in Fig. 2 for four different
BSS strategies (i.e. both eye sPCA/SICA or separate left and
right eye sPCA/sICA) at binocular data. Filtered and non-
filtered time-courses are shown in Fig. 3a. Pattern detection
heartrates for each separate strategy are listed in Table 1.
The “other” pulsations demonstrated the lowest detection
compared to SVP and OCP. Group averaged maximal/minimal/
/mean Z-scores, mean positive/negative suprathreshold areas
and total suprathreshold areas are listed in Table 1, together with
their group standard deviations for all used BSS strategies. Both
mean and standard deviation of the parameters were comparable
over BSS strategies without any obvious differences (Table 1).

Mean segmented and classified total area of the entire ONH
was in a range of 79-85% with averaged standard deviation of
9%. It was lower than 95% of segmented area as originally
expected suggesting that the last non-classified “noise”
component is of a larger power than 5% of spatial variance.
sPCA detected larger suprathreshold areas than sICA (Table 1).
Visually, all filtered/non-filtered time-courses in Fig. 3a were
phase shifted over different RPPs with an expected plausible
pulsatile heart rate and had different time-course amplitudes
over different RPPs and used BSS strategies. The implemented
K-means post-processing filtering method of BSS outputting
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Fig. 2. Orthogonal and independent spatial patterns derived from four different
BSS strategies from binocular VO recordings.

Single-subject example of averaged image overlaid with three reproducible
different spatial patterns, i.e. SVP, OCP, and “other” pulsations detected with all
BSS techniques, i.e. both eyes sSPCA/sICA (bino), left eye SPCA/sICA (mono),
and right eye sPCA/SICA (mono), respectively. Right-left orientation is the same
as shown in the averaged image. Color-coded statistical parametric maps are
thresholded coefficients of X* matrix for sSPCA or S matrix for sSICA. Both map
types were thresholded to zero for all [X*|<I, |[S|<I, respectively. Colormap is
logio scaled. Time-courses of suprathreshold locations of this subject shown in
Fig. 3a. Visualizations done with rit showmap (Appendix A).
time-courses did not change the physiological pulsatile pattern
character in time-courses with a low noise power level (Fig. 3a)
but even if high-power noise spikes were present (Fig. 3b). The
sICA method demonstrated lower power of noise in the raw
output non-filtered time-courses and higher amount of linear
dependence between post-processed and non-filtered time-
courses for SVP and OCP patterns in comparison to sPCA
results (Fig. 3c¢). After the post-processing, control points
defining the full pulsatile pattern periods were automatically
detected (Appendix C) and manually corrected if necessary. A
representative example of marked time-courses of three RPPs is
shown in Fig. 4a with a quantitative delay measurement between
OCP and SVP control points 4, which was used for a mean
single-subject delay estimation.
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Fig. 3. Non-filtered and filtered RPPs time-courses derived from binocular VO recordings.
(a) Single-subject example of non-filtered and filtered time-courses of orthogonal and independent spatial patterns that are shown in Fig. 2. Y-axes represent
coefficients of eigenvectors F (Eq. 1) for sSPCA results and columns of mixing matrix A (Eq. 3) for sSICA. Color-coded intensity scales correspond to curve pairs
with matching color. Minimal amplitude peaks of ONH cup and “other” pulsations precede minimal amplitude peaks of SVP. (b) Y-axes description and color-
codings are the same as in a. Representative examples of K-means filtering approach keeping and not disrupting the physiological pulsatile signal but suppressing
“high-power” spike noise, which is typical and commonly present in sSPCA/sICA output time-courses derived from VO recordings, are shown. (¢) Distribution of
filtered/non-filtered signal power ratios (up) and the Pearson correlation coefficients (bottom) over different RPPs and BSS techniques. Data of both/left/right
sPCA/SICA were concatenated into one boxplot because of the low sample sizes, i.e. maximal number of samples for one pattern and BSS technique is 21 at
present. Boxplots for “other-sSICA” were only derived from 15 samples, and “other-sPCA” only from 12 samples. In power ratio boxplots, one sample with the
lowest power ratio was excluded before generating the boxplot. Trends within boxplots for power ratios and Pearson correlation coefficients are similar and
consistent. Generally, the filtered and non-filtered signals remain highly linearly dependent, while Q1-Q3 boxplot intervals mostly do not interfere below correlation
coefficient of 0.6, even when the filtered signal has about 40% of a non-filtered signal power. Blue curves in bottom graph of b are SVP where Pearson correlation
coefficient between post-processed and non-filtered signal is outlying 0.54 for SVP-sICA group in ¢. Graphs in a, b were plotted with the addaxis toolbox [57].

Minor manual corrections of incorrectly detected points 1, 2,
3, 4 or 5 were necessary to be done in 36 cases of 75 of total
estimated time-courses, i.e. a full success rate of the proposed
automated morphologic method was 52%. The frequent error,
which needed manual edits, was overdetection of zero-crosses
and peak points in OCP or “other” time-courses. The method
worked without errors for 98% of all detected SVP time-courses.

The mean heartrate of 54+5min”! was estimated from time-

courses and was stable and reproducible over all RPP classes and
both BSSs (Table 2). The estimated heartrate values are in
physiological range for healthy subjects in well physical
condition. Time-course amplitudes varied over BSSs and RPPs.
The sICA estimated larger mixing matrix coefficient in ‘mean’
range of 1.123-2.632 over RPPs, sPCA eigenvector mean values
were in range of 0.003-0.162 (Table 2). Optic cup pulsations
were significantly phase shifted compared to SVP (Table 2).
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TABLE I
GROUP SPATIAL STATISTICS OVER ALL INVESTIGATED BSSS
MONOCULAR DATA BINOCULAR DATA
L_sICA L_sPCA B_sICA L_sICA R_sICA B_sPCA L_sPCA R_sPCA
SVP-det 6/6 6/6 6/7 77 6/7 6/7 77 7/7
OCP-det 5/6 6/6 6/7 77 7/7 717 717 717
Others-det 2/6 3/6 4/7 6/7 5/7 4/7 57 3/7
SVP -Z-Max 9.17+4.02  8.26+3.70 12.23+2.99  9.13£3.58  9.82+2.36 11.74+3.13  8.82+£3.69 8.03+2.17
OCP-Z-Max 3.45+0.74 2.89+0.41 3.34+0.73  2.96+0.38 3.34+1.42 2.69+0.23  2.31+£0.24  2.54+0.35
Others-Z-Max 3.92+0.37  6.25£1.68 4.80+0.65 4.74+1.30 4.88+1.69 5.41+0.60 4.63+0.50 5.5242.12
SVP -Z-Min -3.02+1.11 -3.91+1.01 -2.69+0.28 -2.45+0.59 -2.78+0.44 -2.95+0.66 -2.53+0.57 -3.45+1.17
OCP-Z-Min -3.10+1.03 -2.80+0.94 -3.3741.25 -2.67+0.64 -2.87+0.63 -3.03+1.23 -3.25+£1.69 -3.26+1.45

Others-Z-Min -4.64+0.22 -4.73+1.88 | -4.11+0.90 -4.20+0.63 -4.21+0.60 | -4.50+0.32 -4.584+0.98 -3.74+2.06
SVP -Z-P-Mean 2.14+0.52  1.98+0.34 2.34+031 2.42+0.33 2.32+0.15 2.26+£0.38 2.33+0.38 1.97+0.35
OCP-Z-P-Mean 1.54+0.10  1.65+0.14 1.57+£0.19  1.49+0.08 1.48+0.22 1.58+£0.05 1.50+0.08 1.54+0.08
Others-Z-P-Mean | 1.56+0.17 1.69+0.08 1.62+0.14  1.62+0.23  1.58+0.33 1.56+0.06 1.58+0.06 1.65+0.20
SVP -Z-N-Mean | -1.34+0.17 -1.45+0.07 | -1.2740.06 -1.26+0.10 -1.26+0.08| -1.32+0.08 -1.28+0.11 -1.40+0.17
OCP-Z-N-Mean | -1.38+0.10 -1.28+0.08 | -1.30+0.06 -1.324+0.14 -1.31£0.10 | -1.29+0.13 -1.28+0.13 -1.26+0.12
Others-Z-N-Mean | -1.7140.01 -1.52+0.12 | -1.60+0.20 -1.55+0.13 -1.61+0.16| -1.53+0.09 -1.56+0.12 -1.41+0.19
SVP -Z-P-Area 0.10£0.04  0.11£0.03 0.0940.02  0.10+£0.03  0.09+0.01 0.0940.02  0.10+£0.03  0.11+0.03
OCP-Z-P-Area 0.184£0.03  0.17+0.02 0.1840.02  0.19£0.02  0.19+0.04 0.1840.01  0.20+£0.02  0.19+0.03
Others-Z-P-Area | 0.13+0.02  0.1440.03 0.14+0.02  0.14+0.03  0.13+0.03 0.15+£0.01 0.15+0.02  0.15+0.05
SVP -Z-N-Area 0.09+£0.06  0.10+0.05 0.05+£0.04 0.04+0.04 0.06+0.01 0.07+£0.05 0.06+0.05 0.11+0.04
OCP-Z-N-Area 0.15£0.03  0.15+0.04 0.1740.05  0.18+£0.05  0.20+0.04 0.1740.03  0.19£0.03  0.18+0.02
Others-Z-N-Area | 0.14+0.01  0.13+0.02 0.14+0.01  0.15+£0.03  0.15+0.03 0.15+0.01  0.14+0.02  0.14+0.02
Total Area 0.79+0.14  0.77+0.14 0.79+0.06  0.80+0.13  0.79+0.11 0.85+0.13  0.83+0.15  0.83+0.02
det pattern incidence, Z Z-score, P positive, N negative, Max maximum, Min minimum. L sSICA or L sPCA spatial ICA or PCA estimated from the left eye.
Similarly, B from both eyes in one analysis, and R from the right eye. All area values represent the partial area of the ONH where the area of the ONH is equal to
1. All maximum, minimum, or mean Z-score values and detected counts have no units. All values are group averages and group standard deviations.

