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ABSTRACT

Visual acuity assessment is the preferred first-line test among clinicians to evaluate the
integrity of the visual system. However, simple measures of near acuity, while of interest, may
provide only a partial indication of functional vision and of the effectiveness of surgical or
optical corrections. Since many activities of daily living rely on reading it is not surprising that
reading difficulty is the most common complaint among individuals with decreased vision,
while it forms the primary reason for patients to seek referral to a low vision clinic and a
strong predictor of vision-related quality of life.

Reading, however is a complex function. It requires a proper retinal image and intact retina
to send information to the brain, where the image is analyzed for extraction of meaning. Thus
it is difficult to evaluate functional vision based on reading performance. The evolution of eye
trackers, new standardised reading tests and computational and statistical methods have given
valuable tools to further analyse reading performance through eye movement parameters.

The aim of this work is to use eye movement analysis during text reading to evaluate func-
tional vision under different conditions. It is divided into four studies involving: assessment
of method repeatability, applications to age-related macular disease, anti-VEGF treatment, and
presbyopia correction, as well as the study of reading comprehension.

A secondary aim is to find certain eye movement parameters that are distinctly affected
under each condition and factor. In this context, the ex-Gaussian analysis is used to evaluate
the fixation duration distribution.

The results highlight certain distinct effects of specific factors on eye movement and ex-
Gaussian parameters. Ex-Gaussian parameter 7, the percentage of regression and the number
of forward fixations were affected by cognitive (higher-level) processes while ex-Gaussian p,
fixation duration and the number of fixations were mainly affected by optical (lower-level)
factors.

In the future, studies of specifically manipulated changes in certain factors have to be
performed. More refined computational methods and machine learning approaches could
provide more thorough analysis of eye movement parameters during reading.

xi



ITEPIAHVH

H egétaon tne ontiniic o&OTnTag anoTeAel To TECT TMEOTNG YPUUUNC TOU TROTHIATUL Omd TOUG
XAVxog Ylotpolg Yol TNV a€loAdYNoT TNS AXEPAULOTNTOSC TOU OTTixol cuoThuatog. Tag” dha ow-
Td, 1 e&€taon NG XOVTVAC 0EUTNTOC, AV ot YENOWY), UTopel vor Tap€yel WOVO PepixY| EVOEIEN TN
AELTOLEYIXNG OPUONC X0l TNG AMOTEAECUATIXOTNTOC YIS YELROLEYIXAC 1) omTxAc Slopdwong. Agpol
TOMES BpaoTneLdTNTeES TN xoinueptvic Lwng otneilovton oty avdyvwor), 8 Yag EXTAOCEL TO OTL
1 BUoXOAA GTNY AVAY VKo efval To o GUVAUES TUEATOVO ATOUWY UE YOUNAT OpaoT Xal OTL ATOTEAEL
Tov Poaoind AoYo Tou acVEVEIS TUPATEUTOVTOL GE XAVIXT YOUUNAAS ORUCTC XAl LOYURO TROY VWO TIXO
ToEAYOVTAL YLl TNV ToOTNTA (WNG OYETIXA PE TNV ORI

H avdryvwon moap” 6ha autd, etvon plar tepimhoxn dradixaoto. Amontel xohy) ou@BANcTEoEdINY Etxdva
XL AXEQULO OUPLBANCTEOEWSY YLt vou OTEIAEL TNV EXOVOL OTOV EYXEQPUAO, OTOU AVORDETOL YLoL TNV
xatavonon tou unvouatog. EEol xou elvon 50oxokn 1 alohdynon tng Aettoupyixrc dpoaong ue Bdon
NV avary Voo Tixr oupneplpopd. H eZéMin twyv eye trackers, véeg Tunomomuéves xdpTeg avdyvemong
X0l VEEC UTOANOYIOTIXEC Xl OTATIOTIXEC PéV0BO0L €YoV BWOoEL TOAITIUA EpYUAEld Yior TNV TEQOUTERE
AVEAUCT] TNG AVOY VOOTIXTC CUUTERLPORAS UE TN XPNOT TUPUUETOMY OQUOALXWY XIVOEWV.

Exomog auth Tne epyaciag elvon 1 yenon TS avaAUGTE 0QUOALXDY XIVACEWY XOTA TNV VY VWoT)
XEWEVOL Yo TNV A€LOAOYNON TNG AELTOURYIXTC GpaoNG XATw amd BlopopeTinéc ouviixes. Xwplleton
oe T€ooeplc PEAETES: EAeYy0g enavahnudTnTog Tng uedddou, uehétn tng enidpaong e NAXoNg
expUNONE NG wypeds xNAidac AMD xau tng anoteeopatixotnrac tne anti-VEGF depoarneiog otig
0QOUNUIXES HIVACELS XOTA TNV OVEYVWOT) Xl UEAETT TNG eNidpaone TN TeeoBumTiag XoL TEYVIXWY
OLopdwornc TnNg Ye poxols emapnc, xodode xat HEAETN NG eNBEAONS TNS XATAVONOTG TOU XEWEVOL
oTIC 0QUUANULXES XWVAOELS.

‘Evag 6ebtepog oxondg elvon vo Beedoly cuYEXPUUEVES TURIUETEOL OPIUAUXWDY XIVACEWY TOU €-
mneedlovion caps amd TNy enidpaoT xdie Topdyovta. Xe autd To Thaiclo, 1 avdiuon ex-Gaussian
Yenowonoteltar mpoxeévou vo aflohoyniel 1 xatavour) Tne Sdpxetag Twv onueiwy TeocHAwong.
Y oyetnd| BBhoypagpia, n avdduon ex-Gaussian otny xatovoun tng Sldexeloc Twv onueiwy Tpo-
ohhwong €yel yenowornomldel yio T YeAETN NG EBEAOTE TOAMMY TUEAYOVIOY GTIC OPUUAUXES
xwhoelg. Etvon utd oulhnon av n xdde nopduetpog tng xotavourc ex-Gaussian unodniovel Slo-
popeTXn) Yvwolaxr diepyoaota. H yerétn pog, €yet wg oxond va ouufBdiel oe auth 0 oulftnon
EAEYYOVTUC QUTEC TIC TOPOHUETEOUC XATE Ao BLPORETIXES GUVITXES.

L1 eAETN Yo TNV ETBpAOT TNS NAXLIXAC EXPUALOTE TNS wyeds xnAidac AMD ta anotehéopota
delyvouy 6Tl o actevelg ue AMD elyov onuovtind yeipdteen ontixd 00TnTo ot UEYOADTERO TdyY0g
ap@BAnoteoetdr CRT and tnv opddo TV UYLOY CUUUETEYOVIWY, XoM ETIONG XaL ONUOVTLIXS Olo-
POPETUES TWES OTNY ToUTNTA VALY VWONG XAl OE OAES TIC TOROUETEOUS TV OQUIAUXDY XIVACEWY.
Metd amd tpeic urveg depancioc anti-VEGEF, ou aclevelc napousiacay Bertiwon oty taydtnta
avdyvwong xat otov apldud TV onueiny tpoonhwong. Avtideta, n onTtixr oZUTNTA TUPEUELVE OYE-
T otadepn, otneilovtag Ty drodn 6T N ot o&UTnTa Bev elvan apxeTy| yio var a&tohoynidel 1

AertoupYr) 6paoT) o acVEVELS UE YounAY| Opao).
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H 8i6ptwon tne mpeoBuwmniag Ue uxols eTopric SLOPOpETIXWY GYEBLICUMY (TONESTLAXOL Xo Qo
xol o TopEéyouV Hovodpao), iy oNuaVTIXE anotEAéoUaT oTNY omTixY) 0&UTNT, GTNV TayUTNT
AVEYVWOTNG XAl OF TOEUUETEOUS TV OQUUAUIX®Y XIVACEWY, OTWS GTOV apllud TV ONUEiwY Tpo-
OHAWONG XAt T OLEEXELL TNE TEOCHAWONG, XadKS enione xou oTny mopdueteo U tne ex-Gaussian.
[Toe” 6ho mou 1 omTixy) 0Z0OTNTA NTOY CNUAVTIXG XAUAOTERT UE TNV LOVOOEACT) o’ OTL UE TOUC TOAU-
eoTo00¢ axole emapnc, xouia dAAn Biapopd o Beédnxe uetald Twv Vo TEéTwY Bidpinong. H
AVAYVWOT) O YAUNAT] QWTEWOTNTA Elye onuavTxy enidpact) oyedOV G OAEC TIC TUPAUUETOOUS TWY
0QOANUIXWY XVACEWY XL 0TV ToEdueTeo W Tng ex-Gaussian. H enidpaon autr Atav yeyaidteen
GTOUC TOAVECTIOXNOUE QUXOUE ENUPHC.

Y1 EAETN TNS ETUBPAUONE TN XATAVONONG TOU XEWEVOL OTIC OQIUAUIXEC XIVACELS XATE TNV o-
VAYVWOT), OWOUUE GTOUG CUPUETEYOVTES DLO DLUPORETIXG GET OONYLWYV. XTO TEWTO OET, XAAOLYTAY
va 0l3doouy to xeluevo oe évav dveto, YU autolg pulud eved 0To BEOTEPO GET, XAAOUVTAY VL
OL3dcouY To XEEVO €TOL WOTE VoL TO XATIAGBouY xou va ebvar oe VE€oT Vo amavTioouV PETA OE
EPWTAHOELS xatavonone tou xetévou. Ta anoteAéopata €delav 6Tl 1 deltepn oLV XN oyeTileton ue
YUUNAGTERT Tay OTNTAL AVAY VOGS, MEYAAUTERO 0ptdud oNUEldY TEOCHAMONG, UEYANITERO TOGCOGTO
XWACEWY TTEo¢ Tol Tlow (regressions) xat udmAoTeEN TYWY| oTNY TopdueTeo T T ex-Gaussian. H
ad&nom tou apliuol Twy onuelwy TEooHAwong uropel vo TpoBAédel ot onuoavTnd Badud tn uelwon
OTNY T UTNTA OV VWOTC.

To anoteréopata Setyvouv copt| ENiBEUCT) CUYXEXPIIEVKY TORAYOVTIOY OTIC TUPUUETEOUS OQUoA-
XDV XIVACE®Y XL OTIC TopoéTeoug Tne avaivone ex-Gaussian. H napduetpoc T e ex-Gaussian,
TO TOGOGTO TWV AWVACEWY TPOC To Tow (regressions) xou o aptiude Twv onuelwy TEocHAWoNG Ue-
& omd caxxadix) xvnom TEog Ta UTEOGTY, eE0RTOVTNL XURIWS omd YVOOLOXES DERYUGIES, OTWS
1 XUTUVONOT) TOU XEWEVOL, EVE 1) Tapdueteog U Tng ex-Gaussian, 7 dudpxeia xou 0 aptiuos Tev
onueiwy mpooiwong emnpedlovion xupltg amd ONTXOVE TUPAYOVTES, OTWS 1] PWTEVOTNTA XAl 1|
Yorwon. Evbiagépov €xel To yeyovog oti ol acteveic ye AMD elyov onuovtind Siapopetixée Tiuég
and TNV OPddA TWV UYLOY, OE OAEC TIC TUPUUETEOUC ToU UeAeTHINXay. Oo Tepluévaue 1 nAtax
exOALOT TNE WY A xNABog Vo emneedlel TNV dpoom xUElKS HECK OTTIXWY TUEEUBOADY GTO ETUNESO
ToU auPPBANcTEoEWY eninedo. Patveton OUnS, OTL enneedlel TNV dpoon e T€Tol ETUNEDD, WOTE Vo
MELOVETAL 1) IXOVOTITAL VoY VORLONG AEEEWY XAl VONUATOS, UE AMOTEAECUA VoL UTHEYOLY ETUTTOOELS
XU OE YVWOLIXO ETUTEDO.

Y10 péhhov, Yo TeEmel Vo Teary HUTOTOLI00Y UEAETEG UE OANAYES CUYXEXQUUEVWV TUEUYOVIWY, UE
XUTE TO BUVITOV, OLOYWEIOUO YVWOOLIXOY XUl OTTIXOY TURAYOVTIKY, TROXEWEVOU Vo e&oydoly mo
AGPUNT] GUUTERAOUATO GYETIXA UE TN CUCYETIOT CUYXEXQUEVGY TORAYOVIWY UE TN AiTovpyla Tng
6paoNG XUTd TNV avdyvwor. Ileplocdtepo exhentuouéveg uTohoyloTixég uédodol xou mpoceyyioelg
UNYOVIXAC UddInong UTopoly Vo BOCOLY TO AETTOUERT] OVIAUGCT| TV TUPUUETOWY TWV OQUUALXWY

HVACEWY XATA TNV AVEYVWOT).
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INTRODUCTION

In this chapter, the basic concepts relevant to the thesis are described and the state of the art

is presented.

1.1 EARLY VISUAL PROCESSING

Visual perception begins in the retina. Incoming light is focused by the optical elements of
the eye, mainly the cornea and the lens, and projected to the outer layers of the retina. There,
light is converted to electrical signal which is then sent through the optic nerve to thalamic

and tegmental nuclei for further processing before reaching the visual cortex.

1.1.1 Retina

The retina covers the posterior pole of the eye and is the photosensitive layer where light is
focused on and conversion of light energy to electrical signal takes place.

In vivo imaging of the retina using fundus photography reveals the following structures
(Fig. 1.1):

- The macular lutea with a diameter of about 5mm ( 20° of visual angle), - The fovea, at
the center of macular lutea with a diameter of about 1.5mm ( 5°) and the foveola at the center
of the fovea ( 1°). The foveola is responsible for high resolution vision supported by the high
density of cone photoreceptors. - The optic disk which is about 15° of visual angle nasally
from foveola.

The retina contains five different neuronal cells: The photoreceptors, the horizontal, the
bipolar, the amacrine and the ganglion cells. Every kind of these cells is responsible for a

different function.
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Figure 1.1: Fundus photography showing some distinctive areas of the retina. From Estudillo-Ayala et.
al (2020)[1].

The photoreceptors are responsible for the conversion of light energy to a change in mem-
brane potential. There are two kinds of photoreceptors, rods and cones. Cones are responsible
for day vision and color processing, while rods for night vision. Cones provide higher acuity
and better resolution than rods. Rods are very sensitive to light and therefore they function
well in dim light when cones cannot be excited. Although rods are more sensitive to light than
cones, they are “achromatic”.

There are three types of cones distinguished by the range of wavelengths to which they are
most sensitive, i.e. the S-cones which are most sensitive at 420nm, the M-cones sensitive at
534nm and the L-cones which are most sensitive at 564nm.

Figure 1.2 shows the density of rods and cones as a function of the retinal eccentricity. The
cone density is higher at the center of the fovea, foveola, and decreases in the periphery. On
the contrary, rod density is higher at about 20° from the center of macula lutea. Rods are
absent from the foveola and only cones are present in this area. This is why the foveola has
the highest resolution and spatial sensitivity. In addition, at the center of the fovea, each cone
is connected to a single ganglion cell but at the periphery more than one cones and rods

converge to a single cell.
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Figure 1.2: Spatial distribution of rods and cones on the retina (From Osterberg 1935 [2])

1.1.2  Binocular vision, Stereopsis

The retinal image is two-dimensional, however we perceive the world as tree-dimensional.
The shift from two to three dimensions relies on both monocular and binocular cues. Monocu-
lar cues create far-field depth perception, while binocular cues create near-field depth percep-
tion. Stereoscopic vision is based on the fact that the two eyes are separated in the horizontal
plane, thus each eye sees the world from a slightly different angle. When we fixate on a point,
the convergence of the eyes cause this point to fall on identical spots of the fovea. The rest of
the points (closer or further from the fixation point) however, fall on slightly different points
of the retina of each eye. This difference is known as binocular disparity and it constitutes a

vital cue for depth perception.

1.2 GAZE SYSTEM

The gaze system is responsible for the placement of a visual target on the fovea, where the

resolution of the retina is optimal. It consists of two components: the oculomotor system and
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the head movement system. The first one moves the eyes in the orbits, while the latter moves

the orbits in space.

1.2.1 Neuronal control systems that keep the fovea on target

We can outline five different movement systems, three of which keep the fovea on a visual

target and two that stabilize the eye when the head moves [3].

* Saccadic eye movements move the fovea rapidly to a visual target

Smooth pursuit movements keep the image of a moving target on the fovea

¢ Vergence movements move the eyes in opposite directions so that the image is positioned

on both foveae

Vestibulo-ocular movements hold images still on the retina during brief head movements

Optokinetic movements hold images during sustained head rotation

All, but the vergence movements are conjugate movements. That means that both eyes move
in the same direction and by the same amount. Vergence movements are disconjugate: the eyes
move in different directions and sometimes by different amounts.

Finally, there is a sixth system, the fixation system which suppresses the eye movements in

order to hold the eye still during intent gaze [3].

1.2.1.1  The saccadic system

Saccades are fast, ballistic, and conjugate eye movements [4]. They can be made not only to-
wards a visual target but also towards auditory or tactile stimuli, or even towards memorized
targets and verbal commands [3].

When exploring the world with our eyes, we do it in a series of fixations connected by
saccades. The purpose of the saccades is to move the eyes as quickly as possible so that the
image of an object is brought to the fovea [3]. Figure 1.3 shows the orbit of the saccades during
scanning an image.

