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Abstract

This projectinitiated with the aim for improving thailtrahigh resolution optical coherence
tomography UHR-OCT) system performancby considering the limitations to the axial OCT
resolutionfor in vivo imagingof human and animaétina To this end, a computational model was
developed to siulate the effect of wavelengtlependant water absaget on thedetectedspectral
shape of the broaohndwidth light source used in UHBRCT at 1060nm wavelength regjamhich
effectively determines the axial OCT resolution ia titina For experimental verification dhe
computational modekh custom buillight source witha re-shaped spectrurgbuperlum Inc.) was
interfaced to the statef-theart UHROCT systemAbout 30% improvement of the axial OCT
resolution in the ratetinaand~12% improvement of the axial OCT resolution in the huretina
was acleved comparedto the case of th@lmost Gaussian shapsgectum of the standard,
commercially available SLDAlthough water absorptiom the 1060nm spectrafegion strongly
affects the sample beam, selecting a suitable light source with specifial §fegie can compensate
for the uresiredwater absorption effect atlausresult insignificantly improvedaxial resolutionin

in vivo OCT retinalimages.

To demonstrate the advantagé the statef-the-art OCT technologyor non invasiveetinal
imaging, an established animal model of outer retina degeneration (sodium(al&g-induced
retina degeneration) was employed for longitudinal monitoring afegeneratioand investigabn

of possible early and dynamic signs of damage undetectelddryroaging modalities.

The longterm (up to 3 months) arsthortterm(up to 12 hours) effect of sodium iodate toxicity on
the layered structure of retina was monitored longitudinallyiramiyo for the first time using OCT.
An initial acute swellingof the retinafollowed by progressive disruption and degeneration of outer
retina was observed as a result of sodium idddteced damageChanges in the thickness and
optical reflectivity of individual retinal layers were extracted finiaOCT images to wpntify the

changes occurringtdifferent stages of the disease model.

Results from this project presehe theoretical and practical limits to the highest axial OCT
resolution achievabl®r retina imaging in thd060nmspectral rangéoth in small anirals and



humans,and providd a frameworkfor future development of novel light sourcdaurthermore,
UHR-OCT imaging was shown to be an effective and valuable modality favo, non invasive

investigatiorof retina degenerative disease.



Acknowledgements

| would like to sincerely thank
Dr. Kostadinka Bizheva for being a great supervisor and a caring and understanding friend,;

My committee members, Dr. Melanie Campbell, Dr. Donna Strickland and Dr. Natalie Hutchings
for their continuous support and guidaritiring my four years of Ph.D studies;

Dr. Rainer Leitgeb for reviewing this work;
Dr. Vivian Choh for hepatientguidance in statistical data analysis and histology;
Nancy Gibson and Martin Ryan for their help vethimal care and handling

Harmenn an der Heide and Krunomir Dvorski from the Science Shomdsistance with

machining and electronics;

Dr. Shelley Boyd for her helpful suggestions related to the sodium iodate animal model used in
this study;

| would specially like to thank Dr. Melani@gampbell for her generous support andimealuable

guidance for improving the overall quality of this thesis.

Co-op students at Biomedical Imaging Lab, David Lee, Eun Sun Song, Patrick Lee, Saad Shakeel
and Daryl Chulho Hyun for assistancghimagingand data processing.

The contribution of different eauthors and collaborators are discussed at the beginning of each
relatedchapter.

This work was supported financially andind by NSERC, CIHR doctoral fellowshi®ntario
Centers of Excellengc&nivasity of Waterloo start up grant, Superlum Inc. and Sensors Unlimited
Inc.(Goodrich).



Dedication

To my wonderfulparentsmy heroesBahiyeh and Esfandiaffpor teachingme the ways of life and

suppoting mealways in everyway possible
Tomy beloved bsbandand best friendAlireza,for walking with me every step of the wa

To my amazingsiblings, Behrouz, Sahar and Behzddy shamg with me countlespyful

moments.

Tomy lovely friends, fo bringing warmth to my heart challengingimes.