Fig. 4. RPP time-courses derived from
a 10 2 Morphology measurements for delay evaluations of pulsatile time-courses binocular VO recordings
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BSS representative examples generalizable for
both monocular or binocular datasets. (a) BSS-
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about -15.8% cycle earlier phase shift) is shown.
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mixing matrix 4. (b) Mean pulsatile dynamics
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vessel areas) suprathreshold voxels of the BSS-
derived disc cup RPP component and the BSS-
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The OCP preceded the SVP in average 13.6+7.6% of heart cycle  but partly when evaluated for each separate control point (Table
period for sICA, and 13.949.0% for sPCA. The spatial ICA  2). The “other” pulsations preceded the SVP by 12.0+7.8% of
demonstrated the expected signal shift of —3.1+1.8 samples heart cycle period for sICA and 17.1+16.7% for sPCA. The
(averaged p-values=0.0036+0.0063) for subjects with a heartrate  spatial ICA demonstrated the expected signal shift of —2.7+1.8
~55min”' with signal framerate 25fps. The spatial PCA samples (p=0.0403+0.0694) for subjects with a heart rate
demonstrated shift about —3.2+2.1 samples (p=0.0056+0.0067). =55min"! with the signal framerate 25 fps. The spatial PCA
“Other” pulsations were significantly phase shifted in demonstrated shift of —3.943.8 samples (p=0.0834+0.0841).
comparison to SVP when evaluated for all control points at once Any significant time difference between “other” pulsations
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TABLE II
GROUP STATISTICAL EVALUATION OF TIME-COURSE DYNAMICS
Left eye SICA Lefteye sSPCA  Legend:
SVP-HR 69+5 68+5 MONO monocular
OCP-HR 7045 69+5 BINO binocular
Other-HR 686 69+4 HR heart rate; min™
SVP-Am  1509+0469  0.105:0.024 Amamplitude
OCP-Am 12240479  0.003+0.001 ilﬁdzé ;és4 control point
Other-Am  0.789+0.540  0.09040.010  (p) Gvpy. cte.
OCPI-SVPI  -0.09540.087  -0.094£0.061 o0 oot o
OCP2-SVP2  -0.109+0.087  -0.0890.066 pcar cycle as described
OCP3-SVP3  -0.105+0.085  -0.092+0.069 iy the Fig. 4 legend.
OCP4-SVP4  -0.108+0.090 -0.103+0.057  Values are group
OCP-SVP  -0.104+0.080 -0.95+0.059 averages and group
Other1-SVP1 -0.176+0.102 0.039+0.105 standard deviations.
Other2-SVP2  -0.189+0.114  0.022+0.126 Statistically significant
Other3-SVP3  -0.1754£0.089  0.026+0.115 Vvalues according to p-
Other4-SVP4  -0.174+0.099  0.022+0.115 Values derived from
Other-SVP  -0.179+0.077  0.027+0.099 Wilcoxon rank-sum
Otherl-OCP1 -0.058:0.082  0.174+0.138 testor one tailed t-tests
Other2-OCP2  -0.055+0.072  0.167+0.139 :23:}?2\135 i(r’lnbngable
Other3-OCP3  -0.032£0.052  0.1700.129 m
(more detail in
Other4-OCP4  -0.028+0.058  0.169+0.139  \rop o)
Other-OCP  -0.043£0.053  0.170+0.116
Both eyes Lefteye Right eye
SVP-HR 544 5345 5446
ODP-HR 5544 5446 5446
Other-HR 5644 5346 5446
SVP-Am  2.636£1.064  2.811£1.050  2.651%1.547
ODP-Am  1.526£0.517  1.610+0.536  1.764+0.845
Other-Am  1.107£0.506  1.17140.400  1.1230.682
OCP1-SVPl  -0.164+0.083  -0.168+0.078  -0.1710.056
OCP2-SVP2  -0.1410.134  -0.158+0.099  -0.101+0.061
OCP3-SVP3  -0.11240.068  -0.132+0.059  -0.1030.049
OCP4-SVP4  -0.117+0.064  -0.124+0.066  -0.144+0.095
OCP-SVP  -0.134£0.088  -0.145+£0.075  -0.130£0.070
Otherl-SVP1  -0.093+0.102  -0.193£0.073  -0.155+0.058
Other2-SVP2  -0.073+0,160  -0.137£0.069  -0.086+0.025
Other3-SVP3  -0.063+0.113  -0.143£0.061  -0.107+0.035
Other4-SVP4  -0.074+0.090  -0.145£0.071  -0.166+0.078
Other-SVP  -0.076£0.107  -0.155+0.068  -0.128+0.059
Otherl-OCP1  0.105£0.096  -0.026+0.095  -0.016+0.114
Other2-OCP2  0.110+0.105  0.028+0.139  -0.020+0.057
Other3-OCP3  0.079+0.099  -0.007+0.073  -0.020+0.081
Other4-OCP4  0.073£0.090  -0.017+0.068  -0.0210.087
Other-OCP  0.092+0.089  -0.005+0.094  -0.019+0.078
Both eyes Left eye Right eye
SVP-HR 56+3 545 5346
ODP-HR 545 545 5445
Other-HR 5942 5446 5743
SVP-Am  0.160+0.011  0.162+0.013  0.159+0.013
ODP-Am  0.003£0.002  0.003+0.002  0.003+0.002
Other-Am  0.076£0.047  0.123£0.043  0.130£0.059
OCPI-SVP1  -0.187+0.096  -0.152+0.045  -0.165+0.111
OCP2-SVP2  -0.150£0.101  -0.122+0.084  -0.1060.098
OCP3-SVP3  -0.145+0.089  -0.113£0.045  -0.131+0.121
OCP4-SVP4  -0.156£0.107  -0.104+0.052  -0.1310.137
OCP-SVP  -0.159£0.093  -0.12+0.0583  -0.133£0.113
Otherl-SVP1 -0.160£0.227  -0.212+0.102  -0.192+0.136
Other2-SVP2  -0.130£0.212  -0.199+0.147  -0.198+0.195
Other3-SVP3  -0.12240.213  -0.161£0.090  -0.188+0.159
Other4-SVP4 -0.143£0272  -0.147£0.114  -0.201=0.181
Other-SVP  -0.139£0.199  -0.180£0.109  -0.1950.144
Otherl-OCP1  0.040£0.228  -0.053£0.109  0.053%0.191
Other2-OCP2  0.004£0.208  -0.066+0.185  -0.010£0.295
Other3-OCP3  0.040£0.155  -0.039+0.080  0.0410.156
Other4-OCP4  0.043£0.188  -0.033+0.089  0.0360.136
Other-OCP  0.032+0.169  -0.048+0.113  0.0300.176

Copyright (c) 2020 IEEE.
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and OCP was not detected (Table 2).

For all three patterns, the mean temporal dynamics of
negatively suprathreshold pixels and positively suprathreshold
pixels were highly positively correlated for both BSSs (Fig. 4b)
and the same results were obtained for the monocular dataset.

C. Respiratory-induced effects in VO recordings

Three reproducible components (i.e. SVP, OCP or OP) did not
show respiratory-induced effects (i.e. ®0.2Hz oscillations). In
contrast, both-eyes sPCA or sICA demonstrated 4" separate
component with ~0.2Hz oscillations in four out of seven subjects
in binocular datasets (Fig. 5). The oscillations might represent
respiratory-induced effects. Spatial pattern was manifested
homogeneously across the subjects (Fig. 5).

IV. DiscussION

A. Study novelty and medical imaging impact

We applied BSS techniques to mono- and binocular RVRs. This
approach provided a blind and data-driven separation of three
RPPs. The SVP and OCP patterns were uniformly captured
across all subjects whereas the pulsations that we labeled “other”
were observable across most subjects. We described the
methodology in detail and supplied robust feasibility data for the
use of BSSs in retina imaging. Moreover, in direct comparison
to our preliminary binocular study [46], the current study
extends the methodology with a modified adaptive K-means
post-processing restoration of the pulsatile pattern dynamics and
quantitatively evaluates RPP delays for both mono- and
binocular video-recordings. We detected low frequency RPP
with homogeneous spatial pattern across subjects. These
oscillations may represent respiratory-induced effects.
Practical impact: The proposed methods represent next step
to an automated analysis tool for the evaluation and
segmentation of functional zones inside the OD. This method
bears a major potential impact spanning from plentiful scientific
applications (e.g. physiology of retinal hemodynamics) to a vast
use in many clinical scenarios such as diagnostics, prediction, or
monitoring of disorders where retinal hemodynamics may be
altered. These disorders include conditions with an impairment
of vascular elasticity (arterial stiffness due to arteriosclerosis,
diabetes mellitus or metabolic syndrome, chronic renal disease,
neurodegenerative disorders such as Parkinson’s disease,
Alzheimer’s disease or other types of dementia, traumatic brain
injury etc. [1], [4], [58]-[63]), blood composition (e.g.
hyperviscosity syndrome [64]), and flow alteration
(cardiovascular diseases, pulmonary hypertension, carotid artery
stenosis, myopia) [6], [65]-[67], BP (e.g., arterial hypertension)
[18], [68]-[70], IOP (e.g., glaucoma) [2], [3] or ICP (e.g.,
pseudotumor cerebri or intracranial pathologies increasing ICP)
[71]. Both BSSs quantified spatial statistical parametric maps of
patterns and significant between-pattern phase shifts. The
generated maps’ magnitudes and the reported time shifts in
temporal dynamics corresponding to RPPs can be regarded as
potential new biomarkers. The proposed method proved to be
feasible in the VO data, but, in principal, can be applicable for
other techniques assessing retinal hemodynamics (i.e. RVA
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Fig. 5. Retinal pulsatile patterns considered to be respiratory-induced effects.
Spatial maps, time-courses and power spectral densities are shown for the sSPCA
results. Letter L in spatial maps express left eye, R right eye, a.u. means arbitrary
units. Time-courses were k-means post-processed but not detrended.

[32], [33], XyCam RI™ [34]-[37], Doppler OCT [44], [48],
etc.). Given the importance and success of BSS in neuroimaging
[53], [54], [72], the application of BSS in retina imaging, has a
tremendous potential for future vision or eye-disease research.
Potential novel clinical applications: SVP are influenced by
the pressure gradient between IOP and ICP. Therefore, there are
many potential applications in conditions with altered IOP or
ICP [73] [13], [14], [31]. The interpretation of IOP-SVP-ICP
gradients providing a mathematical model describing the
interplay between these pressures remains to be defined. BSS of
SVP with high reproducibility represents a new avenue to
explore and potentially define these relationships. SVP
correlated to the thickness of retinal nerve fiber layer (RNFL) in
a recent observation of glaucoma and glaucoma suspect patients
[40], [74]. RNFL thinning was well described in glaucoma [75]
or arterial hypertension [76], and in several neurological
diseases such as Alzheimer’s and Parkinson’s disease [77]-[79],
multiple sclerosis or even in rare disorders, e.g. adrenoleuko-
dystrophy [80]. Hence, an examination of a relationship between
SVP automatically isolated by BSS and RNFL thickness is
another interesting area of future research that can lead to novel
clinical applications. Finally, the presented BSSs can facilitate
an investigation of the reproducible OCP and its alteration in
various disease conditions affecting retinal hemodynamics.
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B. Physiologic interpretation of pulsatile pattern dynamics

A local image intensity decrease in our RVR represents a local
blood compartment volume increase, because the light is
maximally absorbed within the blood volume peak [22].Thus,
dynamics of three detected phase shifted RPPs correspond to
local blood volume changes of different blood volume
compartments. The OCP compartment preceded the SVP across
all control points. The underlying physiology that would explain
why the “other” pulsations are preceding SVP remains unclear.

The SVP in CRV represent the most pronounced and
detectable retina compartment by VO. The SVP are caused by
the vein collapse and refilling during cardiac cycle [12], [13] and
it is believed that SVP dynamics is conditioned by the local
pressure gradient [13], [14]. SVP are detected in the area where
CRYV traverses the lamina cribrosa sclerae [19], [20] and
manifest as a strong image intensity change characterized by a
specific time-course and spatial distribution.

The OCP pattern was spatially detected in the temporal part
of ONH and in the larger vessels in the nasal part, predominantly
arterial branches of CRA. The pattern in the temporal ONH part
may originate from microvessels supplied from the posterior
ciliary artery. The posterior ciliary artery is characterized by a
different hemodynamics with higher blood velocity when
compared to the central retinal artery (CRA) or CRV [25]-[27],
[81]. A fluorescein angiography study presented the pre-arterial
filling of the choroidal circulation, i.e. preceding the filling of
major retinal arteries, and also revealed the relationship between
OCP and the choroidal circulation [24]. Similar findings were
shown in non-human primate studies showing the pre-arterial
filling of the choroid and prelaminar region of ONH but not a
filling of the retinal vascular bed [24]. These hemodynamics
differences may contribute to phase shifts that we detected
between specific patterns. The quantified delays between OCP
and SVP dynamics are comparable to reported shifts between
arteries and veins [30], [82], [83] and ONH and vessels [22].

The “other” pulsations may likely correspond to BVP that
were described in the introduction. As BVP cover several
physiologically  different phenomena observed during
ophthalmoscopic examination and each subject is characterized
with a unique vessel tree, these pulsations may occur in various
parts of the retina having various physiological origins. That can
explain that the “other” pulsations are more variable and less
reproducible across subjects than SVP and OCP. The further
investigation of physiological origins of pulsations is warranted.