The target determines the amplitude and the direction of a saccade. On the contrary, its

velocity and duration are not subject to voluntary control. Its velocity is strongly and positively
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Figure 1.3: On the right, trajectories of saccadic eye movements during scanning the image shown on
the left (From Yarbus 1968 [5]).

correlated to the amplitude of the saccade, i.e., the distance of the target from the current
fixation point. Figure 1.4 shows this relationship.

Normally there is no time for visual feedback to modify the course of a saccade, thus
corrections to the direction or the amplitude of a saccade are made by subsequent saccades
[3].

The velocity and the duration of saccades of similar amplitude can highly vary even for
the same individual. There are many factors that have predictable effect on saccadic velocity.
Saccadic velocity can be reduced by certain drugs, fatigue or pathological states. Saccades are
also affected in psychiatric patients and in people with affective and neurological disorders
[4]. Saccades are also slower when made in complete darkness, when made in anticipation of
targets moving in a predictable way or when made in the opposite direction of a visual stimu-
lus [6]. Saccadic velocity is also affected by the direction of the movement and the initial and
final orbital position. Saccades towards the center tend to be faster than the ones that are direc-
ted towards the periphery [6]. In healthy adults saccadic velocity ranges between 30-700°/sec,
saccade duration between 30-100 ms, amplitude between 0.5-40° and latency between 150-250

ms (the sum of sensory and oculomotor processing time [7].

1.2.1.2  The smooth pursuit system

The smooth pursuit system consists of conjugate eye movements that track a slowly moving
object so that its image is kept on the fovea. This is done by calculating how fast the target
is moving and then moving the eyes accordingly [3]. Only animals with foveae make smooth

pursuit eye movements and those that do not have, use their optokinetic eye movements in
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Figure 1.4: Saccade velocity as a function of saccade amplitude [8].

order to track objects of their environment. Although humans have both smooth pursuit and
optokinetic movements, they rely mainly on the smooth pursuit [7].

A moving stimulus is needed to properly calculate eye velocity. This means that a verbal
command or an imagined image cannot produce smooth pursuit. Smooth pursuit movements
have a maximum velocity of about 100°/s and latency (initiation time) ranging between 100-
130 ms [3, 7]. Drugs, fatigue, alcohol, and even distraction degrade the quality of these move-

ments.

1.2.1.3  The vergence system

The vergence eye movements shift the gaze axes in depth so that the image of a target is kept
simultaneously on both foveae. At any given time only a small portion of the visual field is in
focus on the retina. When we look at something nearby, distant objects are out of focus and
when we look at something far away, near objects are blurred. So, the vergence movements
bring the new object of interest in focus. Figure 1.5 shows vergence movements when the
viewer aims to look far and near.

As mentioned before, the vergence movements are the only disconjugate eye movements.
That means that in order to move from a far to a near target, the eyes converge (i.e., rotate
towards the nose) and in order to aim from a near to a far target, the eyes diverge (i.e., rotate
towards the temples) [7].

Vergence is linked to the accommodation of the lens and to pupillary constriction. These
three linked systems comprise the near response (or near triad), because they occur when we

move our gaze from a far to a near target.
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Figure 1.5: Vergence system when looking near and far [3].

The main stimuli for vergence are the retinal image blur and the retinal disparity. The retinal
disparity is the slight difference of retinal position between the two eyes, used by the visual
system, to create the sense of depth.

Vergence eye movements are very slow and last 1 second or even longer. This may be due to
the fact that vergence, contrary to the saccades, is driven by visual feedback, which normally
takes at least 80 ms. The speed of vergence movements may be also limited by how fast the
lenses change shape (accommodation) and how fast the pupils constrict, since they all occur
simultaneously [7].

The latency of the vergence movements is about 200 ms for retinal blur stimuli and 80-160

ms for retinal disparity stimuli [7].

1.2.1.4 The vestibulo-ocular system

The Vestibulo-Ocular Reflex (VOR) stabilizes retinal images during head movements by
counter-rotating the eyes at the same speed as the head but in the opposite direction. Image

stabilization based on vestibular input is much faster and more efficient than visual processing,
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supported by saccades, smooth pursuit and vergence movements which require cortical pro-
cessing to be accurate and fast or even to initiate, because visual information takes about 100
ms to travel from the primary visual cortex through a series of brain structures, to the ocular
motoneurons that move the eyes. On the contrary, vestibular information takes only about
7-15 ms to travel from the vestibular nuclei in the brainstem to the ocular motoneurons. This

short latency allows the eyes to compensate for the rapid oscillation of the head [7].

1.2.1.5 The optokinetic system

The optokinetic system supplements the vestibulo-ocular system. The vestibular apparatus
does not perfectly transduce ongoing head movement parameters and this is where the op-
tokinetic system provides the central vestibular system with visual information that is used to
stabilize the eyes [3]. The optokinetic reflex responds to very slow visual image motion and it
builds up slowly so as to provide a motion signal that can take over as the vestibular signal

decays.

1.2.1.6  The fixation system

It would be expected that vision would be most accurate when the eyes stay still. However,
steady fixation doesn’t really exist. Even during fixation there are small ocular movements:
microsaccades, drifts and tremor. Figure 1.6 shows spontaneous changes in eye position dur-
ing typical fixation. Although unstable fixation may result to visual degradation, there is now

evidence that small fixational eye movements may improve perception.

1 I 1 I 1
02F tremor horizontaH
0
g |
oy
:—0.2 ™ microsaccade
= vertical |
202
= |
e
=
0
02k .
1 1 1 1 1
1] 500 1000 1500 2000 2500 3000

time (ms)

Figure 1.6: Eye position during fixating on a small stimulus. Microsaccades, tremor and drift are dis-
played [9].
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Microsaccades are the fastest and largest fixational eye movements [4]. Their mean amp-
litude is about 6 arcmin and their upper limit is 1°. They occur at a mean frequency of approx-
imately 120 Hz [7]. They move the retinal image in a distance of some hundreds of cones and
they have a relatively constant duration of 25 ms and this is why a linear correlation of their
velocity with their amplitude is being observed (Figure 1.7). Microsaccades are most possibly
conjugate eye movements. Their main role is to correct shifts of the eyes caused by the drifts.

They also play a role on the avoidance of the neuronal adaptation.
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Figure 1.7: Correlation of microsaccade magnitude with peak velocity [10].

Drifts are small, winding motions that happen between the fast and linear microsaccades.
Their velocity is less than 20 arcmin per second. They move the retinal image about 5-15
photoreceptors.

Their function is still debated. Although, they were first attributed to the instability of the
extraocular muscles and to their antagonistic role with the microsaccades, recent studies have
proposed that the drifts contribute to fixation’s accuracy and that they prevent the image of a
stable object from fading.

Tremor is a continuous, high frequency ocular motor activity that takes place during both
microsaccades and drifts. Its frequency is about 50-100 Hz and its mean amplitude is less than
1 arcmin. Tremor is quite difficult to record because its amplitude and frequency are at the
detection limits of conventional eye-traking equipmemt.

The role of tremor in vision is not yet defined. Its frequency is so high that the image’s
tremor is not recognizable by the eye. Tremor is different in each eye with a possible contribu-

tion to stereoscopic vision.
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1.3 EXTRAOCULAR MUSCLES

The eye movements are controlled by a system of six extraocular muscles that form three
complementary pairs. To understand how these muscles move the eyeball, it is essential to
understand the geometry of the eye and the functions of the muscles.

There are four rectus (superior, inferior, medial, and lateral) and two oblique (superior and
inferior) muscles attached to each eye. The recti originate at the apex of the orbit and insert on
the sclera, anterior to the equator of the eye. The oblique muscles approach the eye from the
antero-medial aspect and insert behind the equator. The extraocular muscles are presented in

Figure 1.8.

A Lateral view B Superior view

Trachlea

Lateral rectus
Superior rectus

Lateral
rectus

e Medial
b recius
i Superior
| oblique
i

Superior
rectus

Inferior rectus

Inferior oblique

Figure 1.8: On the left, lateral view of a left eye and the extraocular muscles. On the right, a superior
view of a left eye [3].

The eyeball rotates on three axes: horizontal, vertical, and torsional (Figure 1.9). Eye rota-
tions are achieved by coordinated contraction and relaxation of the muscles.

The medial rectus adducts the eye while the lateral rectus abducts it. The rest of the muscles
do not perform purely vertical or torsional rotations but a combination of the two. The pro-
portion of torsional and vertical rotation performed by each muscle depends on the horizontal
position of the eye in the orbit. Figure 1.10 shows the extraocular muscles and their actions

according to the eye position.
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Figure 1.9: The three axes of ocular motion [7].
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Figure 1.10: The extraocular muscles and their actions according to the eye position [7].
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1.4 EYE MOVEMENTS DURING READING

141 Reading

There are many models to describe reading process and eye-movement control during read-
ing, focusing on different classification criteria. Some models are focused on the control of
eye movements during reading and whether they are controlled by low-level oculomotor
strategies or influenced by higher level, cognitive processes [11]. Other models, are concerned
on the relationship between eye movements and attention and whether words are processed
serially or in parallel (cascaded processing [12, 13]).

Either way, reading is a complex function that is affected both by optical and cognitive
factors. It requires a proper retinal image and intact retina to send information to the brain,
where it is analyzed for message understanding [14]. Thus, it is affected by any optical factor
that results in a non-proper retinal image, by any eye disease that influences the retina or any
optical medium of the eye, but also by any higher-level cognitive factor that is linked with the
processing of the information by the brain.

On the one hand, reading speed slows down when the letters are blurred [15, 16], when
they are too small [17, 18], when they do not have enough contrast [19] or when binocular
fusion is hampered [20]. On the other hand, it also slows down when bilinguals read in their
second language compared to their primary language [21]. Reading speed also depends on
demographic factors (such as age [22-24] and education level [25, 26]), overall processing
speed as both a state and a trait characteristic [27], the extent of a person’s vocabulary [28, 29]
and other cognitive factors such as reading experience [27, 29]. It has also been shown that
cognitive-linguistic processing affects greatly reading behavior, having an influence on many
reading parameters [30].

Since many activities of daily living rely on reading, it is not surprising that reading diffi-
culty is the most common complaint among individuals with decreased vision [31]. However
reading performance tests are not used in clinical practice. Assessment of visual acuity re-
mains the preferred test for low vision patients despite its suboptimal capacity to predict the

extent of deficits in functional vision [32-35].
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1.4.2  Reading as a tool for visual performance evaluation

Reading ability is currently evaluated using a plethora of reading tests (available in sev-
eral languages). Traditional reading tests usually have long paragraphs with small print and
shorter ones with larger print, to allow determination of reading acuity. More recently de-
veloped cards follow the Bailey-Lovie principle [36] and have paragraphs of equal length;
these include the MNread [37], Colenbrander and Radner [38, 39] cards. Standardized para-
graphs allow comparison of the reading speeds for paragraphs of different print size. To
test reading endurance, the International Reading Speed Texts (IReST) [40, 41] which provide
longer segments of fixed size, or even very long stories developed for sustained reading [42],
are probably the most appropriate. Although clinical reading tests are thoroughly standard-
ized, there is a significant inter-individual variability in reading speed, as a function of various
cognitive factors [25, 27-29] and age [22-24].

The question that rises is which test is the most appropriate to use. Although there are
some standards for comparing tests, generally the optimal test will depend on what we want
to measure [34]. When only optical factors are involved, visual acuity and reading acuity
probably provide the most informative parameters, as optical deterioration of the foveal image
predicts visual function. On the other hand, when retinal factors are involved, such as in
maculopathies, it is preferable to evaluate reading performance (i.e. reading speed) using a
continuous text, since reading ability requires a larger intact retinal area.

There are well-accepted standards for comparing the validity, reliability and responsiveness
of the reading tests [34]. In most cases, the evaluation is restricted to test-retest variability
and often limited to readers with normal vision. Few studies have made direct comparisons
between tests, while comparing across studies is difficult when the testing conditions and
characteristics of the participants differ. Figure 1.11 shows some of the most widely used

current reading cards.

1.4.3 Eye-tracking during reading: technology and state of the art

Eye tracking is an experimental method of recording eye motion and gaze location across
time. It has been used in various fields, primarily in psychology, but also in medicine, neuros-

cience, mathematics and computer science, education etc [43].
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Figure 1.11: Some current reading cards.

Over the years, numerous techniques have been developed to record the eye movements.
Three categories according to the physical characteristics of the eye which are used can be
traced. Techniques i) based on reflected rays, ii) based on recording of the electrical impedance
and iii) based on contact lenses. Most modern eye trackers use techniques based on reflected
rays and are video-based. They shine infrared light into the eye, this light produces a reflection
on the cornea and is identified by the eye tracking software. Pupil tracking and/or corneal
reflection are used for recording. Then a calibration is performed, where the participant is
instructed to look at a series of points at known locations on the screen. This calibration is
tested in a validation stage. The gaze point can then be estimated from the relative positions
of the pupil and corneal reflection.

Eye trackers vary in their sampling rate, reaching up to 2000 Hz. They also vary on whether
they need the head to be stabilised via a chin rest or not, or whether they are stationary
(with the infrared cameras set on a headband), portable (without a headband) or mobile (with

cameras on glasses [44]), or whether they record one or both eyes.
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Raw eye-tracking data is a series of samples that contain the point of gaze estimate for one
or both eyes as an x and y screen position in pixels. Eye tracking software provides processed
sampling data as fixation, saccade, blink and pupil size data.

For reading experiments, high sampling rate and head stabilisation with a chin rest are pre-
ferred, as accuracy for small eye movements and knowing which word is fixated, is important.
Reading performance assessment with the use of eye-tracking can be challenging, particularly
in special populations such as children or older adults, due to problems such as lack of concen-
tration or calibration problems due to glasses or retinal scotomas [45]. The recent development
of portable and mobile eye-trackers has facilitated the recordings in such populations.

In reading tasks, eye movement analysis is based on word, sentence or text level, and
eye movement parameters are defined accordingly. In general, it is important to distinguish
between first-pass and second-pass (i.e. re-reading part of the text) time for the region of

interest [11]. Eye movement characteristics during reading are described in the next session.

1.4.4 Eye movement characteristics during reading

When reading a text, efficient sensorimotor coordination is required for executing the se-
quence of fixations and saccades required to capture high-resolution images with the fovea.
Eye movement efficiency develops almost in parallel with reading ability, in terms of speed
and accuracy, as the child progresses from a beginner to a proficient adult reader [11]. Less
skilled readers (e.g. children with reading difficulties) typically make more fixations of longer
duration and shorter saccades than skilled readers [46—48].

For skilled readers, saccade amplitude and fixation duration average 7-9 letter spaces and
200-250 ms, respectively. Typically the eyes move forward from one word to the next, but they
sometimes make an additional fixation on the currently fixated word (within-word refixation)
or they move back (regression). The average percentage of regressions in the total number of
saccadic movements is 10-15% for a skilled reader [11].

Regressions are a natural part of the reading process. When they are suppressed experi-
mentally, by presenting texts one word at a time, comprehension falls dramatically [49].

There is considerable research on the factors that explain the considerable variability ob-
served in saccade length and fixation duration. These factors include lexical and orthographic

characteristics of a given word, type and syntactic complexity of the text read, visual condi-
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tions as well as several reader characteristics. For instance, reading experience in the course
of reading acquisition is inversely related to saccade length and fixation duration (see Figure
1.12), whereas less experienced readers tend to make more fixations and more regressions than
skilled readers. Detailed review of the effect of such characteristics on saccades and fixations

is displayed in the following sections.

Grade level?

1 2 3 4 5 6 Adult
Fixation duration (ms) 355 306 286 266 255 240 233
Fixations per 100 words 191 151 131 121 n7 106 94
Frequency of regressions (%) 28 26 25 26 26 22 14

3 Grade 1 children in the US are typically 6 years old, when reading instruction begins.

Figure 1.12: Developmental characteristics of eye movements during reading [11].

1.4.4.1 Saccade length and percentage of regressions

Saccade length can be measured in two ways: in degrees of visual angle and in number of letter
spaces. It has been shown the saccade length, measured in letter spaces, remains constant if
the text is read at different distances, even though the visual angle subtended by a letter space
changes.

The probability of making a regression is highly dependent on the length of the prior, pro-
gressive saccade. More specifically, the longer the prior saccade, the higher is the probability
of a regression. Regressions are also more likely to happen after a word that was skipped,
especially if it’s a long word [4]. About 70% of the regressions are towards one of the previous
words (inter-word regressions). They are mainly small-amplitude saccades which bring the
eyes right to the previous word. Sometimes however, longer regressions are made to more re-
mote preceding words [4]. Finally, the length of regressive saccades is generally higher during

monocular compared to binocular reading [50].

1.4.4.2 Fixation duration

The fact that some words are skipped and some others are fixated more than once, makes it
difficult to measure processing time for a word [51]. There are various fixation duration-based
parameters that are being used. Mean Fixation Duration underestimates the time the eyes
spend on a word, that is the number of fixations on a specific word. Using Single Fixation
Duration, we take into account just the words that are fixated only once. This is also problem-

atic because there are words that are skipped and some that are refixated. Therefore, there
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1.4 EYE MOVEMENTS DURING READING

are two measures that are mainly used. First Fixation Duration is the duration of the first fix-
ation regardless of whether it is the only fixation of the word or the first of multiple fixations.
Gaze Duration is the sum of all fixations on a word before moving to the next word. A final
measure is also used. Total Time on a Word is the sum of all fixations including regressions. It
cannot however, measure the initial processing time. In cases where the unit of analysis is not
a word but a sentence or a text, it is appropriate to distinguish first pass reading time from
the second-pass time [11].