Vi



Table of Contents

AUTHOR'S DECLARATION. ...t eeme et e e e et e e e e e e e e et e e e e e sammta e eeenean i
Y 015 1= T i
ACKNOWIEAGEIMBLS. ...ttt rmmee et e e e e e e e e e s meee s s bbb e e e e e e e e e e s aanne V.
1= T [ T0F= 4o R Vi
TabIE Of CONIENTS ...ttt ettt e e e e e e s s rmnee e s e s bbb e e e eeeeeeeeenanne vii
LiSt Of ADDIEVIALIONS.......eiiiiiii e e e e e e ener e e e e e e e e e e nnneees X.
IS o o U = S Xii
LISt Of TADIES. ... e eret e e e e e e e e e e e e Xiv
Chapter 1 Introduction and BackgrOUNd...............covuviiiieiiiiiii e 1
1.1 Overview and MOTIVALION............ooiiiiii e eeeee e eeeeennneeeeeeens 1
1.2 Optical Coherence Tomography (OCT).....ccooiiiiiii e e rmmr e e 3
1.2.1 OCT Fundamentals of OperatiQn.............cccuuuiiiiceeiiiii e eerer e e e 3
1.2.2 OCT RESOIULIONL. ...ttt ettt e eea e e e e s e e e e e e e e e eeaeeeeeeeeeeesesneennnennnnes 5
1.2.3 Fourier DOmain OCT........ccooiiiiiii e e e e e e eeeeeeeeeeeeeeesennnseneeened|
1.2.4 Major Limitations to FAOCT System Performance (Sensitivity®#JIMaximum
Scanning Range and DISPEISION)..........uuiiiiiiiiiieeeiiiii e e e e ee e e e 12
1.3 OCT inIn VIVOREtINAI IMAGING.....eeeeiiiiiiiiiiiiiie i ieeeiie e e e e 15
1.4 Other Methods fdn VivORetina IMaging.............ueeviieeiiiiiemn e seees e 17
Chapter 2 Outer Retina DegeNEratiON............uuiiiiiiiiieeeie ettt se e 20
2.1 Human Outer Retina Degenerative DISEASE............couviiiierminiiriiiieeee e esieeeeeeeeees 20
2.2 Animal Models of Outer Retina DegeneratiQn.............cc.uvvieiieemireieeeee e 21
2.3 Sodium lodate Model of Outer Retina Degeneration...............couivieeeeiiiiiiiieieeeee s 22
2.3.1 ShoHTerm Effects of Sodium lodate on Retina............cc.uvveviiiieeeiiie e 23
2.3.2 LongTerm Effects of Sodium lodate on the Retina.............c..vvvvviiiie e, 26
2.3.3 Clinical Relevance and Potential ApplicatiQns................oooiiieecceveviveviieeeeies 29
2.3.4 WAt IS MUSSING 2. ..ttt rmmmr e e e e e ettt et e et et e e e e et eeessassassaeeaaaaaaaeaaeeeeeaanssesssernsneen 30
LO{ T o] C=T e T \Y 1= 1 o Lo K= 32
3.1 Fourier DOmMain OCT SYSIEM......cciiiiiiiiii e e ieeer e e e e s e e e e et emmreee it e e e e e eeeeennan smmnes 32
3.2 Simulating the Water Absorption Effect on OCT Axial Resolution..........c.cccceevvveeeeennnn. 33
ICTRC I 4 T= To 11 o TN d 0] o1 S 36
3.4 Animal Handling and Preparation...........cco.oooiiieiiieecreciiiiin e v e e e e e eearean s 37

Vii



3.5 Data AcqUISItion and PrOCESSIG. ... .uuuuuuurriuiiiiimme e e e e eee s e e e 37

3.6 StatiStiCal ANAIYSIS......ccoo i 40
G T A 1110 ] (oo |V 40
Chapter 4 Spectral Shaping for Improving WH@CT Axial Resolutiorfor In Vivolmaging of
Human and Rodent Retina in the 1060 nm Wavelength Region.........cccccoovvvveeeeiiiiiriininnnnnn 41
N O AV = V=SSP 42
2 1 11 0T [T £ PRSP 43
G = 2] 1 ] 45
4.3.1Computational RESUIS...........ouiiiiiiiiieeee e ee e 45
4.3.2 EXperimental RESUILS...........oooiiiiii et 49
I L= o] 1= (o) 55
N o T od 01 T =3P 58

Chapter 5 Longrerm Effect of Sodium lodate Toxicity in eaaRModel ofOuter Retina Degeneration

Imagedin Vivowith Ultrahigh Resolution Optical Coherence Tomography..............cccvvvvieennes 59
5.1 OVEBIVIEW. ..ceveeeeeeeeeeeeteeeteeeeeeseeeeeeeeeaeaeeeeeeeeeeeeeaaasssseesaeeesbeseeesesesssbmmneaeeeaaaeaaeeeeeeeeeeeeesannns 60
oI [ 11 e Yo L1 Tox (o o TP EPRP PP 61
5.3 StUAY ProCEAULE.........ooiiiiiiie et eees e e e e neennaeeaaees ] 62
5.4 StatistiCal ANAIYSIS........cooi i 62
TSI =2 U] £ PP RPN 63
5.6 DISCUSSION.....ceiiiiiitiiiiieee e e e et e e e e e ettt e e e e e e e smme e e e e e s bbb et et e e e e e e e s smmne e s s eansbbeaeeeeeeeeesannnns 75
ST O 0] o T 1113 (o) PSSP 77