C. Monocular vs. binocular recording & sPCA vs. sICA

Our findings showed that both BSSs were feasible, equally
useful, and comparable in temporal dynamics evaluation as well
as in spatial statistics. Future studies with more participants and
in subjects with altered retinal hemodynamics may determine if
one method is preferable over the other. In the comparison of
monocular/binocular BSS modes, we have not noticed any
significant difference except for respiratory induced effects that
were only observed in the binocular mode. Apart from BSS,
spatiotemporal SVD has been recently introduced in Doppler
holography RVR [44]. The decomposition was similar to sSPCA
but with higher computational demands since it optimizes two
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(i.e. spatial and temporal) eigenvector matrices instead of one
temporal eigenvector matrix F (Eq. 1). For monocular RVR,
sPCA lasted 1.72+0.47s on a laptop computer (Intel® Core™
15-5200U processor, RAM: 8GB 1600MHz DDR3L) and sICA
took additional 0.83+0.19s. For binocular RVR, single-eye
sPCA lasted 3.54+1.03s and sICA additional 2.03+0.55s; for
both-eyes sPCA lasted 12.95+2.69s and sICA additional
5.11+1.52s. Linear regression is another approach fitting RPP
from RVR [43]. Both BSSs overcome the regression since no
prior information about model time-course or ROI is required.

D. Limitations and future work

A detected inconsistency in phase shifts of “other” pulsations
to SVP and OCP might be caused by the fact that the “other”
pulsations are not homogenous in its etiology and originated
from spatially and anatomically differing areas.

The phase shifts between different RPP may become a novel
quantitative biomarker for the type of diseases where retinal
blood flow and perfusion are affected, i.e. plaque in the carotid
artery influencing the ONH blood flow circulation [6], or
glaucoma [84], [85]. Due to low sampling rate of 25fps the
detected time shifts between RPP spanned a limited number of
time samples. These findings might then be distorted in subjects
whose heart rate is >75min’'. Optimizing the data acquisition
with a higher sampling rate will be the scope of the future study.

Low detection rate and reproducibility of respiratory-induced
RPP may be caused by the following factors. First, participants
were instructed to focus and not blink, which may result in
slowing or even holding the breath during the examination in
some subjects. Second, considering breath frequency ~0.2Hz,
acquisition of 10s enables to detect two full periods. Longer
recordings may be required to assess the effect of breathing.
Third, respiratory-induced RPP might be isolated in principal
components with index>4, and so may be omitted.

In our RVR setup, the light absorption due to blood volume
changes prevail over effects of ONH longitudinal movement
variations reported in other studies as heartrate fundamental
[86], [87] or higher-order harmonic oscillations [88]-[90]. We
observed a high-frequency signal in components with index>4
but the deeper analysis was beyond the study scope.

Although BP, IOP or ICP influence the perfusion pressure in
retinal vasculature [25] blood pressure and ICP measurements
were not available for our cohort. Along with the limited number
of participants, the evaluation of physiological effects and
relationships to these pressures was precluded in our study.

BSS multi-subject extensions estimating a group aggregated
components were reported in MRI field [53], [54], [72] but
appear non-applicable in retina-imaging at present. Data
normalized in a template space is fundamental for such approach
but a retina template invention is a quite challenging task due to
inter-individual & inter-eye difference in the retinal vasculature.

APPENDIX A

The Retina Imaging Toolbox (RIT) is publicly available at:
https://github.com/ivanalabounkova/retinaimagingtoolbox

Example of co-registered monocular retinal video-recording
is publicly available at: https://youtu.be/-CABIpjWX8Y and the
binocular at: https://youtu.be/4anapl0TZTQ
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APPENDIX B

CLINICAL INFORMATION OF THE PARTICIPANTS

Age Sex HR IOP Refraction Vision Perimetry RNFL
year min”' mmH D pm
MONOCULAR DATASET
1 76 M 71 15 1.4 0.7 1.6 103
2 57 F 65 N/A -1.3 1.3 0.9 94
3 66 F 65 15 29 1.0 -12 110
4 83 F 76 21 1.5 0.7 0.8 79
5 45 F 72 14 -3.9 1.0 0.9 86
6 56 M 63 19 -1.9 0.8 2.1 76
BINOCULAR DATASET (LEFT/RIGHT EYE)
1 83 F 57 16/20 1.5/0.5 0.7/0.7 0.8/1.4 79/85
2 73 F 59 14/15 1.6/1.9 1.0/1.0 -1.3/-1.9 114/111
3 72 M 52 14/14 2.6/2.5 1.0/1.0  0.1/-0.9  95/99
4 77 F 57 12/12 -2.1/-1.8 0.7/0.8 1.4/0.4 89/90
5 45 M 45 15/15  -3.8/-3.0 1.0/1.0  -0.5/-1.1  89/91
6 55 M 56  14/13  -2.4/-3.0 1.0/1.0  -0.6/-2.2  89/90
7 80 F 49  13/14 0.3/0.5 1.0/1.0 0.5/0.3 93/86

F female; M male; HR heart rate; IOP intraocular pressure; D diopters, RNFL
retinal nerve fiber layer; N/A not available. Values were measured prior to VO
acquisition on the same day. HR was estimated as a mean from all isolated
subject’s RPPs. Vision corresponds to the best corrected visual acuity. All
subjects had clear optical eye components. RNFL thickness was measured
using Spectralis OCT (Heidelberg Engineering, Germany), 10P using
Goldman contact tonometry, white-on-white perimetry with computerized
static projection perimeter (Octopus 500, Haag-Streit).

APPENDIX C

The post-processed time-course was normalized to mean 0 and
variance 1 and band-passed filtered in Fourier domain at
frequency range 0.5-2.0Hz at uy. Local maxima/minima were
detected as follows. The normalized and band-passed signal uy
was smoothed and local extremes were transformed to zero-
crossing points in output vector v with two consecutive linear
convolutions with kernels s=/1 1 1 1 1]/5 and d=[1 -1] as
written in Eq. C1. Then, signal values |v(?)|<0.08 were identified
as numbers 1 in a binary vector b at positions ¢. Each point of the
binary vector was multiplied with a corresponding value of the
signal to get a signal’s values e(?) suspected to be local extrema
(Eq. C2). Peaks in the vector e were found with the function
findpeaks(abs(e)). The detected positive/negative peak values
and their temporal positions were stored in two column matrix
K where 1% column represented a position and 2™ column a peak
value with added mean uy value.

v=(us*s)xd

e(t) = b(t) - us(t)

Local zero-crossing points were detected from the normalized
band-passed signal urafter its transformation with Eq. C3 at
variable ¢. Values ¢ were thresholded to 0 at each position where
¢<0, and thresholded ¢ was smoothed at ¢s with convolution
kernel r=/1 1 1]/3 (Eq. C4). Peaks in ¢s defining positions of
zero-crossing points were found with the function findpeaks(qs).
The detected zero values and their temporal positions were
stored in two column matrix L where 1% column represented a
position and 2™ column a zero value with added mean uy value.

(CDH
(€2)
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1

q(t) = logs, e (C3)

qs=q+*r (C4)

Matrix M was built from matrices K and L as shown in Eq. C5
where K; and L; are the 1% columns of the corresponding
matrices, and similarly K> and L: are the 2™ columns.

K, K,

M= L, LZ]

(C5)

If there were two rows in matrix M whose temporal difference
was lower than 0.2s, then the “2"9” row was deleted from matrix
M. Rows of matrix M were rearranged in increasing order of its
1% column and several “logic” post-processing steps were
executed exactly in the same order as they are written below. If
there were detected two consecutive rows where both |m:z|>0,
then only the row with higher |m2| value was kept. If the m:
values in the 1* or the last row of the matrix M were not equal
to 0, then those rows were discarded. If the m><0 in the 2™ row
and if the m>=0 in the 1% row, then 1*' and 2" rows of matrix M
were discarded. If the m>>0 in the penultimate row and if the
m2=0 in the last row, penultimate and last rows of matrix M were
discarded. If the m2=0 in the penultimate row and if the m>=0 in
the last row, the last row of matrix M was discarded.
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3.2 Impact of biological variables on clinical outcomes

from retinal pulsatile pattern dynamics

This part of the Thesis is dedicated to advancements of basal knowledge resulted
from the analysis of retinal sequences. The link between the intensity of SVPs
and heart rate or age was proven and published in journal of Communications Bio-
logy: LABOUNKOVA, Ivana, et al. Heart rate and age modulate retinal pulsatile
patterns. Communications biology, 2022, 5(1),582, under the open access CC BY
license (Creative Commons Attribution v4.0 International License).

Author’s contribution and Innovation. As a first author, I have designed
and performed the analysis utilizing the blind source separation approach introduced
in previous section. The analysis revealed correlation of SVP morphology (pulse
amplitude, pulse total volume) with age, and SVP and OCP morphology with heart
rate. Till now, the influence of heart rate was omitted in earlier clinical studies
studies and most of theoretical studies modelling the SVPs. With other co-authors,
I have participated on results interpretation. And, I have written the manuscript
which was editted by the co-authors.

The journal article [I71] is attached in the next pages of this Thesis.

114



communications
biology

ARTICLE B crock o psaee

https://doi.org/10.1038/s42003-022-03441-6

Heart rate and age modulate retinal pulsatile
patterns

lvana Labounkova® 2, René Labounek® 2, Radim Kola¥', Ralf P. Tornow® 3, Charles F. Babbs?,
Collin M. McClelland®, Benjamin R. Miller® © & Igor Nestrasil@® 2/

Theoretical models of retinal hemodynamics showed the modulation of retinal pulsatile pat-
terns (RPPs) by heart rate (HR), yet in-vivo validation and scientific merit of this biological
process is lacking. Such evidence is critical for result interpretation, study design, and (patho-)
physiological modeling of human biology spanning applications in various medical specialties.
In retinal hemodynamic video-recordings, we characterize the morphology of RPPs and assess
the impact of modulation by HR or other variables. Principal component analysis isolated two
RPPs, i.e., spontaneous venous pulsation (SVP) and optic cup pulsation (OCP). Heart
rate modulated SVP and OCP morphology (prpr < 0.05); age modulated SVP morphology
(prpr < 0.05). In addition, age and HR demonstrated the effect on between-group differences.
This knowledge greatly affects future study designs, analyses of between-group differences in
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potential opportunity for a non-invasive and easily accessible

evaluation of retinal hemodynamics. VO is inexpensive and
well suited to become a diagnostic and disease monitoring tool for
the real-time imaging of local microvascular blood supply and
detecting various pathologies. VO is applicable in many fields of
medicine such as ophthalmology (e.g. diabetic retinopathy?,
glaucoma®4), neurology (e.g., Alzheimer disease®, multiple
sclerosis®, stroke”), or cardiology (e.g., coronary heart disease®,
arterial stiffness?~!1, hypertension!2, diabetes!213),

Blood flow!®1, blood volume*16 and structural venous dia-
meter changes!’~19 are the most commonly evaluated hemody-
namic parameters from dynamic retinal imaging. The
hemodynamic parameters are usually extracted in a manual or
semi-automated fashion from specific morphological segments of
a retinal vessel tree!0-18.20-23 However, the reproducibility of the
parameters remains a challenge due to the uniqueness of each
individual’s retinal vessel tree’* and the bias introduced by a
subjective inter-rater and inter-participant selection of analyzed
morphological segments?®. To increase the reproducibility of
local retinal hemodynamics, we have recently implemented a
blind source separation that automatically divided the optic nerve
head (ONH) into 2-3 functionally distinct areas that emerged as
specific retinal pulsatile patterns (RPPs)26. The reproducible RPPs
were spontaneous venous pulsation (SVP) and optic cup pulsa-
tion (OCP) with mutually phase-shifted hemodynamics. OCP
was postulated to represent arterial blood filling preceding the
SVP outflow?S.

Spontaneous venous pulsation is the most investigated hemo-
dynamic phenomenon over the whole retinal background with
the best detection capability and highest reproducibility in the
area where the central retinal vein crosses the ONH. The etiology
and visibility of the ONH SVP are likely related to the gradient
between intracranial pressure (ICP) and intraocular pressure
(IOP) waveforms27-39. Limited in vivo evidence of the SVP-ICP
relationship exists30-34, The underlying biophysics is a subject of
active investigation3?.