Regarding fixation duration, it has been shown that it depends highly on both cognitive
and optical factors. Word frequency has a great effect on it. Readers spend more time on
lower frequency words than on higher frequency words. Words that are highly predictable
from previous context are also fixated for less time. For this reason, function words are fixated
only about 35% of the reading time, while content words are fixated about 85% of the time
[11, 52]. Juhasz et al. showed that words with alternating case (e.g. AITeRnAtInG cAsE) were
fixated longer than those which were presented in normal case [53].

Monocular vision also affects fixation duration. Johansson et al. showed that monocular
reading results in significant increase in fixation duration at 8.9% [54]. It has also been shown
that the binocular advantage becomes more prominent in low contrast condition. Binocularity
contributes increasingly to reading performance, by lowering the fixation duration, as stimu-
lus contrast decreases [50]. Leyland et al. have also showed that partial word shading, produce
longer gaze durations and that readers spend more time re-reading target words when they
are partially shaded [55].

Fixation duration is also affected by the initial fixation location. As shown in Figure 1.13,
fixation duration is longer when the fixation is near the center of short words and to the left
of the center of long words. This phenomenon applies both to first fixations and refixations
[4].

Fixation durations during text reading are not normally distributed; their frequency distri-
bution always exhibits a pronounced right tail, i.e. an increased frequency of long fixations [56,
57]. Printed word frequency is one of the first factors examined in an attempt to account for the
shape of this distribution. In one of the earliest studies, Staub et al. (2010) used ex-Gaussian
fitting (please see also Section 2.7) and demonstrated that word frequency affected both the
shift and the skew of the distributions [58]. This result has been replicated by Reingold et

al. (2012) [59], who also showed that manipulation of the validity of parafoveal preview had
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Figure 1.13: Single fixation duration as a function of Initial Fixation Position [4].

a similar effect. There are however, factors that affect only the y parameter: predictability in
context [60], lexical ambiguity [61], contrast of the text [62] and the landing position of the

eyes within the word [59].

1.4.5 Perceptual span

Saccade length is also influenced by the length of perceptual span: The number of letters
that can be extracted and effectively processed in a single fixation [4]. Although visual acuity
is very high in the foveola (central 1 degree of vision), it is not as high in the parafovea (up

to 5 degrees) and it’s even poorer in periphery (region beyond the parafoveal). Several lines

of evidence suggest that graphemic information is regularly extracted from parafoveal vision.

Thus, readers often skip short function words or highly predictable words in a sentence [11].

Further, saccade length is influenced by both the length of the fixated word as well as the
length of the next word in the sentence. The further the launch site of a saccade, the closer
to the beginning of the word the landing site is. Also, if the beginning of a word contains

an orthographically irregular segment, the initial landing position of the eyes shifts to the
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beginning of the word [11]. The perceptual span of a typical proficient reader is sufficient
for word recognition which, in most cases, requires identification of up to about 7-8 letters
to the right of the fixation [11], depending on the writing system and specific orthography.
Perceptual span in not only parallel, but also vertical, thus readers also focus their attention in
order not to acquire information from below the currently fixated line [63]. In turn, perceptual
span affects fixation durations and overall text reading speed It has been indicated that if
parafoveal information is denied, reading rates decrease rapidly [11].The capacity of the visual
system to extract useful information from parafoveal words. This advantage gained by the
availability of useful information in the parafovea is called ‘parafoveal-preview benefit’. There
is however a great debate on the extent of this information gained. It is not clear yet whether
we obtain from the parafovea just sublexical and phonological information or we also obtain

higher-level lexical and semantic information [11].

1.5 AGE-RELATED MACULAR DEGENERATION (AMD)

1.5.1 Pathophysiology and prevalence

Age-related Macular Degeneration (AMD) is one of the most common causes of blindness
in developed countries and affects about 20% of the population over 65% in the industrialized
countries [64]. There are studies however, that show that AMD prevalence is declining due
to improved lifestyle conditions and the introduction of anti-VEGF therapy [65]. Even when
blindness is prevented, AMD can lead to low central vision and thus, impede activities that
need high central resolution such as reading.

AMD is a disease that affects the macular region of the retina, causing progressive loss of
central vision [66]. Early-stage AMD clinical signs may include yellow deposits on fundoscopy
(drusen) and abnormalities of the retinal pigment epithelium while late-stage AMD can be
neovascular (also known as wet or exudative) or nonneovascular (known as atrophic, dry, or
non-exudative). In late AMD, loss of central visual acuity, leading to severe and permanent
visual impairment and legal blindness, has a major impact on patient quality of life and
functional independence [67].

High-contrast best-corrected visual acuity, using the Early Treatment Diabetic Retinopathy

Study (ETDRS) charts, has formed a sensitive safety indicator for interventions in multi-center
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1.5 AGE-RELATED MACULAR DEGENERATION (AMD)

/clinical trials in neovascular Age-related Macular Degeneration [68-70], but it has shown lim-
ited value as an end point when the goal is to identify early functional deficits in Age-related
Macular Degeneration [71, 72]. Thus, alternative visual performance outcome measures bey-
ond visual acuity have been proposed [73-75], especially when correlation for real life task

performance is under investigation [34].

1.5.2  Anti-Vascular Endothelial Growth Factor (Anti-VEGF)

AMD is a disabling disease often ending up with significantly reduced vision requiring
visual rehabilitation [76], however treatment based on anti-VEGF factors has achieved satis-
factory results maintaining vision and improving the natural outcome of the disease [77, 78].
These anti-VEGF factors are administered through intravitreal injections and result in vessel
regression, reducing the size of the choroidal neovascularization (CNV) area [79]. Anti-VEGF
factors aim to the inhibition of the angiogenic protein VEGE, which is produced in the retina
and increases retinal vascular permeability and promotes neovascularization [80]. More spe-
cifically, anti-VEGF agents block one or more isoforms of VEGF-A, the protein which is the
main angiogenic factor of the VEGF family [81].

It has been shown that after 3-month anti-VEGF treatment of AMD, visual acuity improved
by 5-7 letters [68, 69, 78, 82] and central retinal thickness (CRT) decreased by 150 to 175 ym)
[70, 78]. Most of the improvement in mean visual acuity occurred during the first year of
treatment (5-8.8 letters, depending on the dose regimen), with a little or no change during
the second year. However, as anti-VEGF drugs do not eliminate neovascularization, treatment
continues indefinitely for most patients [78] and the treatment schedule could be a burden to
elderly patients [79]. Although, anti-VEGF drugs have shown a quite successful efficacy for
more than 20 years, more than half of CNV patients are unresponsive to anti-VEGF agents
[83] and thus, understanding the reasons for the variation in response among patients could
lead to the development of methods to predict individual patient requirements [84]. Figure
1.14 shows optical coherence tomography images of the macula in AMD and after anti-VEGF

treatment.
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: Retinal Pigment
Epithelium

Figure 1.14: Optical coherence tomography images of the macula in the eyes in age-related macular
degeneration (AMD). (A) An eye with non-exudative or “dry” AMD with drusen between
Bruch’s membrane and the retinal pigment epithelium (red arrows); (B) an eye with active
exudative or “wet” AMD with subretinal (red arrow) and intraretinal fluid (white arrow)
in the macula; (C) the same eye shown in B after receiving several intravitreal anti-VEGF
injections with interval resolution of intraretinal and subretinal fluid. (reprinted from [85]).

1.5.3 Eye movements and reading in AMD and other macular diseases

Reading performance tests are not routinely used in clinical practice, which mainly relies on
visual acuity measures, despite being a relatively poor predictor of functional vision impair-
ment [32, 72]. This may be due to the fact that “aloud” and “as fast as possible” reading speed
[34, 86], as measured with the currently available, single-sentences cards (i.e. MNread [37],
Colenbrander and Radner [39] cards) may not be very relevant to real-life reading, which is
typically silent and aims at comprehension [42, 87]. Thus sensitive reading measures that can
be used as predictors of real-life reading function are highly desirable [34, 88, 89].

Although reading impairment in patients with Age-related Macular Degeneration is likely
multi-factorial [89, 90], efficient reading is hampered due to the presence of retinal scotomas

centrally, even compared to other low vision patients [34, 91-93]. As a result, patients with
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Age-related Macular Degeneration tend to change their fixation to the near retinal periphery,
a process known as eccentric viewing [94-96].

A significant decrease in reading speed has been reported in people with well-established
age-related macular disease (AMD) [97] or newly developed AMD, even when their visual
acuity is within normal limits [98]. A study by Varadaraj et al. showed statistical significantly
lower reading speed in AMD patients compared to controls when reading out loud, but this
difference was not shown when reading silently. This finding was combined however with
lower comprehension scores in the AMD group [99].

Reading speed of AMD patients is reduced because reading ability requires a larger intact
retinal area. Due to the scotomas and the subsequent eccentric viewing, reading becomes
very difficult or even impossible and does not seem to depend on patient VA or sensitivity
to contrast [97, 98]. This is mainly the result of shorter saccades and higher percentage of
regressions, especially at low luminance levels [33]. In another study, information transfer rate,
representing the combined effects of a reduced visual span and slower temporal processing of
letters, was a better predictor of reading speed in AMD patients than visual span size [82].

The magnitude of the association between reading speed and fixation duration in AMD,
remains unclear. Calabrese et al. (2014) studying reading performance in AMD and Stargardt
patients, have found that they are negatively correlated [100]. Other studies have failed to
show any correlation [33, 97, 101].

The relationship between VA and fixations in AMD patients has also been studied. Cacho
et al. have found that visual acuity was significantly associated with Preferred Retinal Locus
(PRL) distance but PRL distance only explained 10% of the variance in visual acuity. PRL
distance was also found to be a significant but weak predictor of the difference in VA when
measured with arrays of crowded letters compared to single letters presentations. Fixation
quality was not a good predictor of this difference [102]. Patients with macular diseases have
been found to have worse fixation stability than controls [103]. Patients with AMD seem to
have good binocular ocular motor coordination during fixation, but monocular viewing can
lead to disturbances in ocular motor control [96].

Eye-movement evaluation during reading, along with standardised reading cards and re-
fined statistical and computational methods, could detect subtle changes in functional vision

of patients with macular diseases, that conventional tests such as VA could not.
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1.6 PRESBYOPIA

1.6.1 Pathophysiology

Presbyopia is an age-related deterioration in the focusing ability of the eye for near objects,
hampering near vision resolution and thus, impeding activities such as reading. It is a normal
feature of human visual physiology that can be detected as early as adolescence, although pre-
valence rises dramatically during the fifth decade of life, rendering remedial action necessary
[104].

There are different definitions of presbyopia, a fact that leads to different estimations of
the presbyopia prevalence [105]. However, a highly respected study by Holden et al. (2008)
showed that there were 1.22 billion people with presbyopia in mid-2000 [106].

Over the years, two main theories regarding presbyopia development have risen. According
to the first, cahnges in the crystalline lens are solely responsible for presbyopia. According to
the second theory, presbyopia is mainly the result of the progressive weakening of the strength
of the ciliary muscle. There is growing evidence suggesting that presbyopia is multifactorial in
origin, involving gradually increasing lens stiffness in combination with changes in the ciliary

muscle, the zonular fibers, the choroid, the iris and even the vitreous [107] (Figure 1.15).

Figure 1.15: MRI of the unaccomodated eye of a 26 year old person (left) and of a 49 year old person
(right). In the older eye, increased lens thickness, reduced pupil diameter and anterior
displacement of the uveal tract can be detected [107] (reprinted from [108]).

1.6.2  Presbyopia correction

There are many options for the correction of presbyopia, including spectacles, contact lenses,
and surgical procedures. Spectacles have been in use the longest with a variety of choices. They

are also simple to use and with minor risks [109].
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There are two general approaches to the correction of presbyopia with a spectacle lens: (1)
single vision lenses worn during near-vision work and (2) multifocal lenses that provide a
correction for both distance vision and close vision. On the other hand, correction of presby-
opia with contact lenses include plenty of methods, with the most common ones being; (1)
single-vision contact lenses for distance correction in combination with reading glasses, (2)
monovision, with one eye being corrected optimally for distance and the fellow eye for near
and (3) multifocal contact lenses [109, 110].

Studies have shown higher acceptance of multifocal contact lenses over monovision [111,
112]; however a significant percentage of presbyopes discontinue contact lens wear complain-
ing of poor vision [113]. The success of presbyopia correction (with contact lenses or IOLs)

strongly relies on blur interpretation and adaptation [114].

1.6.2.1 Multifocal contact lenses

Correcting presbyopia with contact lenses has long been a major challenge, since it is difficult
to produce complex lens designs capable of providing sharp distance and near vision for every
single visual task [110].

Multifocal contact lenses were first designed to correct presbyopia and can be manufactured
in rotationally symmetrical or non-rotationally symmetrical form.

Multifocal contact lenses provide simultaneous image. This can be achieved with diffractive,
annular (or zonal), aspheric or extended depth of focus (EDOF) designs and may be made as
centre-near or centre-distance [114, 115].

Diffractive contact lenses are designed to provide a bifocal or multifocal effect over the full
lens aperture by using the zero- and the first- order light from a blazed zone plate with para-
bolic profile on the back surface of the lenses [116]. Annular designs include a central circular
zone, intended either for distance or near viewing, and one or more rings of near/interme-
diate or distance correction. Aspheric multifocal designs involve a progressive, rotationally
symmetric, gradation of power from the centre to the edge of the optical zone. At least one
aspheric lens surface is being used. The latest multifocal contact lenses design is the EDOF.
These designs are usually similar to aspheric lenses, utilizing alterations of spherical aberra-
tion to generate their multifocality, but they also include other multiple higher order spherical

aberration terms [117].
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1.6.2.2 Monovision correction

Monovision is a method for correcting presbyopia, where one eye (usually the dominant eye)
is corrected for distance vision and the other for near. Monovision is not used with spec-
tacle lenses because the anisometropia acquired can cause differential prismatic effects and
aniseikonia.

In monovision, the brain processes the focused retinal image from one eye, while suppress-
ing the other eye’s unwanted out-of-focus image. However, this suppression leads to deterior-
ation of stereoacuity [110].

Low cost to the patient, as only single-vision lenses are required, and simple CL fitting are
considered the main advantages of monovision [110]. The success rate of monovision has been

reported to be between 70% and 76% [118].

1.6.2.3 Evaluating the Effectiveness of Presbyopia Correction

There are numerous tests to assess the quality of the optical image and therefore to evaluate
the effectiveness of presbyopia correction. These tests are based on subjective, behavioural
or objective methods. The subjective methods include visual perception tests and question-
naires. The preferred subjective test is visual acuity (a test to evaluate a person’s ability to
recognise small letters with precision) which can also be assessed for near vision. After visual
acuity, contrast sensitivity is an important parameter of visual perception. Both visual acuity
and contrast sensitivity tests are subject to various factors. Contrast loss may be the result
of optical factors, such as refractive error, presbyopia, higher-order aberrations, or scatter, as
from cataract and other opacities. Beyond the contrast reduction from less-than-perfect optical
imaging, contrast perception depends on the sensitivity of the retinal receptors and on their
neural connections. On top of that, since presbyopia is an age-related condition, it usually
comes together with other pathological conditions such as macular degeneration and glauc-
oma. Thus, finding a contrast deficit is not helpful in establishing differential diagnosis, but it
can be helpful in explaining the patients” complaints [14].

Another category of near-vision tests includes reading cards of continuous text. The main
difference of these cards with small-letter charts is the fact that testing with small-letter charts
evaluates only the foveal area. On the contrary, reading requires intact a larger retinal area.

A number of parameters are evaluated using reading cards. The most common in clinical
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practise is reading acuity, the smallest letter size that the patient can read. Some, more soph-
isticated, parameters are reading speed and critical print size which is the smallest letter size
for which the patient could read 90% of their maximum reading speed. Furthermore, with
the use of an eye tracker, eye movement parameters can also be used; saccade length, fixation
duration, number of fixations etc.

Other methods of evaluation of the effectiveness of presbyopia correction include subject-
ive and objective measurement of the accommodation, visual reaction times, evaluation of
perception of blur and dysphotopsia evaluation.

In clinical practise, visual acuity for near and reading acuity form the most usual tests for

the evaluation of presbyopia.

1.6.3  Presbyopia correction and oculomotor behavior

Although presbyopia correction is evaluated with various tests, reading performance and
especially in terms of eye movements is rarely considered [119]. In the few existing studies,
multifocal and monovision CLs did not result in significant differences in aloud reading speed
[120]. Further, monovision CL correction did not result in differences in eye movement para-
meters during reading when compared with correction for near [119], while eye movement
parameters were recorded using multifocal CL correction during reading and there was a
significant increase when compared with single vision CLs that provided correction for far
[121].

While it is clear that presbyopia correction with CLs of any modality leads to better vision,
and functional vision, compared to being uncorrected for near, it is not quite clear whether
correction with multifocal or monovision CLs is as good as correction for near. Furthermore, it
is not clear whether there is any difference between correction with multifocal and monovision

CLs. These differences could be detected with eye movement analysis during reading.

1.7 AIM OF THE STUDY

Reading depends on various factors, making it very difficult to use as a robust tool. However,

reading is one of the everyday activities that are most hampered in the presence of eye diseases,
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optical deficiencies and cognitive impairments. Three general categories of factors that affect
functional vision and reading behavior can be detected; optical, retinal and cognitive. Thus, it
is crucial to assess the way reading is affected by each of these categories of factors.