Chapter 6Acute Effect of Sodium lodate Toxicity in a Rat Model of Outer Retina Degeneration

Imagedin Vivowith Ultrahigh Resolution Optical Coherence Tomography.........ccccoeeeevvvvieenn.. 78
5.1 OVEBIVIEW. ...ttt eeee e e e e e e e e e e e e e e e e e e e e e e e e eeaeeeteeeteeeeneeeeeteeetsssmmmeeeeeaaeeaeeeeeaeeaeeeeeeenans 79
L0220 111 Yo [ o o ) o SR 79
6.3 STUAY PrOCEUULR. ...ttt e e e e e rmn e r e e eeas 80
6.4 STALISTICAI ANGIYSIS......eeeeiiiieiiiiiiett e eeet e eeees et e e e e e e s s e e eeer e e e e e e e e e e aannes 81
LRSI (=TS 81
LRI o U 7] o o T 100
A 0] o T 1113 o ) o PP 103

Chapter 7 Discussion and CONCIUSION. ..........ocuiiiiiiiiieeiii e reee e 104

viii



Appendix Aln VivoHuman Retina Imaging with 5um Axial Resolution at 92kHz with a 1060nm

Spectral Domain Optical Coherence Tomography SyStem.........ccovvvvieviieeeiiiiiiiee e, 111
N [ a1 1o o 18 ox (o o USRS UP PR 112
N V11 1 T T LSRR 113
A.3 RESUIS @Nd DiSCUSSIOLL. ... ittt e e ne e e e e e e e e e e e eaeaaaaaaaeeeaaaasnennnes 114
N @ o [ox 11 o o PSP 118

COPYIGNT PEIMISSION. .....eiiiiiiiii ittt eee et e e eees et e e e e e e e e e bbb s aeentsr e e e e e eeeeaaannes 119
N o 10 g oL =T 1R (o) 119
P O - Ui o] gl o oY g T 1=T] Lo o 126

BIBIOGIAPNY...c e e 136



OCT
FWHM
TdOCT
FdOCT
IFT
sdOCT
ssOCT
SNR
PSF
UHR-OCT
AMD
RPE
cSLO
FA
FAF
NA

AO

GA
CNV
RP

v

CL

DC
NDF
FOI

List of Abbreviations

optical coherencaomography
@l width athalf maximum
time domain OCT
Fourierdomain OCT
niverseFouriertransform

spectral domai®CT
sweptsource OCT

signal to noise ratio

point spread function
lirahigh resolution OCT
age-relatedmaculardegeneration

retihpigment epithelium

confocal scanning laser ophthalmoscope

fluorescence angiography
fundus autofluorescence
numerical aperture
adaptive optics
geographic atrophy
choroidal neovascularization
retinitis pigmentosa
intravenous
collimating lenses
dispersion compensation unit
neutral density filter
fiber optic isolator

mirror



PC polarization controllers

SLD superluminescent diode
TS translation stage

CL collimating lens

DG diffraction grading

FL focusing lense

FOV field of view

PBS phosphate buffered saline
ANOVA analysis of variance

NFL nerve fiber layer

GCL ganglion cell layer

IPL inner plexiform layer

INL inner nuclear layer

OPL outer plexiform layer

ONL outer nuclear layer

ELM external limiting membrane
IS innersegment

oS outer segment

CcC choriocapillaris

LRL low reflectivelayer

PR photoreceptor

NalO; sodium iodate

H&E hematoxyin and eosin
CCD charge coupled device
TUNEL terminal deoxynucleotidyl transferase

ERG electroretinography

Xi


http://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase

List of Figures

Figure 1.1 Schematic diagram of a typical interferometer.

Figure 1.2A Gaussian power spectrum and its corresponding autocorrelation function
Figure 1.3 Numerical aperture

Figure 1.4schematic of a saple FAOCT Ascan.

Figure 3.1Schematic of the ultrahigiesolution FAOCT system.

Figure 3.2Water absorptioprofile, £hematt representation of the egad a water cell

Figure 3.3The CCD spectral efficiency from 800nm to 1300nm.

Figure 3.4Schematic tithe probe designed for imaging the rat eye.