Mathematical models, which were proposed to describe IOP-
ICP-SVP relationships3>-38, have not been verified by in vivo
experiments yet. Levine and Bebie’s SVP-ICP theory assumes an
influence of heart rate (HR) on SVP amplitude, yet without
providing the in vivo evidence3”-38. Therefore, the influence of
HR on retinal intra-vessel hemodynamics deserves further
investigation. In addition to HR, demographic characteristics
(e.g., age or sex) were linked to vessel stiffness3>40, vessel cross-
section area®!#2, pulse pressure3**0 or cardiac cycle parameters
(e.g., filling time, preload, stroke volume) and, consequently,
modify intra-vessel hemodynamics including the blood flow/
volume in retinal mini- and micro-vessels2. Exactly how the
in vivo video-ophthalmoscopic data (sensitive to blood flow or
volume fluctuations) are affected by HR, age, or sex remains to be
determined. If the impact of any variable is proved, a revisiting of
clinical video-ophthalmoscopic outcomes demonstrating corre-
lations between VO measurements and retinal neural fiber layer
(RNFL) thickness®!1943 or other outcomes in populations of
healthy subjects and those with disease conditions such as glau-
coma is warranted.

In this study, we investigated human in vivo video-
ophthalmoscopic data and the effects of HR and age on the
morphology of blood-volume-specific RPPs. We isolated two
RPPs (i.e., SVP and OCP) from the video-ophthalmoscopic
dataset, tested SVP-OCP phase shift, evaluated RPP reproduci-
bility and morphology, and cross-correlated the morphology with
HR, age, IOP, and RNFL thickness. Finally, we estimated the
effects of HR and age with between-group comparisons in
resulting morphological observations.

In vivo dynamic video-ophthalmoscopy (VO) provides a

Results

Participant characteristics. Thirty-four retinal video-recordings
(RVRs) were acquired, and exclusively left-eye RVRs were used in
the analysis. HR estimated from SVP and OCP of all participants
was 66+ 13min~! (ranging 44-92min~!). (Image analysis
workflow estimating and segregating SVP and OCP is summar-
ized in Fig. 1.) HR was significantly higher in patients with treated
ocular hypertension (OHT) than in healthy participants and was
significantly correlated with SVP and OCP morphologies
(Table 1, Figs. 2, 3). Due to this finding, HR was treated as a
confounding variable in further ANCOVA between-group tests.
Other physiological data such as age, IOP, and RNFL demon-
strated no significant between-group differences (Table 1).
Refractive error, visual acuity, and perimetry were within phy-
siological ranges without any significant pathology.

Phase shifted retinal pulsatile patterns in principal component
space. In a total of 34 RVRs, we detected SVP in 33 RVRs (97%)
and OCP in 31 RVRs (91%) when the first 12 principal components
were visually inspected and evaluated in each RVR. Averaged SVP
principal component index was 3 +2 (min 1; max 9), and averaged
OCP principal component index was 3+2 (min 1; max 11).
Representative examples of SVP and OCP spatiotemporal patterns
with detected and corrected control points are shown in Fig. 1a. An
input-output workflow of the utilized principal component analysis
(PCA) is schematically summarized in Fig. 1b.

The cross-correlation response function (Fig. 1a) demonstrated
that OCP significantly preceded SVP about —3.71 +2.05 (min —8;
max 0) samples, i.e., 148 + 82 ms, (one sample t-test p = 3.95¢~11).
With regard to the participant’s heart cycle period, the preceding
interval corresponded to —16 + 8% of the heart cycle. The Pearson
correlation coefficient (r) between not-aligned OCP and SVP time-
courses (i, corresponding PCA eigenvectors*4; Fig. 1b) was
0.31+£0.39 (min —0.45; max 0.92) and increased after the delay
alignment to 0.84+0.08 (min 0.66; max 0.96). The linear
dependence between PCA eigenvector time-course and averaged
image-intensity computed from the same region of interest (ROI)
corresponding to the PCA-suprathreshold ROI was 0.55+0.33
(min —0.06; max 0.97) for SVP and 0.51 +0.29 (min —0.11; max
0.94) for OCP. Lower correlation corresponded to recordings where
the averaging approach failed due to high random noise power.

Retinal pulsatile pattern morphology modulated by heart rate
and age. A sketch of the morphological measurement from the
segregated RPP is shown in Fig. 1a. Morphologies of SVP and OCP
were significantly modulated by HR (Figs. 2, 3). SVP amplitude
Ampl (r=—0.61, p=0.0002, ppyy =0.0003, Py, = 97.8%; ppy; -
Benjamini-Hochberg adjusted p-value, Pg,. — power of the result
regarding the sample size), total relative pulse stroke volume Vr
(r=-0.87, p<0.0001, pgy = 0.0002, Py, = 100.0%), slope-up to
baseline SIpU (r = 0.46, p = 0.0067, pgi; = 0.0084, Py,e=79.7%)
and time to peak t, (r=—0.67, p <0.0001, pgy = 0.0002, Pg;,. =
99.5%) were significantly associated with HR (Fig. 2b). SVP slope-
down to peak SlpD was HR independent (Fig. 2). OCP Vi
(r=-053, p=0.0029, pgy=0.0073, Pg.=91.1%), SlpU
(r=0.48, p=0.0078, pgy = 0.0130, Py;,. = 83.5%), t, (r=—0.61,
p=0.0004, ppy=0.0020, Py,.=97.8%) and SlpD (r=—045,
p =0.0154, ppyy = 0.0193, Py, =77.6%) were significantly corre-
lated with HR (Fig. 3b). OCP Ampl was HR independent (Fig. 3).
HR-dependent intra-participant variability is shown in Fig. 4 for
three representative participants out of the four participants who
underwent RVRs twice (once at monocular and one at binocular
VO) with an inter-recording interval about 2 years.

HR significantly correlated with age (r=—0.45, p=0.0090,
Pgi,e =77.6%). Therefore, we investigated linear dependence
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Fig. 1 Image and statistical analysis workflow. a The block diagram summarizes the whole image and statistical analysis workflow. ONH optic nerve head,
ROl region of interest, SVP spontaneous venous pulsation, OCP optic cup pulsation, T period [s], Ampl amplitude, SIpD slope-down, SIpU slope-up, t, time
to peak, Vy total relative pulse stroke volume, ANCOVA analysis of covariance. b The block diagram summarizes the input-output system of the utilized
principal component analysis (PCA). The left input side demonstrates array operations forming the PCA input matrix. The right output side demonstrates
temporal and spatial extraction of the results. x, y spatial axes of images, n; total number of time points, m total number of pixels of the ROl in one time
point, n; index of the principal component number 1 in the output principal component and eigenvector matrices (first red-highlighted columns), and time
point number 1 in the PCA input matrix. Each column in the eigenvector matrix represents an eigenvector time-course of the principal component in the
corresponding column of the principal component matrix. In the right bottom corner, the thresholded n1 principal component of m-samples was reshaped
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between RPP morphology and additional physiological variables.
SVP Ampl (r = 0.50, p = 0.0026, ppyy = 0.0130, Py, = 87.0%) and
SVP Vp (r=0.45, p=0.0089, ppy = 0.0223, Py, = 77.6%) were
significantly correlated with age (Fig. 5). The modulation of SVP
Ampl and Vp demonstrated a larger effect of HR than age
(Figs. 2, 5). No significant correlations of RPP morphology with
IOP or RNFL were detected.

Between-group differences in RPP morphology measurements.
Lower SVP Ampl, SVP Vi, and OCP t,, along with higher
absolute OCP SlpD and OCP SlpU, were detected in treated OHT
patients (two-sample t-test) (Table 1). ANCOVA with age as a

COMMUNICATIONS BIOLOGY | (2022)5:582 | https://doi.org/10.1038/542003-022-03441-6 | www.nature.com/commsbio

confounding variable preserved all significant between-group
differences in OCP morphology, but none in SVP morphology
(Table 1). In contrast, ANCOVA with HR as a confounding
variable only showed trends of the higher absolute OCP SlpD and
the lower OCP t, (Table 1). Group averaged OCP pulses with
25-75% confidence intervals are shown in Fig. 6 and demonstrate
visible changes in group-specific pulse morphologies.

Discussion

Study novelty and practical impact. Our in vivo results
demonstrate the modulation of the SVP and OCP pulse
morphologies by HR and of the SVP morphology by age.
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Table 1 Participant characteristics and morphology measurements of retinal pulsatile patterns.

Age [y.o0.] HR [min—1] IOP [mmHg] RNFL [pm]
p_ttest2 onz7 *0.0182 0.2198 0.5794
Physiology Healthy controls 66.0£13.2 59.9+9.6 15327 91.9+10.5
OHT patients 58.7+12.9 70.3%135 16.5+3.0 89.7+11.6
Ampl Vr SlpD SlpU t, [ms]
SVP p_ttest2 *0.0235 *0.0317 0.4045 0.5110 0.3537
p_ANCOVA_HR 0.2753 0.8049 0.2097 0.6353 0.3897
p_ANCOVA _age 0.1057 0.121m 0.6646 0.5442 0.4962
Healthy controls 0.143+0.023 214+0.62 —0.587+0.123 0.240 £ 0.061 419 £ 66
OHT patients 0.123+£0.027 1.66 £0.62 —0.544 +0.166 0.254 +£0.059 39674
OCP p_ttest2 0.2105 0.8740 *0.0077 *0.0150 *0.0047
p_ANCOVA_HR 0.131 0.1532 0.0637 0.1299 0.0859
p_ANCOVA _age 0.1070 0.7891 *0.0058 *0.0199 *0.0091
Healthy controls 0.104 +£0.035 1.34+0.42 —0.395+0.199 0.174 £ 0.057 434 + 81
OHT patients 0.120 £ 0.031 1.31£0.44 —0.590x0.167 0.247 +£0.087 35556

significantly correlated pair of variables.

P-values demonstrating between-group trends (p < 0.1) are highlighted with bold font, and p-values demonstrating significant between-group differences (p < 0.05) are highlighted with bold font and asterisks.
Notes: OHT ocular hypertension, SVP spontaneous venous pulsations, OCP optic cup pulsations, HR heart rate, IOP intraocular pressure, RNFL retinal neural fiber layer thickness, Ampl amplitude, V7 total relative
pulse stroke volume, SipD slope-down, SipU slope-up, t, time to peak, p_ttest2 p-value of between-group difference obtained from the two-sample t-test, p_ ANCOVA_HR p-value of between group-difference
obtained from analysis of covariance where HR was confounding variable, p_ ANCOVA_age p-value of between group-difference obtained from analysis of covariance where age was confounding variable.
Values listed for HC and OHT are mean + standard deviation. P-values demonstrating between-group trends (p < 0.1) are highlighted with bold font, and p-values demonstrating significant between-group
differences (p < 0.05) are highlighted with bold font and asterisks. ANCOVA test, where two confounding variables (HR and age) would be used at once, has not been utilized because HR and age are

Therefore, the unverified biological impact of HR and age at RPP
morphology was in vivo confirmed and validated. The impact of
HR and age on the SVP/OCP morphology has been neglected in
previous clinical research®19-33:3443 and even in theoretical SVP-
intracranial/intraocular pressure models3>36. The in vivo findings
validate Levine and Bebie’s theory, assuming that SVP Ampl is
influenced by HR3738. This discovery may also indicate
descriptive vessel compliance characteristics as demonstrated by
the uniformity of the SVP SlpD parameter. The studied mor-
phology parameters should be investigated in future research as
objective quantitative in vivo markers of retinal hemodynamics.
Importantly, HR and age need to be considered and added as
confounding variables in biological models or clinical studies
evaluating between-group differences in RPP. The optimal
strategy for the study design is a dataset free of between-group
differences in HR and age, but such proper matching would be
challenging and hardly achievable.

The analysis via spatial PCA of RVRs detected reproducible
phase-shifted SVP and OCP patterns in healthy controls and
treated OHT patients. SVP and OCP patterns demonstrated low
inter-participant variation in eigenvector scaled time-courses, i.e.,
temporal pulses, and were highly reproducible. These results
emphasize the feasibility of the spatial PCA for inferences
achieved by RPPs and its applicability in future studies, especially
those involving large population cohorts.