The aim of this study is to implement oculomotor analysis in reading using a video eye
tracker in order to evaluate functional vision in healthy eyes but also in eye diseases. Ex-
Gaussian analysis of the fixation duration distribution is also implemented. The ultimate scope
of the study is to find certain eye movement parameters (biomarkers) that are differentially
affected by certain factors. In order to do that, factors of different categories are tested.

Presbyopia following correction with the use of contact lenses is selected as an optical factor.
In presbyopic patients the image on the retina is blurred and correction with contact lenses
is used to answer to this effect. Due to the optical component of the factor, we expect the
parameters that change due to blur, to change back when presbyopia is corrected with CLs.
Ex-Gaussian parameter y is expected to be affected as it is linked with low-level changes.

Age-related Macular Degeneration (AMD) is selected as a retinal factor. The effectiveness
of anti-VEGF treatment is evaluated and the parameters that are improved will show in what
extent the treatment reverses the damage on the retina. Vision is greatly hampered by AMD,
thus effect of multiple eye movement parameters are expected to be affected.

The effect of the reader’s comprehension is evaluated, being a cognitive factor. Two different
sets of guidelines are given to the participants forcing them to read in different ways and
thus, have different eye movement behavior. Apart from the percentage of regressions which
is known to be linked with reading comprehension, ex-Gaussian 7 is also expected to be
affected.

Before these studies, the test-retest reliability of reading speed as well as of eye movement
and ex-Gaussian parameters in silent passage reading is evaluated.

The studies that this Dissertation consists of are the following:

1. Study I - Assessment of the test-retest reliability of eye movement parameters during

text reading
2. Study II - Patients with Age-related Macular Degeneration (AMD)
3. Study III - Patients with Presbyopia

4. Study IV - Effect of comprehension
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EXPERIMENTAL SECTION

In this chapter, certain materials and methods that were common to the four studies included
in this Dissertation are firstly described, followed by a separate presentation of the specific

methods and results of each study.

2.1 ETHICS

Written consent was obtained from all participants after they received a written description
of the study, which was conducted in adherence to the tenets of the Declaration of Helsinki.
The study protocol had been approved by the University Hospital of Heraklion Research

Ethics Committee.

2.2 EYE MOVEMENTS RECORDINGS

Eye movements were recorded during passage reading using video oculography (EyeLink
I, SR Research Ltd, Canada). All measurements were performed with participants seated on
a chair with their head stabilized by means of a chin rest to minimize head movements. The
distance of the participant from the text was 40 cm. Figure 2.1 shows a participant and the
experimental setup. Both binocular and monocular reading recordings were conducted, under
two lighting conditions (chart background luminance about 50 and 5 cd / m?), according to the
needs of each study. Prior to each recording, a 5-point calibration/validation was achieved by
presenting a small dot (0.3 deg) on the screen at 0 deg and at 10 deg vertically and horizontally.
Eye position was sampled at 500 Hz using pupil tracking with an average accuracy of 0.5 deg

and a spatial resolution of 0.01 deg.
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Figure 2.1: The experimental setup.

The EyeLink II system consists of three miniature cameras mounted on a padded headband.

One head-tracking camera was used to detect infrared markers in the world, while two eye
cameras focus on the left and right eyes respectively. As we can see in Fig. 2.2, the system
consists of a Host PC, a display PC, the headband and a PCI card. The Host PC connects to
the headband and powers four infrared markers (for head tracking) that are mounted on the
corners of Display PC’s monitor. It also hosts the EyeLink II Host application where you can
control the tracker and change the options of the recording. The Display PC runs experiment
software for control of the Host PC and presents the stimuli to the monitor. The headband
has the cameras which record the eye movements. Finally, the PCI card is connected with the
headband and is hosted in the Host PC. It performs the powerful image processing required

to achieve the high temporal and spatial resolution of the system.

EyeLink Il p fJEveLink Host PC Display
m"llk" &I Computer
u mwh Experimental
{optional Applications
EyeLink il EyeLink APl
USB or Card Library
Digital

Subject
Response Box

Figure 2.2: The EyeLink II system.
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2.3 VISUAL ACUITY

Standardized visual (logMAR) acuity at 40 cm (“near” VA) and 4 m (“far” VA) was meas-
ured using the European-wide standardized logMAR charts (Precision Vision, USA) [122].
The charts for far recordings were held on a back-illuminated slim stand (Sussex Vision Ltd.,
UK) at 4 m distance (luminance was approximately 160 cd/m?2). Near recordings took place
in a well-lit room (chart background luminance was 70 cd/m2; illuminance at cornea was 75
lux). All subjects were asked to identify each letter starting from the upper left corner, and to
proceed by row until they reached a row in which they could not correctly identify more than
one letter. VA was derived in logMAR units from the calculation of correctly identified letters

up to the last readable line

24 READING EFFICIENCY

Prior to passage reading performance measurements, word-level reading efficiency was
assessed binocularly through a standardized test comprising two lists, one with relatively
high-frequency words and a second one with phonotactically matched pseudowords [25]. Par-
ticipants were asked to read each list aloud and as fast as they could without compromising
accuracy. The number of words or pseudowords read correctly within 45 s was measured and

then converted in words per minute.

2.5 READING MATERIAL

Two kinds of reading cards were used in this work; the Greek version [123] of the IReST
[40, 41] (Figure 2.3(a)) and reading cards developed by the study group at the Laboratory of
Optics and Vision for the purpose of the study (Figure 2.3(b)). A standard print size of 0.4
logMAR (1.0 M at 40 cm) was used in both kinds of reading cards.

The International Reading Speed Texts (IReST) set consists of 10 standardised paragraphs of
approximately 140 words each. It is evaluated for repeated measurements within and between

languages and is now available in over 17 languages. For the purposes of the study, the five
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Figure 2.3: Reading cards used in the study. (a) the greek version of IReST and (b) one of the texts
developed by the study group at the Laboratory of Optics and Vision for the purpose of the
study

texts that belong to performance category B were used. For details regarding the texts, please
see Figure 2.4, which shows Table 1 and an excerpt of Table 2 from Gleni A et al (2019) [123].
The reading cards that were developed by our group, consisted also of paragraphs of ap-
proximately 140 words. They were matched on average word frequency and word length. They
were developed before the development of the Greek IReST and they were used because no
standardised reading card with long paragraphs, in contrast to short sentences, existed at the

time in Greek.

2.6  EYE MOVEMENT PARAMETERS

Reading performance was indexed by reading speed and by the following eye-movement
based parameters which were derived by the Eye Link Data Viewer software; number of
fixations, fixation duration, percentage of regressions and blink rate. Reading speed (in words/
minute, wpm) was calculated by dividing the words for each paragraph of text by the time
taken to read the paragraph. Fixations with duration between 75 and 1000 ms were included.

Fixations with duration shorter than 75 ms were merged with neighbouring fixations if the
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Text Performance category
4 A
2 A
9 A
8 A
3 B
1 B
7 B
10 B C
5 B C
6 C
(a)
TABLE 1. Textual parameters and mean values (+SD) for the 10 Greek |IReST passages
Text No. words No. syllables No. characters Syllables per word Characters per word Median word frequency (%)
O 143 322 731 23 5.1 0.2
2 149 303 712 20 4.8 0.5
@ 147 310 756 21 5.1 03
4 151 296 695 19 4.6 0.4
@ 143 323 775 23 5.4 0.3
6 138 324 747 24 5.4 03
@ 146 335 763 23 5.2 0.4
8 143 303 677 21 4.7 0.5
9 148 304 725 21 4.9 0.4
139 312 726 22 52 0.4
Mean 145 (4) 313(12) 731(31) 2.2(0.1) 5.1(0.2) 0.4(0.1)
IReST = International Reading Speed Texts.

Figure 2.4: Performance categories of the Greek version of IReST (a) and their textual parameters (b).
Circled in red the texts that were used in our study

latter were within an area of 1°. Since many studies have shown that the fixation duration
distribution is not normal, the median fixation duration for each participant and each task
was calculated. The average number of fixations per word was used, to allow comparisons
across languages, varying considerably in mean word length. Only forward fixations were
considered in calculating fixation duration and number of fixations per word. A fixation was
considered regressive if the angle between the fixation and the previous one is greater than
135° or less than —135°. Blink rate was calculated as the number of blinks per minute of

reading.

2.7 EX-GAUSSIAN FITTING OF FIXATION DURATION DISTRIBUTIONS

Ex-Gaussian distribution has been used for many years in the analysis of response time
distributions [124-126] and more recently in fixation duration distributions [58, 61, 62] and in
refractive error distribution [121, 127]. Ex-Gaussian distribution is a convolution of a normal
and exponential distribution [124, 125]. MATLAB [128]-based algorithms were applied to as-
sess the following three parameters i) the mean () and ii) the standard deviation (SD) (¢) of
the Gaussian distribution and iii) 7, which reflects the mean and the standard deviation of

the exponential component, which has a rate A = 1/7. The overall mean of the ex-Gaussian
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2.7 EX-GAUSSIAN FITTING OF FIXATION DURATION DISTRIBUTIONS

is ¢ + 7, and the overall standard deviation is (0% 4 72)1/2

. Figure 2.5 shows the density func-
tion of the fixation duration distribution fitted with ex-Gaussian, for high (HF) and low (LF)
frequency words [58].

All statistical analyses described in subsequent sections were performed using SPSS 27,

Armonk, NY, IBM Corp.

Density
0.003 0.004
|

0.002
1

0.001
1

0.000
I

T T T T T T T
200 400 600 800 1000 1200 1400

ms

Figure 2.5: Density functions of fixation durations fitted with ex-Gaussian, for high (solid line) and low
(dashed line) frequency words.
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2.8 STUDY I — ASSESSMENT OF THE TEST-RETEST RELIABILITY OF EYE MOVEMENT

PARAMETERS DURING TEXT READING

2.8.1 Aim of the study

The aim of the study is to evaluate the test-retest reliability of reading speed and eye move-
ment and ex-Gaussian parameters in silent passage, binocular and monocular, reading. The
study is based on the two visits during a three-to-four-month period that the participants
made. The Bland—-Altman method is used to compute the Coefficient of Repeatability of read-
ing speed, fixation duration, number of fixations, percentage of regressions and ex-Gaussian
parameters y and T.

A secondary aim is to investigate whether any eye-movement parameter is more stable than

reading speed, and thus, more proper for functional vision evaluation.

2.8.2 Participants

Twenty middle aged and older adults, native speakers of Greek (8 women) aged 56 to
75 years (mean: 65, SD=6 years) who had attained an average of 12 (SD=4) years of formal
education participated in the study, recruited through advertisements posted in the University
Hospital and Medical School buildings (Table A.1).

Exclusion criteria for all participants included: any ocular disease or systemic pathology,
spectacle-corrected visual acuity for far and near in each eye worse than 0.10 logMAR (0.8
decimal acuity equivalent), myopia > 5.0 D anisometropia > 2.50 D, clinically significant ab-
normal phorias, any history of refractive or other ocular surgery (cataract surgery was allowed
if both eyes had been treated) and any neurological or psychiatric disorder which could affect

reading performance.

2.8.3 Reading material

Reading speed and oculomotor performance was evaluated with two reading cards each

displaying a passage of approximately 140 words (see section 2.5). A different card was used

34



2.8 STUDY I - TEST-RETEST RELIABILITY

for each of the two reading conditions of the experiment (monocular and binocular) in a

counterbalanced order across participants to prevent familiarity and learning effects.

2.8.4 Experimental procedure

All participants were assessed twice using identical procedures. The second visit took place
three to four months following the first. On each visit, eye movement recordings were con-
ducted in two conditions: binocular and monocular, with the dominant eye, reading. Reading
efficiency was assessed at the beginning of the first visit.

Participants were instructed to read the text silently at a comfortable pace to understand

the meaning of the passages and answer five simple multiple-choice questions.

2.8.5 Data analysis

The Bland-Altman method was used to assess agreement between the two reading sessions
[129-131]. Coefficient of Repeatability (CR) and 95% limits of agreement are computed as the
mean difference plus or minus 1.96 times its standard deviation. Coefficient of Repeatability
is given by: CR = 2,/(2d?)/n, where dj is the difference between two observations of a given
participant and n is the number of participants [129]. 95% of the differences of two similar
measurements will be less than the value of CR.

Paired t-tests were performed to compare the two visits on each parameter (the Shapiro-

Wilk test showed that all variables followed normal distributions).

2.8.6 Results

Average word (WRE) and pseudoword reading efficiency (PsWRE) in the present sample
were very close to the population mean as indicated by z-scores of 0.20 (SD=1.0) and 0.10
(SD=1.1), respectively. Moreover, 5% and 10.0% of the participants scored below 1.5 SDs from
the population average on WRE and PsWRE respectively. Average differences between the two
visits in VA were practically zero either in binocular (mean dif: 0.00 wpm, CI: -0.03 to 0.04) or

monocular viewing (mean dif: -0.01 wpm, CI: -0.05 to 0.02). See Table 2.1 and Figure 2.6.
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2.8 STUDY I - TEST-RETEST RELIABILITY

Eye movement parameters also displayed notable stability over the two visits as indicated
by very small average differences (which did not approach significance with the exception
of monocular 7; see Table 2.1). As shown in the Bland-Altman plots in Figures 2.7 and 2.8
all but one participants demonstrated eye movement parameters within the 95% CI demon-
strating adequate stability, with the exception of y and monocular T where two participants
approached or exceeded this threshold. In our study, the CR was 60.8 wpm for binocular and
51.9 for monocular reading speed, 40 and 39 ms for binocular and monocular fixation dura-
tion, 0.21 and 0.29 fixations per word for binocular and monocular reading, 6.0 and 8.1% for

binocular and monocular percentage of regressions.

Table 2.1: Visual Acuity (VA) and eye movement parameters over two visits: mean (SD) values, average

differences and Coefficient of Repeatability (CR)

Feature st visit 2nd visit 1:/;?2 (]:)Il)f p value | CR
VA (B) (IogMAR) |  0.02 (0.06) 002 0.09) | % 0('(())4())3 o | 0929 |0.14
VA (M) (1logMAR) | 0.09 (0.08) 0.10 (0.08) '0'010(6%)05 to | 0446 |0.15
RS (B) (wpm) 1937 467) | 1997 57.6) | O (8'22(;'4 to | 038 |608
RS (M) (wpm) 182.5 (47.9) 184.3 (55.0) 1.8 1(1121)'6 to 0.776 | 51.9
Fix.dur. (B) (ms) 238 (38) 233 (40) 6 (-3 to 15) 0.199 | 40
Fix.dur. (M) (ms) 252 (46) 254 (48) 2 (-12to 7) 0.613 | 39
Fixations (B) (fpw) | 0.93 (0.22) 092 024y | 202 0('86'()’3 to | 9500 |o0.21
Fixations (M) (fpw) | 0.97 (0.25) 1.00 (0.27) '0‘020(6%)09 to | 0510 | 029
Reg. (B) (%) 15.1 (5.8) 14.2 (5.8) 1.0 (04 t02.3) | 0159 | 6.0
Reg. (M) (%) 13.5 (6.0) 13.2 (4.8) 03(-1.7t023) | 0735 | 81

p (B) (ms) 176 (37) 170 (37) 7 (-4 to 17) 0.200 | 45

# (M) (ms) 187 (49) 186 (49) 1 (-9 to 10) 0.879 | 38

7 (B) (ms) 73 (24) 79 (23) -6 (-16 to 4) 0210 | 42

7 (M) (ms) 75 (35) 82 (42) 7 (-14t0 0.5) | 0.065 | 33

Abbreviations: B: binocular, M: Monocular, RS: reading speed, Fix.dur: fixation duration, Reg:
regressions, wpm: words per minute, fpw: fixations per word.
p value of tests comparing the two visits.
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Figure 2.6: Bland—Altman plots of the difference in VA (1st-2nd visit) as a function of the average VA.
Three horizontal dotted lines: the upper limit of 95% and the mean and lower limit of the
95% of the difference.

2.8.7 Discussion

The present study evaluated the temporal stability of eye movement parameters in silent
reading of short passages used in Study II and similar to the ones used in Studies III-V. To in-
vestigate repeatability in reading speed and overall reading performance, measurements were
repeated within a time interval of 3-4 months. Implementing eye movement recordings using
a high-resolution video eye tracker allowed for the evaluation of reading speed (and a range
of eye fixation parameters). Participants were asked to read the texts silently which, com-
pared to oral reading, forms the preferred reading mode [132] and a prerequisite in real-life
reading conditions [34, 87]. However, silent comprehensive reading exhibits higher variability
compared to oral non-comprehensive reading [40, 41, 88].

Participants of the study were of a certain age group, 56 to 75 years with a mean age of 65
years. Thus, our results are to be compared with studies with participants of similar age.

Traditionally, oral reading assessment was based on a series of single sentences of decreasing
print size, to allow the determination of reading acuity. More recently developed cards follow
the Bailey-Lovie principle [36], ensuring that sentences are of equal length; these include the
MNread [37, 133], the Colenbrander and the Radner [38, 39] reading cards. Standardized
sentences allow comparison of the reading speeds for paragraphs of different print size, but
are susceptible to timing errors, due to their limited length [34]. For repeated measurements
of reading speed, the International Reading Speed Texts (IReST) [40, 41], which consist of
ten 150-word reading passages of fixed size, are probably the most appropriate to use, since

paragraphs lead to lower variability compared to sentences [90]. For a thorough presentation
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Figure 2.7: Bland—-Altman plots of the difference in Reading Speed and Number of Fixations as a func-
tion of their respective mean values. Three horizontal dotted lines: the upper limit of 95%
and the mean and lower limit of the 95% of the difference.

of the available continuous text reading tests and their measurement properties, please see
Brusee T. et al. (2014) [134].