Figure 3.2A sampleen face8D reconstructiofrom the central region of a healthy rat retina
Figure 4.1Thepectral shape, bandwidth and power lossesGaussiarinput spectrums.

Figure 4. Reshaped inputaging spectra fdiuman and rat eye.

Figure 4.3 Te original and modified SLD light sourcasd the corresponding axial resolutions.
Figure 4.4 2D and 3D views of healthy rat retina acquired usinghigtnaesolution OCT.

Figure 4.8Comparison of OCTomograms acquired with the original and the modified saurce
Figure 5.1 OCT tomograms of rat retina at different stages of the outer retina degeneration.
Figure 5.2 A sample original and segmented image of the healthy rat retina.

Figure 5.3 Sample OCTrimograms acquired at different time points of the study.

Figure 5.4Results fronthestatistical analysis of the thicknetata for the long term study.
Figure 5.9Results fronthestatistical analysis of threflectivity data for the long term study.
Figure 5.6Topological thickness maps reconstructed from segmenting 3D OCTsimage

Figure5.7 Topologicalreflectivity maps reconstructed from segmenting 3D OCT isage

Xii



Figure 6.1 Arepresentative OCTmage of the healthy rat retinaand a schematic of rod

phobreceptor.

Figure 6.2 OCT images of the healthy rat retina at different time points of the study.

Figure 6.30uter retina degeneration in #igtdrated retina in a rat showing small changes.
Figure 6.4 Outer retina degeneration inimgdrated retina in at showing large changes.

Figure 6.5 Different stages of the outer retina degeneration shown in OCT images in rat 1.
Figure6.6 Different stages of the outer retina degeneration shown in OCT images in rat 2.
Figure 6.7 Different stages of the outer retlageneration shown in OCT images in rat 3.
Figure 6.8 Different stages of the outer retina degeneration shown in OCT images in rat 4.
Figure 6.9 Different stages of the outer retina degeneration shown in OCT images in rat 5.
Figure 6.10 Different stagestb outer retina degeneration shown in OCT images in rat 6.
Figure 6.11 sample segmented OCT tomograms from different time points of the study.
Figure 6.12 gitistical analyses of the thicknesga for the short term study.

Figure 6.13 gtistical analyss of theeflectivity data for the short term study.

Figure 6.14 Retina thicknesses for individual animals in the short term study.

Figure6.15 Retina reflectivity for individual animals in the short term study.

Figure A.1 SLD spectrum, spectrum after lam25mm water and the resulting axial resolution.
Figure A.2 representative. OCT tomogram acquired with the fast and the slow camera rates.
Figure A.3en facecrosssections acquired from volumetric retinal tomograms

Figure A.4 2D OCT tomograms and en&gn facecrosssectiongrom volumetric images.

Xiii



List of Tables

Table 5.1Bonferroni corrected pair comparison for total retina thickness chavgetime.

Table 5.1Bonferroni corrected pair comparison for total retreflectivity changesover time

Xiv



Chapter 1

Introduction and Background

1.1 Overview and M otivation

Optical coherence tomography (OCT) is a novel imaging modality that has brought about

revolutionary changes to the field of biomedical imagindespecially in ophthalmology. OCGTas
made possible unpcedentedh vivo, non invasive, crossectional evaluation ahe detailed retinia
structure with high precisiorBuch an evaluatiois essential forthe better understanding difie

mechanisms and dynamic changes in healthy and diseasdd]retina

OCT imaging in the 1060 nm wavelength agghas recently gained popularity for ophthalmic
applications due to its multiple advantages as compare@C® retinal imaging at shorter
wavelengthg800 nm) The highaxial resolution of ophthalmic UHRCT systems designed for
retinal imaging is a keyattorfor visualization of small morphological details in the human or animal

reting which canserve asliagnostic or therapeutic markéws many retinal diseases.

This poject investigatethe effectiveness of spectral shaping as a method for imprtbaraxial
resolution in the retina for UHRCT systems designed for the 106& wavelength region.
Subsequently,he high speedJHR-OCT system with improved axial resolution was used to
investigatan vivo, outer retina degenerationthe rodenteting induced by administration of sodium

iodate in rats

This thesis isorganizedn a papebased format. Howevesjncethe samdJHR-OCT system,
imaging procedure and data analysere used in all studies, separate chapter is dedicated to
describing methadlin order to avoid repetition. Likewise, thaperintroduction materials which
were already covered more extensively in the literature rehapter in this thesigjereomittedfor
ther eader 6 s Theceautlroncontibutoms are discussethatopening of eaathapter