Although the etiology of the SVP phenomenon is still not
clearly understood, the temporal uniformity in SVP SlpD can
represent a novel insight into the SVP origin. This temporal
uniformity may be due to similar inter-participant venous
compliance characteristics that modulates venous capacitance.
As the implication of vein capability to change its geometry, the
vein compliance property enables a volume increase in local vein
segments in response to local blood filling*>. Since the vein
resistance to local blood flow is minimal®>, the blood filling
corresponding to SlpD in the SVP morphology displayed
temporal uniformity over investigated population.

We revealed the significant impact of HR on the morphology
of reproducible RPPs. The higher HR resulted in lower SVP
Ampl, Vr, and t, and higher SlpU. Similarly, the higher HR led to
the lower OCP Vrp, t,, and SlpD and higher SIpU. This
observation of changes in Vp linked to HR may reflect the

impact of Starling’s law. Higher HR causes a shorter period for
cardiac blood filling and, consequently, lower cardiac preload
leads to the lower blood volume ejected from the heart. All these
characteristics of heart function imprint into the RPP morphol-
ogy and may be evaluated non-invasively and in vivo with
the VO.

Additionally, three SVP parameters, i.e., Ampl, SlpD, and Vr,
were significantly correlated with age. Higher SVP Ampl and Vr
with age can be influenced by peripheral pulse pressure pulsatility
or vessel stiffening, which increase with age!!46. The increase of
age-related vessel stiffness is directly linked to the elasticity
loss3%40 and is a potential factor underlying the steeper SVP SlpD
trend observed in our older participants. Mechanistically, lesser
venous capacitance leads to faster venous volume outflow. If the
hypothesis is true, the SVP SlpD may become a non-invasive and
fully automated measure proportional to vessel stiffness.

Previous studies showed that SVP were influenced by the
10p28:353747 and RNFL significantly correlated with RPP
morphological measurements in the dataset, including population
with retinal neurodegenerative disesase®!%43. In our participants,
the IOP and RNFL did not correlate with RPP morphology. A
potential explanation may lie in well-controlled OHT condition
in our patient’s cohort who presented with normalized IOP, so no
neurodegeneration assessed by RNFL was present.

SVP morphology is believed to originate from a gradient
between IOP and ICP, and many theoretical models attempted to
express the SVP-IOP-ICP relationships3°-38. However, the
majority of previously reported models have not accounted for
the effects of HR or age on the SVP Ampl or timings3>-38.
Therefore, the current in vivo observation represents critical
information that adds another piece to the puzzle of the SVP
etiology conundrum. Therefore, future models and studies
evaluating SVP should account for the effects of HR and age to
avoid potential erroneous conclusions.

Similar conclusions apply to the OCP assessment. Although
OCP morphology demonstrated significant differences between
healthy controls and OHT patients, a considerable deal of
uncertainty remains as the OCP morphology changes were HR-
related. The ANCOVA demonstrated the HR effect on between-
group comparisons. It is important to note that the impact of HR
has usually been omitted in previous clinical studies. In particular,
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Fig. 2 Heart rate modulated morphology of spontaneous venous
pulsations (SVP). a Visualization of mean single-pulses over all monocular
(mono) and binocular (bino) retinal video-recordings from healthy controls
and patients with medicated ocular hypertension (OHT). Graph lines are
heart rate color-coded. b Evaluation of linear dependence between heart
rate and SVP morphology measurements (Ampl amplitude of the SVP
eigenvector, V+ total relative pulse stroke volume in the eigenvector
measures, SIpD slope-down from the eigenvector value at the period
beginning to the negative eigenvector peak ~ peak of the maximal absolute
blood volume time-point, SlpU slope-up from the negative eigenvector peak
to the period end, t, time to the negative eigenvector peak). Value r
represents a corresponding Pearson correlation coefficient and value p the
p-value of the correlation level.

ICP studies?33* (using Hedges scale*$) or glaucoma diagnostic
studies®!° demonstrated qualitative or quantitative alterations in
RPP morphology without considering group-specific HR dis-
tributions. Future studies may avoid potentially blurred and
inaccurate outcomes by reporting or, ideally, accounting for the
between-group differences in HR.

Although the PCA is an automated method, the presented data
processing pipeline utilized three manual interventions with the
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Fig. 3 Heart rate modulated morphology of optic cup pulsations (OCP).
a Visualization of mean single-pulses over all monocular (mono) and
binocular (bino) retinal video-recordings from healthy controls and patients
with medicated ocular hypertension (OHT). Graph lines are heart rate
color-coded. b Evaluation of linear dependence between heart rate and OCP
morphology measurements (Ampl amplitude of the OCP eigenvector, V1
total relative pulse stroke volume in the eigenvector measures, SIpD slope-
down from the eigenvector value at the period beginning to the negative
eigenvector peak ~ peak of the maximal absolute blood volume time-point,
SIpU slope-up from the negative eigenvector peak to the period end, t, time
to the negative eigenvector peak). Value r represents a corresponding
Pearson correlation coefficient and value p the p-value of the

correlation level.

potential impact on outcome measures. The interventions were:
(i) manual ONH segmentation; (ii) identification of SVP and
OCP components; and (iii) control point corrections. As PCA
integrates eigen time-course for each principal component
estimated from the whole ONH area, minimal imperfections in
ONH segmentation should not crucially impact outcome
measures. But, a further study investigating the PCA method
robustness is warranted to clarify this matter. The automated
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Fig. 4 Representative examples of heart rate (HR) dependent intra-participant variability of retinal pulsatile patterns in one healthy control and two
medicated ocular hypertension (OHT) patients. For each participant, one retinal video-recording (RVR) was acquired with the monocular video-
ophthalmoscope (VO) utilizing the CCD camera chip and one with the binocular VO utilizing the CMOS camera chip. The between-acquisition time
interval was about two years for each representative participant. In healthy control and one OHT participant (OHT1), intra-participant RPP morphologies
were dissimilar at different HR while RPP morphology remained unchanged for comparable HR as captured for other OHT participant (OHT2). Another
OHT participant had different HR over acquisitions with similar outcomes as presented for the OHT1 participant. SVP spontaneous venous pulsations, OCP

optic cup pulsations, HR heart rate.

identification of components of interest represents a challenge.
We are working on the automatization of SVP and OCP
identification. A wrong component selection can impact outcome
measures so that morphology values are evaluated for a wrong
pattern. Finally, isolated manual corrections of control points
improve the precision of the averaged single pulse estimation and
the precision of outcome measures.

Our study has several limitations to be addressed in future
research. The sample size of our dataset is limited and should be
extended to reproduce and validate our pilot observations. Still,
the utilized correction for multiple comparison errors and the
power analysis support that the presented correlation measures
are related to the human body physiology rather than false
positive observations. An optimal re-test should involve hundreds
of participants with RVRs acquired at various video-
ophthalmoscopes of various assembling technologies. Therefore,
we would like to initialize a multi-center RVR challenge collecting
10s RVRs to re-test the impact of HR and age at RPP
morphology. Four participants who had both monocular and
binocular RVR, approximately two years apart, may decrease
inter-participant variability in our dataset. We consider this effect
of being minimal as HR differed between the first and second
RVR in three of four participants and as the intra-participant

variability mostly followed dataset trends of correlation measure-
ments. Pharmacological treatment of OHT patients may have
influenced the morphology measurements, as specific drugs can
alter ocular hemodynamics. The high diversity of used drugs in
our OHT group and our small sample size prevented the testing
post-hoc differences between the untreated group and treated
subgroups (e.g., beta-blocker versus prostaglandin treatment).
The differences in vessel stiffness and pulse pressure related to
sex#*°0 may also play a significant role in RPP morphology. Sex
effects need to be validated in the larger cohort of participants.

In conclusion, we have demonstrated the in vivo evidence that
heart rate and age modulate the morphology of retinal pulsatile
patterns in humans. The observation corroborates Levine and
Bebie’s theory. The presented study will impact the design of
future biological and clinical studies, future analyses of between-
group differences in morphology of RPPs, and SVP-ICP-IOP
biophysical modeling by emphasizing the necessity to include
heart rate and age as important confounding factors.

Methods

Experimental design. In concordance with the Declaration of Helsinki, all par-
ticipants signed an informed consent approved by the ethical committee at the
Friedrich-Alexander University of Erlangen-Niirnberg. The participants are part of

6 COMMUNICATIONS BIOLOGY | (2022)5:582 | https://doi.org/10.1038/s42003-022-03441-6 | www.nature.com/commsbio



COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03441-6

ARTICLE

SVP OCP

9 |
0.15 1 * -*O i
= ae _O (o) a k¥ __
£ o1 "f% ) LT
=050644p=0.0026 | [#=0.1765: =0.3596
0.05}" ol o) p
-ozl * om
O O
a 041 50 D ¥ o
® 06 » ?q'?gbv;-- % dad‘_*_o
-0.8 fr=-0.2577; p=0.1577 r=-0.00§8; p=0.9966
4
*r:-o.0416;£=o.8184 r=-0.10%%: p=0.5782

L E ¥*
g_ e = -Q---_»:_I x* O |
w

8o BT
¥ 4

31r=0.4484; p= oogsg

’—
2 E(." 1

r=0.2666; p=0.1622

- B
> o ~Y 2 A
bap | | ke
1=0.1624 p=q|36621' =0 $882; p=0.3281
05%
= £- *'O 9_ a9 I
004} ._O-—-—O" AT
* =00 ¥k *
2P OBO O Ok
. 4

40 50 60 70 80 40 50 60 70 80
Age [y.o.] Age [y.o.]

Fig. 5 Evaluation of linear dependence between age and morphology of
retinal pulsatile patterns. Value r represents a corresponding Pearson
correlation coefficient and value p is the p-value of the correlation level.
SVP spontaneous venous pulsations, OCP optic cup pulsations, Ampl
amplitude of the single-pulse in eigenvector space, V total relative pulse
stroke volume in the eigenvector measures, SIpD slope-down from the
eigenvector value at the period beginning to the negative eigenvector peak
~ peak of the maximal absolute blood volume time-point, SlpU slope-up
from the negative eigenvector peak to the period end, t, time to the
negative eigenvector peak.

the Erlangen Glaucoma Registry cohort (www.clinicaltrials.gov, NCT00494923)
founded in 1991.

Participants enrolled in the NCT00494923 trial met the criteria of age range
18-65, open chamber angle and corrected visual acuity 0.7 or better when entering
the registry. The trial excluded people with systemic disease and potential ocular
involvement (e.g., diabetes mellitus), people with myopic or hyperopic refractive
error >8.0D, and people with an eye disease (except for glaucoma). From the
registry, healthy controls and patients with a history of ocular hypertension (OHT;
i.e., intraocular pressure IOP >21 mmHg, normal visual field and ONH
appearance) were included in this study. Pharmacological treatment along with eye
surgical intervention history are described in Table 2.

Monocular or binocular retinal video-recordings (RVRs) were acquired for 16
OHT patients (age 58.7 + 12.9 years old, seven females) and 14 healthy controls
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Fig. 6 Group averaged OCP pulses with 25-75% confidence intervals.
Confidence intervals are visualized as color-matched dashed lines.

(age 66.0 £ 13.2 years old, eight females) between January 2015 and December
2017. In three OHT patients and one healthy control, two RVRs (one monocular
and one binocular) were obtained approximately two years apart. In total, 34 RVRs
were acquired and analyzed.

Along with RVRs, refractive error, visual acuity, perimetry, IOP, and retinal
nerve fiber layer (RNFL) thickness were obtained for each eye with standard
clinical devices (white-on-white perimetry with computerized static projection
perimeter, Octopus 500, Haag-Streit; Goldmann tonometry; Spectralis OCT,
Heidelberg Engineering) followed by RVR acquisition. All measurements were
acquired within a one-day session.

Video-ophthalmoscopic data acquisition. Each participant was examined while
comfortably sitting with head rested and positioned on a video-ophthalmoscope
chin holder to minimize participant’s motion. Each participant was asked to fixate
the eyesight at the target presented as a red LED light or cross in the video-
ophthalmoscope optical path. The principles of image acquisition were previously
described!®. In short, both available video-ophthalmoscope types (monocular and
binocular) acquire images of the reflected light intensity modulated by heart rate
induced attenuation changes!®26. Because such changes are caused by spatial-
temporal retinal blood volume changes, the lowest pixel image intensity corre-
sponds to the highest blood volume (and the highest attenuation) and vice versa.