CR values obtained in Study I are similar and slightly better than those of Ktistakis E, et al.
(2023) [135], although in that study the participants were younger (mean: 30 years) than in the
present study (mean: 65 years).

Test-retest variability of oral reading speed has also been evaluated in ocular diseases, and
more specifically in patients with maculopathies [88, 90] and glaucoma [136] and coefficient
of repeatability for mean or maximum reading speed was still lower than that of mean silent
reading speed in healthy (but older) population in our study.

As far as the eye movement and ex-Gaussian parameters are concerned, CR as a percentage
of mean value is lower in fixation duration, y and in the number of fixations (only in binocular
reading) than in reading speed (Table 2.2). This result shows that in the pursuit of good
repeatability in silent reading, reading speed is not the best feature. Fixation duration seems

to be the most stable feature. Regarding binocular reading, it seems that binocularity does
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Figure 2.8: Bland—-Altman plots of the difference in Fixation Duration, Percentage of Regressions and
ex-Gaussian parameters y and T as a function of their respective mean values. Three hori-
zontal dotted lines: the upper limit of 95% and the mean and lower limit of the 95% of the
difference.
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not provide significantly better repeatability in any parameter, apart from the percentage of
regressions.

Some limitations of the study have to be taken into account. First of all, the participants were
of a very narrow age range (56 to 75 years, mean: 65 years), making the study hard to compare
with other studies. Secondly, the texts that were used were developed by the study group at
the Laboratory of Optics and Vision for the purpose of the study and not some standardised
reading cards, such as the IReST. This means that the test has limited application. Finally, a
larger sample would have made our results more robust.

Table 2.2: Mean values of eye movement parameters, Coefficient of Repeatability (CR) and CR as a
percentage of the mean value

Feature Mean CR Perc((z/zl)tage
RS (B) (wpm) 196.7 60.8 30.9
RS M) (wpm) 183.4 51.9 28.4
Fix.dur. (B) (ms) 236 40 16.9
Fix.dur. (M) (ms) 253 39 15.4
Fixations (B) (fpw) 0.93 0.21 22.6
Fixations (M) (fpw) 0.99 0.29 29.3
Reg. (B) (%) 14.6 6.0 41.1
Reg. (M) (%) 13.4 8.1 60.4
1t (B) (ms) 173 45 26.0
p# (M) (ms) 187 38 20.3
T (B) (ms) 76 42 55.3
T (M) (ms) 79 33 41.8

Abbreviations: B: binocular, M: Monocular, RS: reading speed, Fix.dur: fixation duration, Reg:
regressions, wpm: words per minute, fpw: fixations per word.
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29 STUDY II - PATIENTS WITH AGE-RELATED MACULAR DEGENERATION (AMD)

29.1 Aim of the study

The primary aim of the study is to evaluate the effectiveness of anti-VEGF treatment in
wAMD patients by evaluating silent reading performance. Functional vision in AMD patients
is hampered in a great extent, thus almost all eye movement parameters are expected to be
affected, as compared to the control group.

Three months period is not enough for the anti-VEGF treatment to have great impact on
the patients’ vision and thus, reading behavior. However, an increase in reading speed and a
decrease in some parameters, such as ex-Gaussian parameter y and the number of fixations
and the percentage of regressions due to shrinkening of the scotomas, are expected.

A secondary aim is to find certain parameters that account for the difference in reading

speed due to anti-VEGF treatment.

2.9.2  Participants

Twenty wet AMD patients, native Greek speakers, who were scheduled to undergo anti-
VEGEF treatment in the Ophthalmology Department of the University Hospital of Heraklion
were recruited in the study. Twenty participants without ocular pathology served as control.

Exclusion criteria for all participants included: any other ocular disease or systemic patho-
logy, spectacle-corrected visual acuity for far and near in each eye worse than 0.50 logMAR
in AMD patients and worse than 0.20 logMAR in controls, myopia > 5.0 D anisometropia >
2.50 D, clinically significant abnormal phorias, any history of refractive or other ocular sur-
gery (cataract surgery was allowed if both eyes had been treated) and any neurological and
psychiatric disorder which could affect reading performance.

The inclusion criterion of VA better than 0.50 logMAR in the treated eye has restricted the
study to eyes with relatively good VA for wet AMD, but formed a prerequisite so the patients
could perform the reading task.

Data from four patients were excluded from the analyses, due to deterioration of the disease

to the extent that prevented them from reading the printed passage on the follow-up visit (n=3)
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2.9 STUDY II - PATIENTS WITH AGE-RELATED MACULAR DEGENERATION (AMD)

and presence of retinal Pigment Epithelial Detachment (PED) in one patient, associated with
a dramatic increase in CRT (333 nm).

The final patient data set comprised of 16 patients (10 women) aged 71 years (SD=8, range:
52 to 80 years) who had attained an average of 9 (SD=5) years of formal education. The sample
included newly diagnosed (N=9) and patients with wAMD under anti-VEGF treatment in
"Pro-re-nata" (when needed) protocol that had been relapsed (N=7). We considered a patient
to have relapsed when he or she presented with deterioration in OCT (indexed by increased
central macular thickness, CMT) or increase of intra-retinal fluid, or IRF) or increase of sub-
retinal fluid SRF) alone or in any combination) along with VA deterioration (as long as VA
is equal or better than 0.5 logMAR). Relapsed patients repeated the entire treatment protocol
consisting of at least 3 monthly injections and PRN (i.e., when needed) afterwards. None of
the patients discontinued the medication and no adverse drug reaction was observed. The
demographics of the participants recruited are shown in Table A.2.

Participants in Study I (n=20) provided comparison data for Study II (For demographics of
the control group see Table A.1). They were older than patients by 6 years on average (CI from
1to 10, p = 0.01) and had attained slightly higher education level (p = 0.08). In addition, the two
groups displayed comparable age- and education-adjusted word (p = 0.1) and pseudoword (p
= 0.4) reading efficiency. This group was not a control group to test the controlled differential
effect of an experimental intervention, but rather a sample of age-matched individuals with
normal vision served to establish the temporal stability of eye movement measures and to

show whether there are any learning effects.

2.9.3 Reading material

Reading speed and oculomotor performance was evaluated with three reading cards each
displaying a passage of approximately 140 words (see section 2.5), the same that were em-
ployed in Study I. A different card was used for each of the two reading conditions of the
experiment (monocular and binocular) in a counterbalanced order across participants to pre-
vent familiarity and learning effects. Participants were instructed to read the text silently at a
comfortable pace to understand the meaning of the passages and answer five simple multiple-

choice questions.
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2.9.4 Experimental procedure

Patients with AMD were measured on two different visits using identical procedures: the
first visit took place immediately after diagnosis and before any therapeutic intervention for
the naive patients and before initiation of therapy for relapse for the remaining patients. The
second visit took place three to four months following the first visit, after they had completed
their scheduled standard anti-VEFG treatment of three intravitreal ranibizumab injections
(Lucentis, Novartis Pharma AG, Basel, Switzerland). Participants in the control group were
assessed using identical material and procedures on two occasions three to four months apart.
On each visit all participants had an OCT (Spectralis, Heidelberg Engineering, Germany) and
Best Corrected Visual Acuity (BCVA) evaluation and were administered the reading efficiency
tests prior to the passage reading session. Reading behavior measurements were conducted
in two conditions: binocular reading and monocular reading with dominant eye.

Participants were instructed to read the text silently at a comfortable pace to understand

the meaning of the passages and answer five simple multiple-choice questions.

2.9.5 Data analysis

Independent sample t-test with a 95% confidence interval (CI) for the mean difference is
performed to assess the difference between the group of patients and the control group. Paired

sample t-test is performed to evaluate within groups differences.

2.9.6 Results

29.6.1 Group comparisons

Table 2.3 shows mean values of all parameters as measured during the first visit of all parti-
cipants of both groups and their respective differences. Patients” monocular values refer to the
eye under treatment, while controls” monocular values refer to the dominant eye.
Independent sample t-test revealed that binocular (t(18.806)=-5.683, p<0.001) and monocular
VA (t(23.651)=-6.339, p<0.001) were better in the control group compared to the patients with
mean differences of 0.24 logMAR (95% CI from 0.15 to 0.32 logMAR) and 0.24 logMAR (95%
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CI from 0.16 to 0.32 logMAR) respectively. CRT was also found to be statistically significantly
higher in the patients group compared to the control group (t(19.097)=-2.473, p=0.023) with a
difference of 40 ym (95% CI from 6 to 75 ym).

Differences between the groups were found to be statistically significant in reading speed
and all eye movement parameters apart from the percentage of regressions in binocular read-
ing (t(34)=-1.175, p=0.248). All ex-Gaussian parameters showed statistically significant differ-

ences between the groups, both in binocular and monocular reading.

Table 2.3: CRT, VA and reading performance parameters (SD) and differences between groups

AMD Control Mean Dif
Feat
cature Patients Group (95% CI) p value
CRT (pm) 325 (61) 285 (25) 40 (9 to 75)* 0.023
VA (B) (logMAR) 0.25 (0.16) 0.02 (0.06) 0'2% (3?2';5 to 0.000
VA (M) (logMAR) 0.33 (0.13) 0.09 (0.08) 0'2% (3?2';6 to 0.000
RS (B) (wpm) 103.1 (50.9) 193.7 (46.7) '90'5_5(:82)3'2 to 0.000
-114.5 (-142.7
RS M
M) (wpm) 69.4 (32.9) 183.9 (47.0) 0 -86.3)" 0.000
Fix. dur. (B) (ms) 314 (55.4) 238 (38.3) 76 (43 to 108)* 0.000
Fix. dur. (M) (ms) 377 (93.8) 252 (44.8) 12;(;)2* to 0.000
Fixations(B) (fpw) 1.35 (0.39) 0.93 (0.22) 0'41) (605';*8 to 0.001
Fixations (M) (fpw) 1.70 (0.51) 0.96 (0.25) O'Wi (00?;;15 to 0.000
Regressions (B) (%) 17.5 (6.2) 15.1 (5.8) 2'406(;47)5 to 0.248
Regressions (M) (%) 18.8 (7.2) 13.8 (5.9) 5'19(2'16)3 to 0.027
# (B) (ms) 224 (39) 176 (37) 48 (22 to 75)* 0.001
# (M) (ms) 252 (87) 186 (48) 65 (19 to 111)* 0.007
T (B) (ms) 129 (42) 73 (24) 56 (31 to 81)* 0.000
T (M) (ms) 152 (60) 76 (34) 77 (42 to 112)* 0.000

Abbreviations: B: binocular, M: ponocular, RS: reading speed, Fix. dur: fixation duration

* significant difference
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2.9.6.2 Anti-VEGF treatment effect

CHANGE IN CENTRAL RETINAL THICKNESS AND VISUAL ACUITY Paired sample t-test
showed that near VA of the control group did not exhibit any changes between the two visits
as measured binocularly (95% CI from -0.04 to 0.03 logMAR, p = 0.929) and monocularly (95%
CI from -0.02 to 0.05 logMAR, p = 0.446).

Effectiveness of 3-month anti-VEGF treatment was anatomically indicated by a statistically
significant reduction in CRT by 41+48 um (95% CI from 16 to 66 ym, p = 0.004). Although
the reduction in CRT following treatment correlated well with the change in VA (r =-0.71, p =
0.003), the improvement in near monocular and binocular VA was minimal and not statistically
significant. VA difference was found to be on average 0.04 logMAR in both monocular (95%
CI from -0.11 to 0.04 logMAR, p = 0.356) and binocular viewing conditions (95% CI from -0.09
to 0.02 logMAR, p= 0.163; see Table 2.4).

Figure 2.9 plots monocular visual acuity in AMD and control groups on both visits.
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Figure 2.9: Box plots of monocular near visual acuity for the dominant eye of the control group (left)
and the affected eye of the AMD group (right) at both visits. Average values are shown in
white.

READING SPEED AND EYE FIXATION PARAMETERS The control group exhibited no dif-
ferences in passage reading speed between the two visits, in both monocular (95% CI from
-11.1 to 14.6 wpm, p = 0.8) and binocular viewing conditions (95% CI from -8.2 to 8 wpm, p =
0.4). In addition, no statistically significant difference was found in any eye fixation parameter

in either binocular or monocular testing (see Table 2.5), suggesting minimal learning effects.
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As far as the AMD group is concerned, improvement in passage reading speed was ob-
served in 11/16 of patients which was accompanied by improvement in visual acuity in 8/11
patients (VA improved in one additional patient without concomitant improvement in reading
speed). On average, passage reading speed improved from 69.4 to 85.3 wpm, i.e. by an aver-
age of 15.9£28.5 wpm (95% CI from 0.7 to 31.1 wpm, p = 0.041). Reading speed in binocular
viewing did not change significantly between the two visits (see Table 2.5).

There was a significant reduction in the number of fixations per word, averaging 0.24+0.38
fpw (95% CI from 0.04 to 0.45 fpw, p = 0.023; see Figure 2.10). Reduction in the number of
fixations during reading strongly correlated with the concurrent reduction in CRT (r = 0.71, p
= 0.003). Change in the remaining eye fixation parameters with treatment was in the expected
direction but did not reach significance (see Table 2.5).

As expected, improvement in monocular reading speed was closely associated with the
concurrent reduction in CRT (r = -0.68, p = 0.004). Although near VA did not improve with
treatment on a group basis, it was closely associated with the degree of improvement in
monocular passage reading speed (r = 0.70, p = 0.003) (see Figure 2.11).

Regarding eye movement parameters, treatment-related changes in the number of fixations
(r =-0.67, p = 0.006), average fixation duration (r = -0.65, p = 0.006), percentage of regressions
(r =-0.52, p = 0.041) and ex-Gaussian parameter y (r = -0.66, p = 0.005) were all significantly
associated with the degree of improvement in monocular passage reading speed (see Figure

2.12).

FACTORS ACCOUNTING FOR DIFFERENCES IN READING SPEED AFTER ANTI-VEGF TREAT-
MENT To further assess the joint contribution of change in monocular VA and in eye
fixation parameters to the improvement in passage reading we computed two complementary
hierarchical linear multiple regression models. Monocular VA was always entered in the first
step. Due to collinearity concerns, fixation duration, percentage of regressions and parameter
i were not entered together in the same regression model. Model 1 included change in fixa-
tion duration, number of fixations per word, and percentage of regressions entered together
in the second step. In Model 2, number of fixations per word and the ex-Gaussian parameter
u were entered together in the second step.

Both models were significant (p < 0.001) with the predictor variables accounting for 85

and 79% of the variance in reading speed improvement. Model 1 revealed that reductions in
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2.9 STUDY II - PATIENTS WITH AGE-RELATED MACULAR DEGENERATION (AMD)

fixation duration (B = -0.21, SE = 0.06, p = 0.006) and in the number of fixations per word (B
=-30.92, SE = 11.03, p = 0.017) were significant predictors of improvement in reading speed
even after controlling for the observed change in VA. Model 2 revealed that in addition to
the reduction in the number of fixations, a reduction in the parameter y significantly and
independently predicted improvement in reading speed (B = -0.23, SE = 0.06, p = 0.002),
even after controlling for the change in VA. The total amount of variance accounted for by
eye movement parameters beyond that contributed by VA was 40% in Model 1 and 35% in
Model 2. Finally, to facilitate comparisons with previous studies we performed supplementary
analyses by excluding VA as a predictor of reading speed. These models indicated that eye
fixation parameters alone can account for as much as 76% of the variance in the degree of
improvement in reading speed.

To quantify the extent of therapeutic effects on retinal physiology and more specifically on
the change in CRT, as predicted by the improvement in monocular VA and by the eye fixa-
tion patterns, we computed a complementary hierarchical, linear multiple regression model.
Monocular VA was entered in the first step. Due to collinearity concerns, fixation duration,
percentage of regressions and parameter y were not entered together in the same regression
model. The model included change in number of fixations per word, entered in the second
step, and change in fixation duration in the third step.

Change in VA accounted for 50% of the variance in CRT improvement. When change in the
number of fixations was added, the model accounted for 67% of the variance in CRT improve-
ment. On the other hand, when fixation duration or percentage of regressions with parameter
1 were added in the model, no statistically significant change in R? was observed. Moreover,
reduction in the number of fixations (B = 55.92, SE = 22.30, P = 0.026) was a significant pre-
dictor of CRT improvement, even after controlling for the observed change in VA. Finally, we
performed supplementary analyses by excluding VA as a predictor of CRT. The model indic-
ated that the number of fixations alone can account for as much as 46% of the variance in CRT

improvement.

2.9.7 Discussion

The main aim of the study was to assess the therapeutic effects of anti-VEGF treatment in

wAMD patients by evaluating silent reading performance, which forms the preferred reading

48



49

2.9 STUDY II - PATIENTS WITH AGE-RELATED MACULAR DEGENERATION (AMD)

(50°0>d) @8ueypd jueoyrudis A[reonsners |
‘uoneINp Uonexyy np Xy ‘paads Jurpear :Gy TLNIOUOA (] ‘Te[NO0Uly : ‘SUOHRIAIAY

00 | (€FTO¥G0) L | (2h) ¢8 (s€) Sz geso | (L oige) s (€9) L¥1 (09) TSt (sw) () 2
z0 (LS1012°¢)9 (62) 62 F2) €2 avo | (S1011g) 8- (¢¥) et (€¥) 0c1 (sw) (g) 2
60 o oA.NHw. )1 (67) 981 (6v) £81 | 150 | (€C010%) 6 (89) €7¢ (£8) TsT (sw) () "
. (z¢ ) 3 -
20 01 £'91-) £- (Lg) 01 (£8) 921 9F0 | (€103 42 L (0%) 12T (L) 8tC (sw) (g) 7
L0 VAl @8 cer | (09 ger z0 01 (6'2) 0°£1 (T2) 881 (%) (AT) SuOIsSaI3Y
0} €7-) €0 03 L¥-) 8'T- ° ;
T0 #0 (89 cv1 | (89 TSI 60 (61 (€9) 841 (©9) 641 (%) () suorssa13ay
0} €T) 0'T- 0} 1°C) 10 ° .
(600 «F0°0-
. . . . . . . . . . AM
S0 | o300 zo0 | LCO00T | (§T0) 260 | €200 | o gpor) po- | FTOIFL (1500 04T | (ady) (W) suonexty
(€00 (ST0
. . . . . . . . . . Q
S0 | 039007 zo0- | FEOITO0 | @@0OIEEO | L0 | oy 7o) oo | BEO 6TT (6£0) T€T | (mdy) (g)suonexiy
90 (€103 Z) ¢ (8%) ¥5¢ (9%) zT 660 | (61010S)GI- (08) z9¢ (¥6) LL€ (swr) (N) “Ip X1
20 (€ 0161-) 9- (0F) ect (86)8ec | 0001 | (9T20197)0 (19) 81¢ (99) 81¢€ (sw) (g) “mp "x1g
(991 «(1°1€
: c) o D) o . ec) o o) 5 g
80 | o pip) g | OSDEL | (64D STBL| 00 | o ) o (Gee) €8 (6'2€) 769 (wdm) (W) s
(F0cC (L2
: Q) ar) /- . ) o ey 1 d
70 o1 7g) 19 | (0L LE6L | (L) LE6L | L0 | o peryzy | COMEBOL | (£T9) TFO0T (wdm) (9) sd
(ID %S6) (D %%6) JUaUI)ean) JUSUI)ean]
onead | @douaIRHIQ TYSIA [usiA | onpead | 9OUBIHIQ oInjea]
hEXlAve 210J2g
UeaJN Ues|\
dnoig [oryuo) sjuaned QINV :
‘sdnoi3 omj a3 105 seouaIayIp 9deIAL PUE S)ISIA SSOIdE dduewIoyRd 3urpedy Gz S[qeL



2.9 STUDY IT - PATIENTS WITH AGE-RELATED MACULAR DEGENERATION (AMD) 50

300 | CONTROL AMD

200 —

100

Reading speed (wpm)

P=.041
T T T T

CONTROL AMD

25

2.0 —

Fixation number (fpw)

1.0

P=.50 P =.023
0.5

1st 2nd 1st 2nd
Visit

Figure 2.10: Box plots of monocular passage reading speed (upper) and number of fixations (lower) for
the RE of the control group and the affected eye of the AMD group at both visits. Average
values are indicated in white.
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Figure 2.11: Association between reading speed with visual acuity as measured in the treated eye.
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Figure 2.12: Association of change in monocular passage reading speed (post- minus pre-treatment per-
formance in wpm) with corresponding change in eye fixation parameters. Upper panel: fix-
ation duration (left), number of fixations (middle) and regressions (right); Lower panel: ex-
Gaussian parameters p (left) and T (right). Best-fitting linear regression curves are shown
by dashed lines.

mode [132] and a prerequisite in real-life reading conditions [34, 87]. This was achieved by
implementing eye fixation analysis using a high-resolution video eye tracker, allowed for the
evaluation of silent passage reading speed and a range of eye fixation parameters.

As expected, the patient group showed statistically significantly worse binocular and mon-
ocular VA than the control group, as a result of the statistically significantly higher CRT of
the patient group. Similarly and in accordance with the literature [97, 98], the patient group
showed statistically significantly different values from the control group, on all eye movement
and ex-Gaussian parameters.

Following anti-VEGF treatment, monocular silent passage reading speed increased statist-
ically significantly, from 69.4 to 85.3 wpm, while a concurrent significant improvement in the
average number of forward fixations (0.2440.38) was also observed. No significant treatment-
related differences were found for other fixation parameters, i.e. fixation duration, ex-Gaussian
parameters p and T of the fixation duration frequency distributions and regressions. The im-
provement both in reading speed and in the number of fixations was strongly correlated with
the reduction in CRT following treatment. Improvement in monocular passage reading speed
of the treated eye was also related to the improvement in near monocular VA. However, the

average change in VA observed in the present study, after 3-month anti-VEGF treatment, was
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much smaller than has been reported by earlier clinical trials and observation studies [68, 69,
78, 82]. This may be due to the relatively small reduction in CRT (95% CI: 16 to 66 ym), com-
pared to previous studies (average CRT is reduced by 150 to 175 um) [70, 78]. Moreover, due to
the exclusion criteria, most patients presenting for treatment in this study had relatively good
VA (better than 0.5 logMAR) compared with the average patient being treated for wet AMD,
which possibly limits the range of VA improvement resulting from anti-VEGF treatment. No
statistically significant difference was found in visual acuity, reading speed and any eye fixa-
tion parameter in either binocular or monocular testing in the age-matched individuals with
normal vision, suggesting minimal learning effects.

The second aim of the present study was to account for the observed improvement in
monocular passage silent reading speed. Hierarchical multiple regression models highlighted
treatment-related changes in three eye movement parameters as significant predictors of the
degree of improvement in silent reading speed, even after controlling for near VA: average
number of fixations per word, average fixation duration and ex-Gaussian parameter yu. It
should be noted, however, that among these measures only the average number of fixations
was statistically significantly reduced following treatment. Taken together these results sug-
gest that improvement in reading speed reflected primarily a concomitant reduction in the
number of fixations performed. The strong correlation found between silent reading speed
and the number of fixations could be explained by a visual span expansion, which usually
accompanies CRT shrinkage and is known to have a significant effect on reading performance
in patients with maculopathy [82, 137].

The total effect of eye movement parameters on the change in treatment-related monocular
passage reading speed in AMD patients was in the order of 76%. In a different setting (readers
with simulated scotomas), the number of saccades and fixation duration accounted for as
much as 94% of the total variance of reading speed [138]. While the debate on the relative
importance of the number of saccades is ongoing, the majority of previous studies agree with
current results by identifying forward saccade size, which is highly correlated with reduced
fixations, as the best predictor of reading speed [33]. On the other hand, the role of fixation
duration on predicting reading speed changes in AMD patients is not so clear. A negative
association has been reported by Calabrese et al. in patients with AMD and Stargardt’s disease

[100], while others failed to show a significant association [33, 97, 101].
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In interpreting these discrepancies, one should consider important methodological differ-
ences among studies, for example in the type of texts [73, 88, 90] and the reading mode, ie.
silent vs reading aloud [42, 139]. In the present study reading speed was assessed during silent
passage reading of continuous paragraphs instead of single sentences, at a comfortable pace,
to simulate real-life reading conditions, while in most clinical studies participants were asked
to read the texts out loud and as fast as they can. It is well known that parafoveal informa-
tion contributes to faster silent reading speed through a reduction in both the duration and
number of fixations, while reading slows down when parafoveal information is masked [140].
Although the lack of parafoveal information slows down reading speed in both oral and silent
reading, the effects of parafoveal information are larger in silent than in oral reading, espe-
cially for faster readers [139]. Moreover, among glaucoma patients with bilateral VF loss, the
greatest impact is present during silent reading than oral reading, over prolonged durations
[42], and this association was independent of visual acuity.

In our study anti-VEGE, although effective in reducing CRT and improving monocular read-
ing speed, did not result in a significant reduction in the ex-Gaussian parameters y and T.
Although still under debate [141], most researchers agree that the location of the distribution
of fixations during reading (y) is primarily affected by optical factors, whereas the degree of
skew of the distribution (7) is primarily affected by cognitive factors [58-62]. However, a three-
month anti-VEGF treatment is unlikely to be accompanied by significant changes in cognitive
capacity and, further, it may have not dramatically affected the quality of the foveal image (as
indicated by failure to improve near VA). In light of these considerations, lack of change in
either u or T with treatment was expected. Interestingly, individual differences in the reduc-
tion of the y parameter accounted for significant variance in the degree of improvement in
reading speed. Given the near perfect correlation between change in average fixation duration
and u (r = 0.935), this finding may simply reflect the impact of the degree of reduction in
fixation duration on the degree of improvement in reading speed.

Regarding VA, current results, in agreement with previous studies, hint that VA assessment
is not sufficient to evaluate functional visual rehabilitation in low vision patients [97, 137].
The hierarchical linear multiple regression model revealed that change in VA accounted for
50% of the variance in CRT improvement and that, when change in the number of fixations is

added, then the model can account for 67% of this variance. The joint contribution of VA and
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the number of fixations may reflect both foveal and parafoveal visual processing, which are
known to be affected in AMD [89].

In interpreting the present results, several limitations need to be considered. First, the relat-
ively small size of the patient group may have restricted statistical power to detect more subtle
changes in VA and other eye fixation parameters. Second, the patients in this study are not
fully representative of patients being treated for wet AMD, who show a larger degradation
in VA. We purposely excluded patients with lower VA, since is known that roughly 25% of
participants with late AMD are unable to read any words [73, 89] and the majority of them can
only complete large-print standardized reading tasks [73]. Moreover, CRT and VA may not be
the optimal indicators of the degree of retinal and functional impairment (i.e., foveal vision)
of the affected eye, respectively. However, in some patients the retinal fluid is detected in par-
afovea and as a result, neither CRT nor VA are severely affected. Microperimetry [142] and
functional tests, i.e. contrast sensitivity or retinal sensitivity [143, 144], which also consider
the AMD patients’ slow information transfer rate [82], may provide complementary indices
of macular visual function and progression of the disease [70]. Finally, functional reading was
not assessed using formally standardized passages, such as IReST, which are now available in
Greek [123].

In this study, we showed that VA underestimates the improvement in functional vision after
anti-VEGF treatment in patients with relatively good acuity, being treated for wet AMD. In
addition, an appropriate eye-movement analysis in reading tasks with standardized texts may
provide crucial information regarding the progress of eye diseases, especially maculopathies.
Using this method in combination with other tests, may help eyecare specialists better evaluate

functional vision and obtain useful information regarding parafoveal visual processing.
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2.10.1 Aim of the study

The scope of this study is to evaluate functional vision in presbyopic persons, before and
after correction with multifocal and monovision contact lenses (CL), with the use of eye move-
ment analysis during silent text reading. More specifically, the primary aim is to find eye
movement parameters i) that are affected during reading due to uncorrected presbyopia and
reverse when corrected with CLs and ii) that are affected by low luminance during reading.
A secondary aim is to find the factors that account for the changes of reading speed after cor-
rection with CLs as well as the factors that account for the changes of reading speed between
high and low luminance.

Reading performance is assessed in four conditions under high luminance level: i) correc-
tion for far (FC), ii) correction for near (NC), iii) correction with multifocal CLs (MON) and
iv) correction with CLs that provide monovision (MC). Furthermore, reading performance is
assessed under low luminance levels in two conditions: i) correction with multifocal CLs and
ii) correction with CLs that provide monovision.

Reading performance in FC conditions is expected to be hampered as compared to NC
condition, because of the blur effect. Most of the eye movement parameters are expected to be
affected, apart maybe from the ones that are known to be affected mainly by cognitive factors,
such as the percentage of regressions and ex-Gaussian 7. This effect is expected to reverse

when the participants are corrected with the two CL modalities.

2.10.2  Participants

Thirty contact lens users with presbyopia participated in the study. The data from four
participants was not included in the analyses (three early presbyopes with presbyopia onset
< 44 years) and one who failed to use the multifocal CLs. The final sample comprised 26 (14
women) participants (aged 5345 years, range 46 to 67). Their mean education level was 1743

(range 12 to 23 years).
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The exclusion criteria included: corrected visual acuity for far and near in each eye worse
than 0.10 logMAR (0.8 decimal acuity equivalent) in each eye, myopia or hyperopia > 5.0 D,
anisometropia > 2.00 D, astigmatism > 0.75 D, abnormal phorias.

The demographics of the participants recruited are shown in Table A.3.

2.10.3 Reading material

Five texts from the Greek version [123] of the IReST [40, 41] were used (see section 2.5).
The same text was used in the test trial in all three visits while the other four were used
randomly in each trial. Mean length of the texts was 144+3 words, each word consisted of

5.240.1 characters and mean word frequency was 0.3240.08 %o.

2.10.4 Contact lenses

Two different designs of contact lenses were used in the study: (i) multifocal CLs (1-DAY
ACUVUE® MOIST Multifocal, with the addition that best-caters for each participant) and (ii)
CLs providing monovision (single vision 1-DAY ACUVUE® MOIST). Both of them, by Johnson
& Johnson Services, Inc.

According to the manufacturers, the 1-DAY ACUVUE® MOIST Multifocal CLs have a center-
near aspheric design and three additions: low (+1.25), medium (+1.75) and high (+2.50). Kim E
et al. have shown that these lenses have a gradual change in power between near and distance
zones and that here is no distinct relative plus power to the distance prescription in the Lo

addition (Figure 2.13) [145].

2.10.5 Experimental procedure

Testing was completed in three visits. Table 2.6 shows the reading conditions at three visits.
On the first visit (baseline), measurements were performed for all participants with both eyes
corrected for far (FC) wearing disposable single vision CLs and for near (NC) wearing readers
on top of the lenses. For the next two visits conducted with time interval of two weeks, par-

ticipants were assigned alternately according to their order of registration, to two groups of
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Figure 2.13: Relative refractive power of Acuvue CLs as a function of their semi-diameter. Image adop-
ted from Kim E et al. (2017) [145].

Visit 1 Visit 2 Visit 3
1 Test Test Test
2 FC MC MON
3 NC MC low MON low
4| NCComp - -

Table 2.6: Experimental procedure of Studies III and IV. NC: near corrected, FC: far corrected, Comp:
comprehensive reading, low: low luminance

13 persons. Participants in the first group wore single vision CLs creating monovision (MON)
for the first two weeks and multifocal CLs (MC) for the next two weeks. Participants in the
second group wore CLs in reverse order. FC condition is used as a negative control because
reading a text at 40 cm when being corrected for far is expected to be worse than what is
achieved when corrected for near.

The first trial of each visit was a familiarisation trial. The first visit comprised of three
trials: 1) test trial, ii) best corrected for far (with contact lenses) and iii) best corrected for near
(with readers on top of contact lenses). Visits 2 and 3 included the test trial and two reading
behavior measurements in high and low luminance with the participants wearing contact
lenses for presbyopia correction. Eye movements were recorded during binocular reading at
two luminance levels (high and low photopic, 50 and 5 cd/m?2 respectively). Thus, the effect

of luminance was evaluated only in MC and MON correction.
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Participants were instructed to read the text silently at a comfortable pace. In addition
to eye movement measures, far and near logMAR visual acuity (VA) was measured with
standardised ETDRS charts. Stereoacuity was measured using the Graded circle test and the

random dot background in Randot stereopsis test.

2.10.6  Data analysis

Normality of all parameters was evaluated with the Shapiro-Wilk test. The Friedman test
was used for the parameters (stereoacuity and blink rate) that were not normally distributed.
For the rest of the parameters, Repeated Measures One-Way ANOVA was performed in order
to evaluate the effect of condition (NC, FC, MON, MC). This analysis was conducted on data
from high luminance condition.

To further assess the joint contribution of change in eye fixation parameters to the improve-
ment in reading speed due to CLs (i.e. as compared to the FC condition), two complementary
hierarchical, linear multiple regression models were computed. The number of fixations made
was always entered in the first step. Due to collinearity concerns, fixation duration, percentage
of regressions and ex-Gaussian parameter tau were not entered together in the same regres-
sion model. Model 1 included change in fixation duration entered in the second step. In Model
2, percentage of regression and the ex-Gaussian parameter tau were entered together in the
second step.

For the effect of luminance, two-way repeated measures ANOVA was performed for read-
ing speed and all eye movement parameters except blink rate as it does not follow normal

distribution.

2.10.7 Results

2.10.7.1  Effects of correction method

Table 2.7 shows the mean values of all parameters in four conditions at high luminannce,
except of stereoacuity and blink rate for which median (IQR: interquartile range) is presented.
The Friedman test revealed significant main effects of Condition both in stereoacuity and

in blink rate (¥2(3) = 25.029, p < 0.001 and x%(3) = 8.123, p = 0.044 respectively). For the rest
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of the parameters, Repeated Measures One-Way ANOVA revealed significant main effects
for: far VA (F(2, 50) = 13.468, p < 0.001), near VA (F(3, 75) = 77.554, p < 0.001), reading
speed (F(2.302,57.550) = 12.901, p < 0.001), fixations per word (F(2.066,51.661) = 7.809, p =
0.001), fixation duration (F(1.952,48.812) = 35.515, p < 0.001), percentage of regressions (F(3,75)
= 3.672, p = 0.016), ex-Gaussian parameter u (F(3,75) = 19.377, p < 0.001) and ex-Gaussian
parameter T (F(3,75) = 2.838, p = 0.044). Results of post-hoc pairwise comparisons (evaluated

at Bonferroni-adjusted p < 0.008) are presented below.