Left eye monocular RVRs were acquired with the monocular video-
ophthalmoscope consisting of the optical lens system (40D ophthalmic lens, two
achromatic lenses), one monochrome CCD camera (UI-2210 SE-M-GL, USB
interface, iDS, Germany), red LED forming the fixation target, and a low power
narrow-band LED (wavelength A = 575 nm) illuminating retina with 30 pW/cm?.
Acquired 10 s video sequences were saved in non-compressed AVI format with 25
fps (frames-per-second) and matrix size 640 x 480 pixels covering 20° x 15° field of
view (ie., 1 pixel = 9.3 x 9.3 um?216.26:51),

Binocular RVRs were acquired with the binocular video-ophthalmoscope
consisting of two optical lens systems, two synchronized CMOS cameras (UI-3060
Rev 2, USB 3.0, iDS, Germany), a green OLED display presenting a fixation target,
and two narrow-band LED low-power light sources (A = 575 nm) illuminating retina
with 30 yW/cm?2. Acquired 10 s RVRs were saved in non-compressed AVI format
with 25fps and matrix size 1000 x 770 pixels covering 20° x 15° field of view (i, 1
pixel = 6.0 x 6.0 um?)26>152, Left eye RVRs were only used in further analyses.

Image analysis. The whole image analysis workflow is summarized in Fig. la.
Motion artifacts in RVRs were suppressed with rigid image registration optimized
for the RVRs3. A representative example of aligned monocular RVR is available at
https://youtu.be/-CABIpjWX8Y and binocular RVR at https://youtu.be/
4anapl0TZTQ. Next, the optic nerve head (ONH) area was manually segmented
from the averaged aligned RVR image and defined as a region of interest (ROI) for
further data analysis. Each ONH time frame was spatially smoothed with a 3 x 3
uniform convolution kernel to increase the signal-to-noise ratio (SNR) between
local retinal hemodynamics and additive Gaussian noise in RVRs. Acquired relative
blood volume changes were high-pass filtered in spectral domain with the cut-off
frequency 0.12 Hz in each aligned pixel belonging to the ONH. The filter sup-
pressed DC component and low-frequency drift but preserved pixel-specific pul-
satile variance.

Spatial principal component analysis?® (PCA) was estimated via singular value
decomposition (Eq. 1) on each preprocessed ONH RVR.

X=Uzv" 1)

Formation of PCA input (i.e, ONH RVR matrix X of m rows and n, columns
where m is a number of analyzed pixels and n, is a number of time points) and
extraction of PCA outputs from left and right eigenvector matrices U and V are
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Table 2 Eye drop medication and surgical eye intervention in each participant with ocular hypertension.

Active substance Class Surgical intervention
1 Timolol Non-selective beta-blocker None
Sodium hyaluronate Viscosupplementation agent
2 None - None
3 Latanoprost Prostaglandin analogue None
4 None - None
5 Timolol Non-selective beta-blocker None
Dorzolamide Carbonic anhydrase inhibitor
6 Timolol Non-selective beta-blocker None
Bimatoprost Prostaglandin analogue
7 Latanoprost Prostaglandin analogue None
8 Bimatoprost Prostaglandin analogue None
9 Timolol Non-selective beta-blocker Selective laser trabeculoplasty
Bimatoprost Prostaglandin analogue
10 Pilocarpin Non-selective muscarinic agonist (M3 selectivity None
on the iris sphincter)
n Timolol Non-selective beta-blocker Laser (chamber angle)
Clonidine Alpha-2 adrenergic agonist (affinitypredilection of
200:1 for a-2 versus a-1 receptors)
12 None - None
13 None - Selective laser trabeculoplasty
14 Latanoprost Prostaglandin analogue Selective laser trabeculoplasty
15 Timolol Non-selective beta-blocker None
Latanoprost Prostaglandin analogue
16 None - Laser (other)

The table describes the active substances used to treat high intraocular pressure with the classification of the substance.

briefly summarized in Fig. 1b. Left eigenvector matrix U of m rows and n, columns is
a matrix of principal components in descending order of corresponding eigenvalues
in diagonal square matrix ¥ of dimensions #n,. One principal component is one
column vector of m samples in the matrix U. Square right eigenvector matrix V of
dimensions 7, consists of column eigen time-courses characteristic for the principal
component of a matched column in the matrix U. (Illustrative lecture of these singular
value decomposition basics is available online>%).

Z-scored spatial principal components (Fig. 1b) were thresholded to zero in each
pixel where |Z | < 120. The SVP26 and OCP2° spatiotemporal patterns were visually
identified as a single component for each pattern from a set of the first 12 principal
components. PCA eigenvectors characterizing pulsation time-courses (Fig. 1b) were
de-trended, and outlier values were restored utilizing the k-means clustering
algorithm, as both implemented and fully described in Labounkova et al.26. Control
points defining continuous part of an RPP time-course with high SNR (see OCP
control points in Fig. 1a) were automatically identified for each SVP or OCP
eigenvector** (Fig. 1b) characterizing the relative blood volume changes?®, and minor
manual edits were done if needed. The automated identification of the control points
is detailly described in the “Appendix C” of Labounkova et al.20.

Each RVR segregated several SVP or OCP single pulse repetitions whose
beginning and end were well defined by the control points (Fig. 1a). Averaged
single SVP or OCP pulse waveforms were derived for each RVR, and quantitative
parameters describing its morphology were evaluated. The evaluated morphology
parameters were pulse amplitude (Ampl; Fig. 1a), total relative pulse stroke volume
as V= — f g V(t)dt (where V(t) is a volume in non-positive eigenvector values, T
is pulse period, and ¢ is time; Fig. 1a), slope-down to peak (SlpD; Fig. 1a), slope-up
to baseline (SlpU; Fig. 1a), and time to peak (t,; Fig. 1a). The averaged RVR HR =
60/T[min~!] was estimated from averaged SVP and OCP periods T[s].

The Ampl measurement is proportional to the maximum blood volume in the
examined ROI during the cardiac cycle. Vi is proportional to the quantity of total
blood volume change in the ROI during the cardiac cycle. SlpD is proportional to
the steepness of the blood volume filling in the ROI during the cycle and SlpU to
the steepness of blood volume drainage outside the ROL. t, is proportional to the
time of blood volume filling in the ROI during the cycle.

Statistics and reproducibility. Delay between overlapping high-quality SVP and
OCP portions (Fig. 1a) was evaluated with maximal cross-correlation response
function®®. Pearson correlation coefficients between unaligned or aligned SVP and
OCP patterns were quantified (Fig. 1a). The null hypothesis that SVP-OCP delay
equals to 0 was tested with one sample t-test.

Pearson correlation coefficients and corresponding correlation p-values were
evaluated between SVP or OCP morphological features (i.e., Ampl, Vr, SlpD, SlpU,
and t; Fig. 1a) and age, HR, IOP, and average RNFL thickness, respectively. Ten
correlation effects were investigated for each variable (e.g., age, HR). False
discovery rate correction (prpr<0.05) was applied to the correlation p-values, and
Benjamini-Hochberg adjusted p-values (pgp;) were computed to minimize the risk

of the error type I. Due to the limited sample size, power was estimated for each
significant correlation to assess the risk of error type II°°. Two-sample t-test
evaluated between-group differences in RPP morphology measurements, age, HR,
IOP, and RNFL. ANCOVA (analysis of covariance) was the second statistical test
evaluating between-group differences when HR or age were used as confounding
variables. Results of two-sample t-tests and ANCOVA tests were compared, and
the effects of HR or age on final between-group results were evaluated (Fig. 1a).
Due to the limited sample size, we considered uncorrected p < 0.05 significant for
t-tests and ANCOVA.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

De-identified data sets can be made available upon a reasonable email request to Ivana
Labounkova (ilabounk@umn.edu), Dr. Folkert Horn (folkerthorn@augen.imed.uni-
erlangen.de), or another responsible personnel from the Department of Ophthalmology
and University Eye Hospital, Friedrich-Alexander University Erlangen-Niirnberg at
Erlangen, Erlangen, Germany.

Code availability

The MATLAB R2017b programming environment (MathWorks, Natick, USA) with
academic license and the open-source Retina Imaging Toolbox (https://github.com/umn-
milab/retinaimagingtoolbox; GNU GPL version 3 license) were used for all image and
statistical analyses and visualizations.
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3.3 Simultaneous Acquisition of Retinal Video-sequen-

ces and Other Biosignals

This part of the Thesis is focused on simultaneous acquisition of retinal video-
sequences and other biosignals including electrocardiography, finger photoplethys-
mography, respiration plethysmography and electrooculography. The innovative ap-
proach utilizing Biopac System unit and signal from external generator triggering the
CCD detector was introduced in 2017 at EEICT conference proceedings. The con-
ference proceeding summarized the design of the simultaneous system, experiment
realization, data acquisition and outcomes in: Liberdova Ivana et al. Simultane-
ous ECG, Finger and Retinal Photoplethysmography Measurement. Proceedings of
The 23rd Conference STUDENT EEICT 2017,2017, 2:329-333, which is included in
following pages.

Author’s contribution. As a first author, I was testing the acquisition system
and acquired the datasets. I have designed and performed the data analysis pipeline
(including video processing, retinal plethysmographic signal extraction, biosignals
alignment) and wrote the conference paper.

Innovation. The first realization of precisely synchronized acquisition of retinal
video-sequences and biosignals (electrocardiography, finger photoplethysmography,
respiration plethysmography, electrooculography) with temporal resolution equal to
camera framerate (25 or 50 fps), i.e. exposure time of 40 ms or 20 ms. To my knowl-
edge, no such experiment was introduced earlier. Earlier studies presented the si-
multaneous acquisition of retinal video-sequences with either finger/ear lobe plethys-
mography signal or electrocardiography via technical solutions providing poor tem-
poral resolution [34] [60} 105, 158, 169, 256]. Current commercial devices (XyCam,
RVA/DVA) provide simultaneous acquisition or retinal video-sequences and finger
photoplethysmography in framerate 25 fps (40 ms exposition time) [37, 511, 85 284].
The experiment also demonstrated the timing of events in measured biosignals, i.e.

retinal blood filling precedes the finger blood filling.
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Abstract: This document is focused on simultaneous ECG, finger and retinal plethysmography
method development. Document describes certain parts of measurement hardware and also
subsequent data processing. There is also described retinal plethysmography extraction from video
records and its data processing. The result of proposed methodology is providing simultaneous
signals of ECG, finger and retinal plethysmography and their comparison.
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. INTRODUCTION

Ophthalmoscopy is the most frequent medical diagnostic method for diseases such as macular de-
generation, diabetic rethinopathy or glaucoma etc [1]. For the most of these diseases especially for
glaucoma is very important early diagnosis that current ophthalmoscopy does not include. The early
diagnostics of glaucomatic diseases could be settled by exploring hemodynamical changes and its
dynamic parameters in ocular fundus [2].

For measuring retinal temporal changes there was developed new type of ophtalmoscopic instrument
non-mydriatic video-ophthalmoscope (VO, described in [3]) that provides long term video records
of ocular fundus, its hemodynamical changes and retinal blood supply as well. All these changes are
depending on cardiac cycle [4] as the heart beat induces changing blood volume. Then the blood
volume changes in retina — retinal plethysmography (R-PG), can be seen as the reflectance change
of retinal cells. This can provide important information about microcirculation physical condition of
glaucomatic or diabetic patients.

The blood supply is usually measured by the finger or other photoplethysmography method (PPG).
To compare the R-PG and finger PPG is also used ECG measurement as the reference and control of
cardiac cycle. There are many works comparing the ECG and PPG signals for classifying PPG pa-
rameters such as pulse transit time (PTT) or pulse arrival time (PAT) or others [5] or also for heart
rate variability parameters [6]. Considering PPG parameters there are both shape and time differences
between various distal and proximal PPG measurements mainly in PAT.

Considering these facts there is an assumption retinal plethysmography (R-PG) as measurement of
microcirculation blood supply will be also shifted that way PAT of R-PPG will be smaller than the
other PPG measurement. This methodology could detect pathology in ophthalmoscopic records then.

. MEASUREMENT METHODOLOGY

Whole methodology for simultaneous measurement of ECG, PPG and the R-PG was realized by
connected system of components including video-ophthalmoscope with CMOS camera, signal gen-
erator, set of Biopac system with its components (ECG electrodes, finger PPG) and computer with
appropriate software. Schema of whole system is in the Figure 1.
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Video-ophthalmoscope — VO (Figure 2, described in [3]) is optical system including ophthalmic
(40 D) as an objective len, LED source of low illumination level and wavelength 550 nm. It uses
CMOS camera (UI-3060CP-M-GL, iDS-imaging, Germany). Video records were acquired with
spatial resolution of 1024x1280 px and framerate both 25 and 50 fps.

Aerial image plane
IP with field stop Objective lens
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Figure 2: Video-ophthalmoscope used for retinal video sequences acquisition

Biopac system — Biopac system MP35 is used for PPG and ECG measurement with sample fre-
guency (Fs) 50 kHz.

Signal generator — Agilent 33220A is used for rectangular trigger signal generation (Fs 50 kHz) that
provides whole system synchronization for subsequent data processing and it is also used for CMOS
camera settings (acquisition frequency) and acquisition start.

PPG, ECG and trigger signal is acquired into Biopac software. Due to dependency CMOS recording
on trigger signal generation, the video record starts with rectangular triggered signal.

Human stability and head fixation is needed for the measurement that is why the next important part
of the system is also chin rest.

. DATA PROCESSING

3.1. PREPROCESSING

There are four types of measured data — PPG, ECG and triggered signal (recording by Biopac SW)
and video records (CMOS camera). The triggered signal is a help signal where the first and last rising
edge is marking the start and end of CMOS camera record and simultaneously the first and last PPG
and ECG valid sample also. Exact rising edge detection is possible thanks to high Fs=50 kHz. Data
need to be preprocessed as selection of valid samples only.



Due to different Fs of data, the next preprocessing step is to unify them. The Biopac signals of Fs
50 kHz need to be decimate 200 times. On the other hand video record interpolation need to be done
after video processing steps (described below).

3.2. PPGSIGNAL

Besides pulsatile component in the vessels depending on cardiac cycle, the PPG signal is influenced
also by artifacts due to motion or breathing. There are many methods to eliminate the mentioned
artifacts e.g. moving average filter, wavelet transform or others. In this case simple highpass filtering
with limit frequency 0.5 Hz to eliminate DC component (representing motion artifacts) is fully suf-
ficient.

3.3. ECGSsIGNAL

The ECG signal measurement is affected by various types of influences — breathing (DC component),
muscle activity (high-frequency electromyographic noise) and others. Therefore there are also many
methods for ECG filtering based on e.g. adaptive filtering etc. In this case the bandpass filer is used
with limit frequencies 0.5 Hz and 45 Hz.

3.4. RETINAL VIDEO RECORDS
Schema of the video record processing is in Figure 3.

Blurred image

» detection
Image ROI Intensity Blurred frame Detrending and
A . — > > —> o
registration |~ | selection curve replacement normalization

Figure 3: Video record processing schema

Due to eye movements during the fixation on target, the first step in retinal video records processing
is image registration to have stable record for subsequent processing. For image registration is used
method described in [7]. The method covers spatial transformation — shift, rotation and scaling. This
method is based on phase correlation using the selected video record frame as the reference. Align-
ment of the frames is based on anatomical tracking points selection and Lucas-Kanade tracking then.

Video records include (except sharp frames) also blurred and empty images due to eye saccadic
movements and blinking (see in Figure 4), that are unsuitable for the analysis. Therefore the detection
of these distorted images is needed as the next step. For distorted frames detection, the reference
image method using phase correlation is used as described in [8], where the reference image is the
best video record frame enhanced on entropy base.

a b C

Figure 4: Example of frames in video-records: a, sharp frame b, blurred frame (eye movement)
¢, empty frame (blinking)



As the distorted frames are marked, the intensity curve in time can be extracted as the mean value of
the selected region of interest (ROI) in frames. The ROl in this case represent the cup in optic disc
(OD, see in Figure 5), where the biggest changes in blood supply can be observed. These changes
modulate the reflected intensity in VO records. The reason of reverse intensity axis in intensity curve
graph representing retinal plethysmography is that the increase of OD blood supply decreases OD
reflectance therefore the intensity either.

The intensity curve R-PG still includes damaged frames (blinking, eye saccadic movements). These
frames marked before are replaced by spline interpolated value.

The last step of video record processing is to eliminate trend line caused by human subject move-
ments. The trend filtered and normalized R-PG is computed as intensity curve divided by trend en-
hanced by Savitzky-Golay algorithm with window length of three cardiac cycles computed on base
of R-PG spectrum. The resulted normalized curve of specific ROl is in Figure 5.
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Figure 5: R-PG of certain retinal video-record: a, selected ROl in retinal frame b, R-PG

. RESULTS AND DISCUSSION

Results of simultaneous PPG, ECG and R-PG measurements are in Figure 6, where are simultane-
ously visualized plethysmography curves representing blood supply of retina and finger due to car-
diac cycles substituted by ECG signal.
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Figure 6: Resulted graphs of PPG, ECG and R-PG simultaneous measurement (red line — R
wave as cardiac cycle start, green line — first R-PG rising edge sample, black line — first PPG rising
edge sample)



This measurement allows data compare and measuring plethysmography parameters as PAT or PTT
due to cardiac cycle. Considering PAT time, the R-PG PAT was smaller in comparison to finger PPG
PAT in measured dataset, see in Figure 6, where the red line marks start of cardiac cycle and PAT
interval start also, the green line marks R-PG rising edge sample and end of R-PG PAT interval, the
black line marks PPG rising edge sample and end of PPG PAT interval. Study of these parameters
and their changes can be promising in retinal diseases diagnostics.

The R-PG signal is very sensitive to ambient lighting, subject movements, eye saccadic movement
and other influences. Moreover there are other artifacts caused by intraocular fluid or certain proteins
in retina that usually damage R-PG signal.

5. CONCLUSION

The methodology of simultaneous PPG, ECG and retinal pletysmography measurement was intro-
duced. There were used different approaches to process retinal video records to extract intensity
curve representing blood supply of ocular fundus, other words retinal plethysmography. The R-PG
IS very sensitive to various influences and the method could be improved in measurement hardware
as well as in data processing to eliminate retinal artifacts. The resulted R-PG is corresponding to
cardiac cycle and can provide useful information about microcirculation physical condition.
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3.4 Simultaneous Acquisition of Retinal Video-sequen-
ces and Other Biosignals Including Intracranial

Pressure

The multimodal acquisition system described in previous chapter (chapter State of
the Art, subchapter Simultaneous acquisition of retinal video-sequences and other
biosignals) has been upgraded to provide more comfortable acquisition. This new
setup is described in [162] and it is based on Biosignal Plux unit and synchronization
unit (Arduino Uno).

In collaboration with University of Minnesota (UMN), USA, and under Dr. Nes-
trasil’s academic supervision, I have co-designed the project “Non-invasive and non-
contact intracranial pressure waveform recording utilizing dynamic video ophthal-
moscopy” where the upgraded simultaneous acquisition system [162] was utilized
with further upgrades enabling data recording in seriously ill patients hospitalized
at intensive care units. So far, the project has been awarded with departmental Pro-
gressive Grant and UMN Winston and Maxine Wallin Neuroscience Discovery Fund.
Both grants primarily served to secure funds for adjustments getting the imaging
system into the state when it can acquire retinal video-sequences with simultaneous
non-invasive (i.e. electrocardiography EKG, blood volume pulse BVP via finger pho-
toplethysmography, respiration pletysmography RPG and electrooculography EOG)
and invasive (i.e., intracranial pressure ICP, arterial blood pressure ABP) biosignals
in patients lying or sitting in the hospital bed. Final phase of the Walling grant fo-
cused on preliminary data acquisition. The schema of the simultaneous experiment
is in Figure [3.1]

Nowadays, the only way how to measure the intracranial pressure is invasively
via an implanted probe into a patient skull within one of three locations - ventricular,
parenchymal or epidural. The probe is connected to a pressure transducer Figure
3.2e(top) that converts the pressure signal into electrical signal that is measured
and visualized at intensive care unit (ICU) monitors Figure [3.2g. The experiment
of the simultaneous acquisition suggests a recruitment of participants from a cohort
of hospitalized patients at the ICU, Department of Neurosurgery, UMN with already
implanted probe for ICP monitoring. The recruited participants are conscious, col-
laborating and monitored for the whole duration of experiment. The experiment
has been approved by the Institutional Review Board at UMN since the Progressive
Grant.

To proceed with the simultaneous acquisition, following aims were accomplished:

1. Design and assembly of a bedside cart with an articulating arm and

motorized VO milimeter-precision positioning. I have participated on
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design and assembly of a mobile bedside cart with an articulating arm hold-
ing the video-ophthalmoscope unit meeting all the requirements for the bed-
side data acquisition Figure [3.2h. The cart is mobile, steady, and height
adjustable. Three articulating arms hold (i) motorized positioning with at-
tached VO unit; (ii) keyboard; and (iii) acquisition laptop. All arms are long
and flexible enough to precisely reach the patient’s retina at the limited space
of the ICU room. Additionally, the VO holder can rotate; thus, the whole
positioning system with VO objective can be oriented in any direction from
horizontal to vertical imaging system optical path. Thus, we can acquire data
in sitting, Fowler’s (half-sitting) and supine (lying on back) positions Figure
[3.2b-d. The operator needs to reach the optimal position to record retinal
pulsatile patterns in the optic nerve head (ONH) and keep the ONH centered
within the camera field of view. The optimal position is secured with the
joystick-controlled 3-dimensional positioning with a millimeter scale precision.
Positioning joysticks are located at the table holding the keyboard and mouse.
. Development of customized signal splitter. In a collaboration with a
third-party company, I have participated on development of signal splitter
Figure [3.2e. The splitter is an essential inter-piece as it provides signal
transfer from the pressure transducer into the experimental acquisition system

without any interruption of ICU monitoring securing the patients’ safety.
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Fig. 3.1: Schema of simultaneous acquisition of retinal video-sequences, intracranial
pressure and other biosignals (electrooculography EOG, electrocardiography EKG,
blood volume pulse BVP via finger photoplethysmography, respiration plethysmog-
raphy RPG). The schema demonstrates the possibility to acquire the invasive arterial
blood pressure (ABP). The whole system utilize the 8-channel hub (Biosignals Plux)
for the signal acquisition including the ICP signal. ICP signal is recorded via cus-
tomized splitter sending the signal into the experimental acquisition system without

any interruption of ICU monitoring
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Fig. 3.2: Simultaneous and synchronized acquisition of retinal video-sequences, in-
tracranial pressure and other biosignals (electrocardiography EKG, blood volume
pulse BVP via finger photoplethysmography, respiration plethysmography RPG,
electrooculography EOG). a, Detail of the mobile bedside multi-position video-
ophthalmoscope prototype; b, synchronized data acquisition in a Fowler’s position
(135° recline) on a reclining chair; ¢, VO position detail during supine position; d,
synchronized data acquisition in a supine position on a reclining chair; e, developed
signal splitter for synchronized acquisition of invasive ICP or arterial blood pressure
or venous blood pressure for uninterrupted clinical vital sign monitoring; f, bed-
side acquisition at intensive care unit; g, demonstration of ICP measured via ICU

monitoring. Continue on next page.