Table 2.7: VA, stereoacuity, reading speed and eye movement parameters (SD) in the four conditions of

the study.
H | Condition
Feature NC FC MON MC
Far VA (logMAR) - -0.09 (0.06) -0.03 (0.08) 0.01 (0.11)
Near VA (logMAR) -0.01 (0.08) 0.32 (0.10) 0.02 (0.10) 0.09 (0.10)
Stereoacuity (arcsec) 52 (40) 100 (130) 70 (135) 60 (30)
Reading speed (wpm) | 258.7 (58.7) 196.5 (67.6) 236.2 (51.9) 240.4 (68.7)
Fixation duration (ms) 227 (31) 272 (45) 234 (25) 234 (30)
Fixations per word 0.78 (0.12) 0.89 (0.18) 0.80 (0.12) 0.80 (0.15)
Regressions (%) 8.1 (7.0) 10.2 (7.0) 11.0 (7.5) 11.0 (7.1)
Blink rate 4.8 (6.6) 7.5 (11.0) 7.7 (12.1) 4.5 (10.0)
Ex-Gaussian y (ms) 173 (28) 203 (38) 172 (19) 174 (29)
Ex-Gaussian T (ms) 64 (24) 81 (39) 76 (25) 72 (29)

Abbreviations; NC: near corrected, FC: far corrected, MON: monovision, MC: multifocal
All values are means (SD) with the exception of stereoacuity and blink rate values where
median (IQR) values are reported.

All measurements were performed in high luminance settings (50 cd/m?2).

Far VA was significantly better in the FC as compared to the MC and MON conditions
(p<0.001 in both cases), but it was not different between the MC and MON condition (p=0.266).

Near VA was significantly improved in MC compared to FC condition by 0.23 logMAR (95%
CIL: from -0.31 to -0.15 logMAR, p<0.001), but worsened compared to NC condition by 0.10
(95% CI: from 0.03 to 0.17 logMAR, p=0.001). Near VA also significantly improved in MON
compared to FC condition by 0.30 logMAR (95% CI: from -0.38 to -0.22 logMAR, p<0.001) and
by 0.07 logMAR in MON compared to MC (95% CI: from -0.12 to -0.02 logMAR, p=0.005).
There were minimal differences between MON and NC conditions (mean difference=0.03 log-

MAR, 95% CI: from -0.04 to 0.10 logMAR, p=1.000, see Fig. 2.14 left).
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Post hoc analysis with Wilcoxon signed-rank tests (with a Bonferroni correction applied,
resulting in a significance level set at p < 0.008) was conducted for stereoacuity and revealed
significant improvement in the MC as compared to the FC condition (Wilcoxon signed-rank
Z = -3.026, p = 0.002) and deterioration in the MON as compared to the NC condition (Z =
-3.924, p < 0.001). Stereoacuity did not change significantly between MC and NC conditions
(Z =-2.076, p = 0.038) and MON vs MC conditions (Z = -1.513, p = 0.130; see Fig. 2.14 right).
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Figure 2.14: Near Visual Acuity (left) and stereoacuity (right) values in the four conditions tested: single
vision contact lenses with correction for far (FC), for near with readers (NC) and mono-
vision approach (MON), and multifocal contact lenses (MC). Whiskers represent 1.5 IQR.
Brackets indicate significant differences.

Reading speed was significantly higher in MC and MON conditions as compared to the FC
condition (mean difference = 44 wpm, 95% CI: 6 to 82, p = 0.018 and mean difference = 40
wpm, 95% CI: 7 to 73), p = 0.012 respectively). See Table 2.7 and Figure 2.15. Average reading
speed was practically identical in the MC and MON condition (mean difference = 4 wpm, 95%
CI, -25 to 33, p = 1.000) and slightly lower than in the NC condition, although this difference
did not reach significance (mean difference =-18 wpm, 95% CI: -45 to 9, p = 0.375 and mean
difference = -22 wpm, 95% CI: -46 to 1), p = 0.063 respectively).

The number of fixations per word significantly decreased only in the MON as compared
to the FC condition (mean difference = -0.09 fpw, 95% CI: -0.17 to -0.01, p = 0.030). A similar
degree of reduction in the MC as compared to the FC condition failed to reach significance
(mean difference = -0.09 fpw, 95% CI: -0.18 to 0.0, p =0.065). All other pairwise comparisons
did not approach significance (p > 0.9; Fig. 2.16, left).

Fixation duration significantly decreased in MC (mean difference = -38 ms, 95% CI: -54 to

-23, p < 0.001) and MON (mean difference = -38 ms, 95% CI: -55 to -21, p < 0.001) as compared
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Figure 2.15: Reading speed values in the four conditions tested: single vision contact lenses with cor-
rection for far (FC), for near with readers (NC), with monovision approach (MON), and
multifocal contact lenses (MC). Whiskers represent 1.5 IQR. Brackets indicate significant
differences.

to the FC condition. All other pairwise comparisons did not approach significance (p > 0.2;

Fig. 2.16, right).
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Figure 2.16: Number of forward fixations (left) and fixation duration (right) in the four conditions
tested: single vision contact lenses with correction for far (FC), for near with readers (NC),
with monovision approach (MON), and multifocal contact lenses (MC). Whiskers represent
1.5 IQR. Brackets indicate significant differences.

No difference was found in the percentage of regressions in any pair among FC, MC and
MON conditions. There was however, statistically significant increase both in MC (mean dif-
ference = 2.9 %, 95% CI: 0.8 to 5.0, p = 0.004) and in MON (mean difference = 2.9 %, 95% CI:
0.4 to 5.4, p = 0.016) condition as compared to the NC condition (Fig. 2.17 left).

Blink rate was significantly lower in the NC as compared to the FC condition (Wilcoxon

signed-rank Z = -2.688, p = 0.007; Fig. 2.17 right).
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Figure 2.17: Percentage of regressions (left) and blink rate (right) in the four conditions tested: single
vision contact lenses with correction for far (FC), for near with readers (NC), with mono-
vision approach (MON), and multifocal contact lenses (MC). Whiskers represent 1.5 IQR.
Brackets indicate significant differences.

Figure 2.18 depicts the box plots of the ex-Gaussian parameters of fixations durations. The
ex-Gaussian parameter p was significantly lower in all conditions for near corrected vision
compared to the FC condition: NC (mean difference = -30 ms, 95% CI, -46 to -13, p < 0.001),
MC (mean difference = -29 ms, 95% CI: -45 to -13, p < 0.001) and MON (mean difference = -31
ms, 95% CI: -47 to -16, p < 0.001). No other significant difference was found in y. Differences

between conditions on the ex-Gaussian parameter T did not reach significance (p > 0.09).

400 200

’a —_—

£ 300 . £ 150-

= 1 ° -

c o [= T

@ 200 2 100 T

(7] - -

ErL TR

© F |

3 3

m100— —_ u’j 50+ J- J- l J-
] — , ]
0 T T T T 0 T T T 1

NC FC MON MC NC FC MON MC

Figure 2.18: Ex Gaussian parameters, 4 and T, in the four conditions tested: single vision contact lenses
with correction for far (FC), for near with readers (NC), with monovision approach (MON),
and multifocal contact lenses (MC). Whiskers represent 1.5 IQR. Brackets indicate signific-
ant differences.

2.10.7.2  Factors accounting for differences in reading speed when corrected with CLs

As shown in Table 2.8 strong, significant associations between the degree of change in reading

speed in the MON vs FC condition were found with concurrent changes in the number of
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VA leatl?n Fixations Reg. Blink " -
Duration rate
MON r=-022 | r =-0.68* r=-087* | r=-061* | r=-005 | r=-0.01 | r =-0.65%
p =029 p < 0.001 p<0.001 |p= 0.001 p=080 | p= 097 | p<0.001
MC r=-033 | r = -0.84* r=044* | r=-082* | r=-034 | r=0.19 | r =-0.59*
p=0.10 | p <0.001 p=003 | p<0001|p=010 |p=037|p=0.002

Table 2.8: Correlations of changes in reading speed with corresponding changes in near VA and in eye
movement parameters between MON and FC and between MC and FC conditions.
*: significant correlation.

forward fixations (r = -0.87, p < 0.001), in fixation duration (r = -0.68, p < 0.001), ex-Gaussian
T (r = -0.65, p < 0.001) and the percentage of regressions (r = -0.61, p = 0.001).

The degree of improvement in reading speed in the MC as compared to the FC condition
was strongly correlated with concurrent changes in the number of fixations (r = -0.84, p <
0.001) and in the percentage of regressions (r = -0.82, p < 0.001) and modestly correlated with
concurrent changes in the ex-Gaussian parameter 7 (r = -0.59, p = 0.002) and fixation duration
(r =-0.44, p = 0.03). Figure 2.19 illustrates the association of the improvement of reading speed
with concurrent changes in eye movement parameters with MON correction.

Improvement in reading speed in the MC or MON conditions as compared to the FC con-
dition correlated weakly with concurrent improvement in near visual acuity (p > 0.10 ; Fig.
2.20).

Both models were significant (p < 0.001) in accounting for both sets of difference scores (MC
minus FC and MON minus FC) with the predictor variables accounting for 72 and 80% of the
variance in reading speed improvement with MC correction and 78 and 79% of the variance
in reading speed improvement with MON correction. Model 1 revealed that the reduction in
fixation duration remained a significant predictor of the improvement in reading speed only
in the MON condition and only marginally (B=-0.28, SE=0.26, p = 0.04), while not in MC
condition (B=-0.11, SE=0.30, p = 0.39). Model 1 revealed that the reduction in the percentage
of regressions was significant predictor of the improvement in reading speed in MC condition
(B=-0.38, SE=1.41, p = 0.007) and in MON condition (B=-0.28, SE=1.39, p = 0.034). Ex-Gaussian
T was not a significant predictor in either condition (B=-0.13, SE=0.21, p = 0.296 and B=-
0.19, SE=0.24, p = 0.232 respectively). Both models showed that the decrease of the number

of fixations was the strongest predictor of the improvement in reading speed accounting for
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Figure 2.19: Associations of the change in reading speed with corresponding changes in number of
fixations (upper panel), fixation duration (middle panel) and percentage of regressions
(lower panel) between MON correction and FC condition.

as much as 71 and 74% of the variance in reading speed improvement with MC or MON

correction, respectively.

2.10.7.3  Effects of luminance

Reading speed and eye movement parameters values at two luminance levels and with two

CL corrections are demonstrated in Table 2.9.
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Figure 2.20: The association of change in reading speed with corresponding change in near VA between
MON and FC.

The analysis showed a significant interaction between the modality of CL correction and
luminance level (F(1,25) = 5.336, p = 0.029, 17% = 0.176) on reading speed. Follow up simple
main effects tests (one-way repeated measures ANOVA) revealed that reading speed improved
significantly under high luminance levels with both MON (F(1,25)=15.62, p=0.001, 17%, =0.375)
and MC (F(1,25)=16.195, p<0.001, 17% = 0.393) correction.

Interestingly, although reading speed was comparable between correction methods under
high luminance (see Figure 2.15), reading speed was significantly higher using MON than MC
at low luminance (F(1,25)=5.705, p=0.025, 17% = 0.186, mean difference = 16.8 wpm, 95% CI, 2.3
to 31.2; Figure 2.21).

Table 2.9: Reading performance with two kinds of CLs in high and low luminance levels.

H ‘ High Luminance ‘ Low Luminance ‘
Feature MON MC MON MC

Reading speed (wpm) | 236.2 (51.9) 240.4 (68.7) 210.9 (54.8) 194.2 (67.4)
Fixation duration (ms) 234 (25) 234 (30) 272 (59) 291 (75)
Fixations per word 0.80 (0.12) 0.80 (0.15) 0.82 (0.15) 0.86 (0.20)
Regressions (%) 11.0 (7.5) 11.0 (7.1) 9.3 (5.7) 10.5 (6.2)
Blink rate 7.7 (12.1) 4.5 (10.0) 5.8 (6.7) 9.5 (9.1)
Ex-Gaussian y (ms) 172 (19) 174 (29) 209 (54) 221 (57)

Ex-Gaussian T (ms) 76 (25) 72 (29) 77 (32) 81 (46)

Abbreviations; MON: Monovision, MC: Multifocal.
All values are means (SD) with the exception of blink rate (median (IQR)).
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Figure 2.21: Reading speed values with monovision approach (MON), and multifocal contact lenses
(MC) in high and low luminance. Whiskers represent 1.5 IQR.

High luminance was associated with less number of fixations (F(1,25) = 5.780, p = 0.024, 17;2,
= 0.188) and shorter ex-Gaussian parameter u (F(1,25) = 23.019, p < 0.001, 17;27 = 0.479).

The main effect of luminance was superseded by significant luminance by condition inter-
actions for fixation duration (F(1,25) = 5.560, p = 0.025, 17% = 0.185). A significant effect was
found on fixation duration in both types of CLs (F(1,25)=16.425, p<0.001, 17% = 0.387 for MON
and F(1,25)=19.209, p<0.001, 17%, = 0.435 for MC).

Wilcoxon signed-rank test showed that luminance level elicited significant change in blink
rate in MON condition (Z = -2.314, p = 0.021). In high luminance blink rate was 2.5 (95% CI,

0.5 to 4.5) greater than in low luminance. See Figures 2.22 and 2.23.

2.10.7.4 Factors accounting for differences in reading speed between high and low luminance condi-

tions

As shown in Table 2.10, the change in reading speed due to luminance level (high minus low)
correlated with corresponding change in fixation duration (MON: r = -0.61, p = 0.001, MC: r =
-0.70, p < 0.001), with that of the number of fixations (MON: r = -0.53, p = 0.005, MC: r = -0.70,
p < 0.001), of ex-Gaussian parameter  (MON: r = -0.47, p = 0.02, MC: r = -0.62, p = 0.001).
The correlation between change in reading speed and change in ex-Gaussian parameter T was
significant only in MC correction (r = -0.49, p = 0.01; see Figure 2.24).

A hierarchical, linear multiple regression model was computed in order to evaluate the joint
contribution of change in eye fixation parameters to the decrease of reading speed due to low

luminance. Due to collinearity concerns, fixation duration and ex-Gaussian parameter u were
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Figure 2.22: Eye fixation parameters (number of forward fixations, fixation duration, percentage of re-
gressions and blink rate) with monovision approach (MON) and multifocal contact lenses

(MC) in high and low luminance. Whiskers represent 1.5 IQR.

Duration | Foations| Res- | J x|
MON | F=-061% | r=053 1= 030 | r=002 |r=-047%] r=-0.28

p=0001 |p=0005|p=014 | p=092 | p=002 | p=017
MC r=-070* |r=-070* | r=-037 | r=-033 | r=-0.62* | r=-0.49*

p<0001 |p<0001|p=007|p=011 |p=0001| p=0.01

Table 2.10: Correlations of changes in reading speed with corresponding changes in eye movement
parameters between high and low luminance in MON and MC conditions. *: significant
correlation.

not entered together in the regression model. The difference in the number of fixation made
was entered in the first step and the difference in fixation duration was entered in the second
step.

The model was significant (p < 0.001) in both conditions (MC, MON) with the predictor
variables accounting for 67% of the variance in reading speed decrease in MC condition and
65% of the variance in reading speed decrease in MON condition. Inspection of regression

coefficients revealed significant contributions by both the increase in the number of fixations
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Figure 2.23: Ex-Gaussian parameters y and T with monovision approach (MON) and multifocal contact
lenses (MC) in high and low luminance. Whiskers represent 1.5 IQR.

(MC: B=-0.483, SE=55.456, p = 0.01, MON: B=-0.509, SE=64.346, p < 0.01) and the increase in
fixation duration (MC: B=-0.479, SE=0.118, p = 0.02, MON: B=-0.630, SE=0.081, p < 0.01).

2.10.8 Discussion

The main aim of the study was to evaluate reading performance in a presbyopic population
corrected only for far with single vision CLs and also for near with monovision and multifocal
contact lens correction, by recording eye movements during silent text reading.

Regarding the first aim of the study, results showed that both near visual acuity and reading
speed improved significantly in both CL modalities compared to single vision contact lens,
correction for far (FC condition). On the other hand, while VA in MC condition was found
worse compared to best-corrected near vision (CLs combined with readers, NC condition), this
was not the case for reading speed or any of the eye movement, apart from the percentage
of regressions. Moreover, although monovision correction (MON condition) resulted in better
VA levels at near compared to multifocal correction, this was also not reflected in any reading
performance parameters.

Among eye movement parameters, fixation duration was found mainly improved with mul-
tifocal compared to single vision correction for far, followed by the number of fixations. No
changes were observed in the parameter T and only between NC and correction with CLs in
the number of regressions, parameters that are linked mainly to cognitive factors [11]. The

improvement of reading speed with the use of multifocal CLs compared to reading with
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Figure 2.24: Associations of the change in reading speed with corresponding changes in fixation dur-
ation (upper panel), number of fixations (middle panel) and ex-Gaussian p (lower panel)
between the two luminance conditions (low minus high) with MON correction.

single vision correction for far, as well as the decrease of fixation duration and the number of

fixations, was also observed in a recent study [121].

Regarding the second aim, the change in reading speed due to correction with CLs was

mainly correlated with concurrent changes in the number of fixations, fixation duration and

percentage of regressions. It is important to note that no correlation was found between the

changes in visual acuity and improvements in reading speed. The lack of correlation between

near VA and reading performance is not surprising and confirms previous results (for ex-
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ample, [97, 146]). Reading is known to be facilitated by parafoveal visual information [147-
149] and it has been found to better correlate with extrafoveal visual performance and the
crowding effect.