134



Fig. 3.2: (Previous page.) Label numbers: 1 VO; 2 automated 3D XYZ posi-
tioning; 3 mobile arm enabling vertical modulation and rotation of the whole XYZ
positioning; 4 device operator; 5 arm holding keyboard, mouse and joysticks for the
XYZ positioning; 6 acquisition laptop; 7 battery as 24V power source for the XYZ
positioning; 8 height adjustable table leg; 9 power supply and controlling unit for
the table leg; 10 65-pound stainless steel base; 11 heavy duty castors; 12 volunteer;
13 neck fixation collar; 14 respiration sensor; 15 finger blood volume pulse sensor;
16 electrooculography sensors; 17 electrocardiogram sensor; 18 8-channel hub col-

lecting all synchronized biosignals; 19 wood table.

Simultaneous data acquisition. Within the preliminary data acquisition,
the experimental system acquired the data of two cohorts of participants - healhty
controls excluding the invasive signals and hospitalized ICU patients with invasive
ICP monitoring.

1. Simultaneous data acquisition in healthy controls. The data sets (in-
cluding the retinal video-sequences, EOG, EKG, BVP and RPG) of eight
healthy controls were acquired at Masonic Institute for the Developing Brain,
University of Minnesota, Minneapolis, USA, utilizing the simultaneous acqui-
sition system [162] installed at the developed bed-cart. The data sets were pro-
cessed and analyzed utilizing the developed image processing pipelines (section
PCA and ICA utilization in retinal dynamic imaging) [171, [172]. The repre-
sentative example of the data set is visualized in Figure [3.3] Analysis of
pulse morphology of identified spatiotemporal retinal pulsatile patterns cor-
roborates correlation trends with heart rate and age that were reported on data
acquired at Friedrich-Alexander University of Erlangen-Nuremberg, Germany,
in Labounkova et al. 2022 [I71], as shown in Figure .

2. Simultaneous data acquisition in ICU patients. The simultaneous ac-
quisition of retinal video-sequence, other biosignals including the ICP was
performed on a hospitalized patients with already implanted probe and ICP
monitoring at the ICU of Department of Neurosurgery, M Health Fairview
Clinic, Minneapolis Figure [3.2ff-g. Patients were fully conscious, compliant
and without any life-threatening risks during the measurement. Simultane-
ous data set of retinal video-sequence, EKG, EOG, BVP, RPG and ICP is
demonstrated in Figure Up to date, we have acquired data in 3 hospital-
ized patients without any complications and with 100% patients’ compliance

during the experiment.

Innovation. The first precisely synchronized simultaneous acquisition of retinal

video-sequences, ICP and other biosignals were performed.
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Significance. The developed device for simultaneous video and biosignal acqui-
sition provides the opportunity to study the exact timing of events (CRV collapse
in retinal video-sequences in relation to ICP waveform peaks etc.), has a potential
to explain the origin of spontaneous venous pulsations and thereby confirm or deny
previous models. Another potential of these data sets is in estimation of intracranial
pressure based on retinal video-sequences. According to anatomy of retinal vessel
tree, ONH and ON retrobulbar segment as described in chapter State of the Art,
retinal vessels (both CRA and CRV) are influenced by cerebrospinal fluid in sub-
arachnoidal spaces of ON retrobulbar segment which is of the same pressure level as
intracranial pressure. Thus, the influence of intracranial pressure may be imprinted
to retinal hemodynamics. Particularly, SVP are suggested to be a result of a pressure
gradient between intraocular and intracranial pressure. Many clinical experiments
studied the link between the intracranial pressure and SVPs before. Moreover,
Morgan et al. [216], 220] estimated the intracranial pressure based on SVP collapse
and ophthalmodynamometry utilizing questionable signal synchronization system
via VHS-based ICU monitor recording. Precisely synchronized simultaneous data
sets offer the opportunity to utilize various mathematical approaches (both linear
and non-linear) that may potentially estimate intracranial pressure non-invasively
based on retinal video-sequences. Promising may be the utilization of deconvolu-
tion methods similarly as in Evensen et al. [67] who estimated the ICP waveform
based on continuous arterial blood pressure signal (invasive measurement) via de-
convolution approach. Additionally, these data sets have a potential to optimize
deterministic multi-compartment Windkessel models simulating eye hemodynamics
to estimate ICP.
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Fig. 3.3: An example of acquired biosignal and data analysis of a healthy subject.
The figure visualizes the identified spatiotemporal retinal pulsatile patterns (i.e.
SVP and OCP) and their time-courses with the other biosignals (EKG, BVP, RPG,
EOG).

S - superior, I - inferior, N - nasal, T - temporal, SVP - spontaneous venous pulsation,

OCP - optic cup pulsation
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Fig. 3.4: Retinal pulse morphology measurements assessed in Minneapolis data
set (grey dots) follows the measurements and trends assessed in German data set
(red dots). a, SVP pulse morphology measurement (i.e. amplitude, stotal stroke
volume, slope up and time to peak) depending on heart rate. Center specific mean
was subtracted from amplitude, slope up and total stroke volume measures before
the correlation analysis. b, SVP amplitude depending on age.

Grey Pearson correlation coefficients (r) and p-values (p) are values reported in the

Communications Biology. The black r and p are values after adding 8 red UMN

data points.
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Fig. 3.5: An example of acquired biosignals (retinal video-sequences, ICP, EKG,
BVP, RPG, EOG) and data analysis of a neuro-ICU patient with papilledema. The
patient’s papilledema (optic disc swelling due to previous long termed increase of
intracranial pressure) is the reason why the only one retinal pulsatile pattern in
the ONH area was identified and used for visualization. The patient’s intracranial
pressure was physiological in the day of the measurement.

S - superior, I - inferior, N - nasal, T - temporal, RPP retinal pulsatile pattern, ICP
intracranial pressure, BVP blood pulse volume via finger photoplethysmography;,

EKG electrocardiogram, EOG electrooculogram, RPG respiration plethysmography
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Conclusion

This Thesis aimed to advance the emerging field of functional retina imaging and
fill the gaps in its current state of the art. Comprehensive introduction to the vari-
ous aspects of the field provided with: (i) the knowledge of the basic anatomy and
physiology of human retina including the spontaneous venous pulsation (SVP) phe-
nomena and its origin; (ii) the principles and methodologies utilized for functional
retinal imaging; (iii) image processing methods utilized in the field.

The introduction helped to understand the current state of the art and specified the
gaps for improvements within the field. The Thesis proposed five specific aims in
effort to fill the gaps and advance the image processing methods for the functional
retina imaging. Specific aims were defined as follows: (i) to develop automated spa-
tial feature extraction based on mutual temporal coherence; (ii) to develop adaptable
spike suppression filter optimized for time-courses of retinal hemodynamics; (iii) to
utilize developed image processing and engineering techniques into clinical research
applications; (iv) to assess basic relationships between morphology of retinal hemo-
dynamics and other biological variables; (v) to conceptualize and design retinal
imaging experiment for simultaneous imaging of video-ophthalmoscopic recordings
with invasively measured intracranial pressure. All specific aims have been addressed
within the four sections in the chapter Results.

The first experimental section was focused on an automated spatial feature extrac-
tion from retinal image sequences via automatic, and data driven approach based on
mutual temporal coherence in effort to replace manual or semi-automated feature
extraction using human factor/judgement and efforts. Here, the thesis presented a
novel implementation of higher order statistics, i.e. spatial principal (sPCA) and
independent (sICA) component analyses, for automated separation of functionally
distinct parts of human retina characterized with temporally shifted hemodynam-
ics. The methodology was successfully utilized on mono-/bino-cular retinal image
sequences acquired with experimental video-ophthalmoscope. In combination with
newly introduced k-means filtering of temporal spikes in retinal hemodynamics,
both sPCA and sICA separated at least two reproducible spatial patterns with
mutually shifted hemodynamics in their time domains, i.e. SVP and optic cup
pulsations (OCP). Evaluated shift showed that OCP hemodynamics precede SVP
hemodynamics. Additionally, the analyses revealed a data-driven separation of res-
piration imprint into human retina and provided with a demonstration. Although
introduced methodology was originally applied to video-ophthalmoscopic data, the
publicly available algorithm represents a versatile tool that can be utilized in reti-
nal image sequences of various characters acquired with various devices acquiring

video-sequences of spatially stable retinal patterns.
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The second experimental section utilized the developed methodology, assessed SVP
and OCP morphology and identified biological and demographic factors affecting
SVP/OCP morphology. The analysis confirmed the age as a factor affecting the
morphological measurement of SVP. Moreover, heart rate was proven to be a factor
modulating morphology of both SVP and OCP patterns. The section indicates and
highlights the importance of heart rate as an important confounding variable for
future clinical studies focusing on functional retina imaging.

The third and fourth section provided design and demonstration of simultaneous
acquisition of retinal image sequences, other non-invasive biosignals, and invasive
intracranial and arterial pressures. The experiment and overall methodology es-
tablished a unique, precisely synchronized and complex dataset that represents a
milestone for studies focusing on SVP etiology and non-invasive measurement of
intracranial pressure based on retinal image sequences.

These four sections successfully addressed all specific aims and advanced the field
of functional retinal imaging with original contributions innovating technological
approach, basal knowledge about retinal pulsatile phenomena, and experimental
setup that may potentially lead to development of novel non-invasive diagnostic

techniques.
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Symbols and abbreviations
A-scan Axial scan

ABP Arterial blood pressure
ANCOVA analysis of covariance

ANOVA analysis of variance

BPqyq systolic blood pressure
BPjinst diastolic blood pressure
BSS blind source separation
BVP blood volume pulse
CCD charge coupled device

C/D ratio cup to disc ratio

CIVO constant inflow - variable outflow
CRA central retinal artery

CRV central retinal vein

CSF cerebrospinal fluid

CSFP cerebrospinal fluid pressure

CSFPy cerebrospinal fluid pressure amplitude
DOCT Doppler optical coherence tomography
DVA Dynamic Vessel Analyzer

EKG electro-cardiogram

EOG electro-oculogram

fps frames per second

fRI functional retinal imaging

FPA fundus pulsation amplitude

HRA Heidelberg Retinal Angiography
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HRT Heidelberg Retinal Tomography
Hz Herz
ICA independent component analysis

ICG angiography indocyanine green angiography

ICP intra-cranial pressure
ICU intensive care unit

10P intra-ocular pressure
LDH laser doppler holography
LED light emitting diode

LSI laser speckle imaging
MAP mean arterial pressure
ocC optic cup

OCT optical coherence tomography
ocCP optic cup pulsation

OD optic disc

ONH optic nerve head

oPP ocular perfusion pressure
OZH Zinn-Haller circle

PCA principal component analysis
PCAr posterior ciliary artery
RBC Red blood cells

RPP retinal pulsation pattern
RFI Retinal Funcion Imager
RNFL retinal nerve fiber layer
RVA Retina Vessel Analyzer
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SD-LCI spectral domain low coherence innterferometry
SD-OCT  spectral domain optical coherence tomography

SS-OCT swept source optical coherence tomography

SLO scanning laser ophthalmoscope
SNR signal to noise ratio

SVD singular value decomposition
SVP spontaneous venous pulsation

TD-OCT  time domain optical coherence tomography
UMN University of Minnesota
VO video-ophthalmoscope

mixing matrix

venous capacitance

c similarity criterion

D diagonal matrix

E matrix of eigenvectors

F projection /factor score/ score matrix
G grey set in image

Iy intensity of light source

[ length

P matrix representing E”

Q blood flow

R vascular resistance

r vessel diameter

Sx covariance matrix

p(9) probability of particular intensity level in image
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s < a -

3

Pn

underlying sources

estimates of underlying sources
observations

mathematical operation of transpose
geometrical transformation

time

matrix of left singular vectors of XX7*
matrix of right singular vectors of X7 X
demixing matrix

blood viscosity

wavelength

absorption coefficient

diagonal matrix of singular values
variance

phase angle
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A Electronic Appendix

The electronic appendix includes electronic version of the Thesis in .pdf format, i.e.
Labounkova,__thesis.pdf.

The developed methods and presented pipeline are incorporated in Retina Imag-
ing Toolbox which is publicly available at:
https://github.com/umn-milab/retinaimagingtoolbox
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