More specifically, the results in this study stress that the observed improvement in VA with
multifocal correction cannot predict any enhancement in patients’ reading performance, and
this is frequently reported by contact lens users in clinical practice.

Effects of luminance levels also revealed interesting findings. Thus, low luminance negat-
ively impacted reading speed in both MON and MC condition, although in greater degree in
the MC vs MON condition. Low luminance was also associated with higher number of fixa-
tions, longer fixation duration and ex-Gaussian parameter u for both modalities of CLs tested.
Furthermore, fixation duration was found statistically significantly lower in MON than in MC
condition in low luminance. No statistically significant effect of luminance on the percentage
of regressions and on ex-Gaussian parameter T was observed. Blink rate was significantly
affected by the low luminance level only in MON condition.

The difference that was observed in reading speed due to low luminance was correlated
with the differences in the number of fixations, in fixation duration and in ex-Gaussian para-
meter u. A hierarchical, linear multiple regression model showed that the differences in the
number of fixations and in fixation duration account for about 66% of the variance in read-
ing speed decrease. In a recent study, saccade amplitude, fixation duration and regressive
saccades together accounted for 90% of the variance in reading speed [150]. However it was
not reading speed change due to luminance that was investigated, but reading speed under

various background luminance and contrast levels.
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2.11.1 Aim of the study

The main aim of the study is to evaluate eye movement parameters during silent text read-
ing with two different sets of guidelines. In the first condition, the participants were asked to
read the text in a comfortable pace and in the second condition they were asked to read the
sentences comprehensively. Thus, the effect of comprehension is evaluated. The percentage of
regressions is known to be linked to comprehension and ex-Gaussian 7 is linked to cognitive
processes, so they are expected to differ between the two conditions.

A secondary aim is to find the eye movement parameters that account for the change in

reading speed between the two conditions.

2.11.2  Participants
The present study involves analyses of additional recordings obtained from the group of
Study III (see Table A.3). All trials were performed with the patients best corrected for near i.e

wearing disposable single vision CLs (best corrected for far) and readers on top of the lenses

(near correction).

2.11.3 Reading material

Three texts from the Greek version of the IReST [123] were used in a randomized order (see

section 2.5. A fourth text was used for familiarisation with the procedure.

2.11.4 Experimental procedure
During the first visit of Study III, following a familiarization trial, participants were presen-

ted with two reading conditions. In the first trial the participants were asked to read the text

silently in a comfortable pace (BASELINE condition). In the second trial they were asked to
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read the sentences comprehensively, as they would read a newspaper text to be able to answer

questions regarding the meaning of the text afterwards (COMP condition) (Table 2.6).

2.11.5 Data analysis

Shapiro-Wilk normality test showed that reading speed, fixations per word and ex-Gaussian
parameters T and p were normal distributions, while fixation duration, percentage of regres-
sions and blink rate were not. Paired sample t-test was used for normal and Wilcoxon signed-

rank test was used for non-normal distributions.

2.11.6 Results

2.11.6.1 Differences between reading conditions

Table 2.11 summarises the results of the study. Reading speed in the COMP condition was
significantly lower than in the BASELINE condition (mean difference = -44.8 wpm, t(25) =
-4.963, p < 0.001). Conversely, the following eye movement parameters were higher in the
COMP condition: number of fixations per word (mean difference = 0.09wpm, t(25) = -5.399, p
< 0.001) and percentage of regressions (mean difference = 3.4 %, Z = -3.213, p = 0.001), whereas
the ex-Gaussian parameter T was marginally significantly higher (mean difference = 10 ms,

t(25) = 2.073, p = 0.049). The results are displayed in Figures 2.25, 2.26 and 2.27.

2.11.6.2  Factors accounting for change in reading speed

As shown in Table 2.12, the difference of reading speed between the two conditions was
strongly correlated with the difference of the number of fixations per word (r = -0.866, p <
0.001) and modestly correlated with the differences of the percentage of regressions (r = -
0.591, p = 0.001) and with the differences of ex-Gaussian parameter 7 (r = -0.421, p = 0.032).
These correlations are shown in Fig. 2.28.

Due to collinearity among the differences of number of fixations, percentage of regressions
and ex-Gaussian parameter T, a hierarchical, linear multiple regression model could not be
computed. However, as displayed in the correlations table, the difference of the number of

fixations alone is accounted for 74.9% of the variance of reading speed difference.
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Table 2.11: Reading performance parameters in BASELINE and COMP conditions.

H ‘ Condition H

Feature BASELINE COMP

Reading speed (wpm)* | 264.7 (66.0) 219.9 (50.3)
Fixation duration (ms) 221 (43) 223 (30)
Fixations per word* 0.77 (0.13) 0.86 (0.11)
Regressions (%)* 5.3 (10.7) 11.2 (8.2)
Blink rate 4.2 (3.8) 3.3 (4.5)
Ex-Gaussian y (ms) 171 (27) 167 (27)
Ex-Gaussian T (ms)* 63 (24) 74 (23)

Values are (mean [SD]) with the exception of fixation duration, regressions and blink rate (median [IQR]).
*: Features that exhibit significant differences.
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Figure 2.25: Reading speed values in the two conditions tested: BASELINE and COMP.

leatl?n Fixations Reg. Blink u -
Duration rate

Reading | r =-0.12 r=-087* | r=-059" | r=004 |r=-0.05|r=-042*
Speed | ,_057 | p<0001 |p=0001|p=084 | p=081| p=0.03

Table 2.12: Correlations of changes in reading speed with corresponding changes in eye movement
parameters between BASELINE and COMP conditions. *: significant correlation.
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Figure 2.26: (Number of forward fixations (upper left), Fixation duration (upper right), Percentage of
regressions (down left) and blink rate (down right) in the two conditions tested: BASELINE
and COMP.

2.11.7 Discussion

Cognitive demands for text comprehension are reflected in various eye movement para-
meters, such as fixation duration, number of fixations and percentage of regressions [151].
Especially greater percentage of regressions is widely regarded as an indication of higher com-
prehension [49]. In the literature, text comprehension measures were shown to be affected by
stimulus-related parameters (text type, word frequency, word length, lexical ambiguity etc)
and specific instructions [152, 153].

In our study, we used similar texts and we changed the instructions to the participants.

They were asked to read passages under two conditions: first, at a comfortable pace without
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Figure 2.27: Ex-Gaussian y (left) and 7 (right) in the two conditions tested: BASELINE and COMP.
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Figure 2.28: The association between change in reading speed between the two conditions and concur-
rent change in eye fixation parameters (number of fixations, percentage of regressions and
ex-Gaussian T).

emphasising the need to process text meaning and secondly, with a specific instruction for text
comprehension in order to be able to respond to subsequent content questions. We found that
the latter condition was associated with considerably slower reading speed, higher number of
fixations, greater percentage of regressions and higher ex-Gaussian parameter 7. Importantly,
the reduction in reading speed was largely accounted for by concurrent increase in the number

of fixations.
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These findings are in close agreement with Strukelj and Niehorster (2018) who employed
very similar text reading conditions. They also reported reduced reading speed, greater aver-
age saccade amplitude and a higher percentage of long regressions to previous parts of the
text and not on the current line [153] (they did not perform ex-Gaussian analyses of fixation
duration distributions). In another study, slower reading speed, accompanied by higher fixa-
tion duration, number of fixations and ex-Gaussian parameters p and T were found during
sentence reading for comprehension as compared to topic scanning [152]. In a study focusing
on the impact of text difficulty during reading for comprehension, this parameter significantly
affected reading time, probability of a regressive saccade, number of fixations and fixation dur-
ation. Moreoever, change in reading speed with text difficulty was primarily accounted for by
corresponding change in the number of fixations rather than change in fixation duration [154].

To summarize, there is general agreement that reduced reading speed when reading for
comprehension is accompanied by higher frequency of regressive eye movements, which sug-
gests an increased tendency to reread previous words or even, initial portions of the text. Most
of the studies also show that there is an increase of the number of forward fixations, reflecting
a tendency to fixate on as many words as possible in order to process all or nearly all lexic-
al/semantic elements of the passage which could be the topic of subsequent comprehension
questions. Increased fixation duration is not a consistent finding across studies. In our study,
fixation duration did not show a statistically significant change, however ex-Gaussian para-
meter T did increase, indicating that there was an increase of fixations with high duration,
without an increase of the mean value of fixation duration. This may reflect the need to fixate

more on content words that provide syntactic cues, compared to small, functional words.
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The factors that affect reading performance can be divided into three categories: optical, ret-
inal and cognitive. For example, low luminance, low contrast, small print size and narrowing
of the pupil, increased opacity of the lens of the eye and loss of its elasticity due to ageing,
are optical factors that affect reading behavior. Loss of photoreceptors and reduction of ax-
ons in the optic nerve because of ageing and abnormalities of the retinal pigment epithelium
and neovasculararity because of macular diseases, such as AMD, are retinal/neural factors.
Cognitive factors range from lexical knowledge (vocabulary), lexical retrieval, naming capa-
city and reading experience (which are in turn related to demographic characteristics such
as age, gender, and education level) to stimulus characteristics such as word frequency, text
complexity etc.

The scientific question that rises is whether we can distinguish the category of the effect
by just the eye movement behavior evaluation. Are there distinct modes of influence of lower
(optical and retinal) and higher (cognitive) level factors on eye movements?

A difficulty in this quest is the fact that some optical or retinal factors could affect vision
to such an extent that the reader could not even identify letters and words that they are sup-
posed to read, thus producing a higher level, cognitive, problem. For example, low mesopic
luminance level may significantly disrupt visual processing and impair word recognition in-
creasing cognitive effort (e.g. in guessing word identity from text context). Furthermore, some
more general factors, such as age, cause both optical/retinal and cognitive changes.

In our study, AMD and anti-VEGF treatment were expected to mainly cause retinal changes
in reading performance, presbyopia correction and luminance were expected to cause optical
changes, whereas reading for comprehension was expected to affect cognitive factors. The

present work took advantage of the explanatory power provided by ex-Gaussian analyses of

77



GENERAL DISCUSSION

eye movement parameters to help distinguish between the roles of low and high-level factors
during text reading.

As explained in Section 2.7, ex-Gaussian distribution is a convolution of a normal and expo-
nential distribution [124, 125] and it has been used for many years in the analysis of response
time distributions [124-126]. Ex-Gaussian analysis uses three parameters that correspond to
i) the mean (i) and ii) the standard deviation (SD) () of the Gaussian distribution and iii) T,
which reflects the mean and the standard deviation of the exponential component.

When initially introduced the ex-Gaussian analysis was linked to a processing model
wherein each ex- Gaussian parameter reflected a distinct process jointly accounting for ob-
served reaction times, one with normally distributed times and one with exponentially dis-
tributed times [155]. This approach was later challenged by Matzke D and Wagenmakers E-]
(2009) using computational methods [141]. More recent studies assessing parameters during
text reading have provided new evidence on the dissociation between yu and T parameters
consistent with the view that there may indeed be two processes contributing to the location
and skew of distributions of eye fixations in reading [156]. Objections are still being raised
though [157, 158].

Thus, word frequency affects both y and 7 [58], lexical predictability [60], lexical ambiguity
[61], visual contrast [62], and the position of the eyes within the fixated word [59] affect only
i, while reading in a foreign language affects only 7, as long as both native and the foreign
language are alphabetic [159].

Based on these results and the dissociation between u and T parameters, Staub and Benatar
(2013) proposed that there are two distinct processes, processing difficulty and processing dis-
ruption, that influence the location and the skew of the fixation duration distribution respect-
ively, and this is reflected in parameters y and 7. They propose that a factor affects T when it
increases the likelihood of processing disruption instead of just causing processing difficulty.
Physiological data seem to support this approach. Henderson JM et al. (2014) showed that
differences in y in a reading task were correlated with differences in the structural anatomy
of the primary visual cortex, where early visual processing occurs [160] while Henderson
JM et al. (2017) showed that T is correlated with reading-related activity in frontal and pari-
etal regions associated with attentional control, rather than occipital regions associated with

perceptual processing [161].
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This distinction in two stages of cognitive processing shares common ground with the dis-
tinction between low and high level factors addressed in the present work. Thus, T was in-
creased during reading for comprehension in agreement with the notion that this parameter
reflects cognitive process involved in text reading. As shown previously, reading for compre-
hension also affects the percentage of regressions [154] and the number of forward fixations
but not fixation duration, indicating that comprehensive reading demands more forward and
regressive fixations without necessarily prolonging each fixation. However, when word iden-
tification is disrupted due to AMD, causing a more global "processing disruption”, reading
speed and all oculomotor parameters are negatively affected (including T and p) reflecting
the increased cognitive burden during text reading incurred by both retinal and neuronal
impairment. Three-month anti-VEGF treatment changed significantly only the number of fix-
ations, a change which the improvement in reading speed was primarily reflected on.

On the other hand, low luminance, being a strictly optical factor, affects u but not 7. The
same applies to presbyopia correction which facilitates functional vision from an optical per-
spective. The link between optical factors and y is in line with the results of White and Staub
(2012) on visual contrast [62]. Low luminance and presbyopia correction also affected both the
number of fixations and fixation duration. These three parameters predicted well the variance
of reading speed change due to luminance or presbyopia correction.

Table 3.1 summarises all significant differences in the parameters that were investigated,
under the influence of various factors.

The present work has shown that there may be indeed two cognitive processes that are pro-
jected in fixation duration distribution and ex-Gaussian parameters could distinguish these
processes. However, apart from the fixation duration distribution, eye movement parameters
during reading seem to be also subject to certain changes. This is a work in progress. First of
all, studies of specifically manipulated changes in certain factors have to be performed. Factors,
such as contrast, print size, age, the person’s vocabulary and education level, could be investig-
ated. Second, machine learning approaches could be tested in order to predict changes in dif-
ferent categories of factors, especially to differentiate eye diseases (presbyopia, cataract macu-
lar diseases, nystagmus) or neurological/ developmental/ psychiatric conditions (Parkinson’s

disease, dementia, multiple sclerosis, depression, bipolar disorder, schizophrenia, dyslexia).
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Table 3.1: Reading Speed and eye movement parameters in relation to various factors

|  Feature | AMD | anti-VEGF | NC | MON | MC | Low Lum | Comp |

RS 4 i f f f U I

Fix dur 0 - (8 I 4 f -
Fpw i () () |2 - i) i
Regressions 0 - () - - - i
Ex-Gaussian y 1 - I I Y fr -
Ex-Gaussian T T - - - - - i
Blink rate N/A N/A y - - Y -

Abbreviations: RS: reading speed, Fix dur: fixation duration, fpw: fixations per word, NC: near
corrected compared to FC, MON: monovision compared to FC, MC: multifocal compared to FC,
Low Lum: low luminance compared to high luminance, Comp: comprehensive reading.

{): statistically significant increase, |}: statistically significant decrease, -: no statistically
significant difference, N/A: not applicable.
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APPENDIX

Table A.1: Demographics of the participants of Study I.

Participant | Gender | Age (years) | | eneaton | Numberof e
1 F 72 12 104 41
2 M 68 6 53 26
3 M 61 16 89 50
4 M 65 92 45
5 F 66 6 80 26
6 M 59 64 26
7 M 57 16 85 50
8 M 68 6 67 26
9 F 65 90 44
10 M 70 9 70 34
11 M 75 16 62 28
12 M 64 12 75 39
13 F 56 16 93 41
14 M 70 8 95 48
15 F 69 16 91 45
16 M 71 16 90 42
17 F 61 12 89 45
18 M 56 20 94 45
19 F 63 12 62 36
20 F 64 12 82 47
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Table A.2: Demographics of the participants of Study II.
Participant | Gender Age (years) lf‘;lelllc(;t::rr;) Nl:::)l:;z of pii?:;i)ﬁés

F 77 3 69 33

2 F 78 12 64 29
3 M 67 6 59 34
4* M 67 6 82 36
5 F 74 12 81 43
6 F 67 16 81 27
7 F 77 6 54 29
8 F 52 69 42
9 F 76 6 50 29
10 M 59 12 99 56
11 M 67 75 30
12 M 67 6 64 29
13 M 78 16 57 30
14 M 70 18 82 37
15 F 73 54 16
16 F 80 8 60 25
17% F 68 12 84 44
18* F 70 59 28
19 F 72 6 69 27
20* M 69 74 38
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Table A.3: Demographics of the participants of Study III.
Participant | Gender | Age (years) | Near Add (D) | Words | Pseudowords
1 M 49 1.75 124 64
2 F 50 2.00 96 48
3 F 53 2.00 94 41
4* F 49 1.50 84 44
5 M 49 1.50 94 51
6 M 57 2.00 94 45
7 M 49 1.50 103 51
8 F 53 1.50 102 44
9 F 50 2.00 97 55
10 M 55 2.00 106 44
11 M 49 1.50 82 49
12 M 53 1.50 109 52
13 F 54 2.00 90 47
14 M 46 1.50 100 46
15 F 53 2.00 92 47
16* M 43 0.50 110 37
17 F 61 2.00 89 48
18 F 56 2.00 97 40
19 F 49 1.50 98 59
20 F 55 2.00 82 53
21 F 54 2.00 96 53
22 F 63 2.00 79 33
23 M 67 2.00 75 39
24* F 44 0.50 95 60
25 M 49 1.50 87 41
26 F 52 1.50 83 44
27* F 44 0.75 105 50
28 M 47 1.50 86 47
29 M 51 1.50 100 56
30 F 47 1.50 89 54

*: excluded participants
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