The thesis chapters amganizedas follows:

x Chapter 1 introduces the OCT fundamental concepts and applicébiomstina
imaging. Other methods fam vivoretina imaging are briefly introduced.

x Chapter 2 presentsliterature review bouter retina degeneration witin in-depth
focus on the sodium iodateduced animal model used in this project.

x Chapter 3 describes the UHBRCT system, imaging probe, calculations and
proceduresised to geerate the results describedthe subsequenthapters.

x Chapter 4 describestheoreticalmodelandthe experimentaVerification of a novel
approach based on spectral shapfog,improving the OCT axial resolution foin
vivoretinal imaging in the 1060m wavelength regian

x Chapters fand 6 present the lortgrm and the shot-term effecs of sodium iodate on
therat retina.Changef the structur@nd optical properties ¢ie retina layersvere
observedn vivo and quantified for the case ebdium iodateénduced outer retina
degeneationin rats.

x The overalldiscussiorand conclusion of the thesis follows next.

x  Appendix A isa manuscriptthat demonstrategxperimentally the improvemeioif
the OCT axial resolutionin healthy human retinay utilizing the spectral shaping
approach

x Appendix B contains the journal and-aothor permissions for reproduction tbe

materialused in this thesis.



1.2 Optical Coherence Tomography(OCT)
1.2.10CT Fundamentalsof Operation

OCT is a relatively new imaging technology that enahles/o, noninvasive, high resolution
crosssectional imaging of biological tisqaég ltdéds principle of operati
interferometry where the magnitude ahelecho time delay of backscattered light are mea&jred
[4]. In a Michelsortype interferometerhe imaging beam is divided into a samgtel a reference
beam witha beam splittefFig.1.]. The sample beam is directed to the imaged object while the
reference beam reflects off a mirror. The bscittered/backeflected light fron both arms are
superimposed as they pass through the bedttersptd producaninterference pattern from which
a onedimensionalOCT image is generatg@dn Ascan, which represents the degp#pendent

reflectivity profile of the imaged object)

Reference
mirror

Reference

beam
Light source

;e
Beam ample

. beam
splitter

Detector

Figure 1.1: schematic diagram of a typical interferometer.

The inerference pattern is observed only if the path length difference between the sample and
reference armsOL ) is within the coherence length of the light source. The coherence lignigth,
inversely proportional to the spectral bandwidilk,, of the light source. Therefore, for a highly
coherent source (narrow spectral bandwidth), interference occurs over large range of path length

3



differences. In antrast, a low coherent light (broad spectral bandwidth) source yields interference
fringes only for shorDL and is applied in OCT to gain information from a short axial length within

the sample.

The electric field ofhe interference signal @svectorsum of the backeflected reference fEand

sample (k) fields:

E En *E.

Detector — <

(1.1)

The detector however, measures the intensity of the sibfkgl(,...,,) Which is proportnal to

the square of the total electric field:

| Koseor =5 (|EA” 1ES 2E E cos(2 L

r
2
(1.2)

wherek is the wave numberr is the detector responiiwand the factol/2 indicateshe seond

pass of the sample and reference beams throudgiotbe beamsplitt€t]. As seen in E4.2, the
detector signal intensity consists of three geffine firsttwo terms represent constant values of the
backreflected light intensity fronthe reference and sample arms respectively. Ting tdrm is the
desiredOCT signal resulting fronmterference between the baeflected sample and reference
beams. As mentioned before, usihginterferometric method allows for measuring thisoetime
delay of electromagnetic waves. The third termEqfl.2 points to another advantage of this

technique. The multiplication oEg by E; impliesthat a strong reference sigman be used to

amplify a weak sample signal in the cateveekly backreflecting samples (e.g. biological tissue)
hence making vemnyweaksignals detectable.



1.2.20CT Resolution

The axial resolution of an OCT system is determinethé&ysource coherence ler[@ih It is the

full width at half maximum (FWHM) of the field autocorrelation fuoitg(z) , which is equivalent

to theinverseFouriertransform(IFT) of the power spectruf®( K) .

S(K¥2%%- g( 2
(1.3)

The spectral bandwidtbk , is the FWHM of the power spectrum while the coherence lépgth,

is the FWHM of theautocorrelation functiariFig 1. 2illustrates the relation between these parameters

for a Gaussian spectral dibtition.

S(k) y(z)

k z

Figure 12: A Gaussian power spectruf( K) andits corresponding autocorrelation functigi{z) are related

via the Fourier transformDK and |C representhespectral bandwidth artie coherence length respectively.

In the caseof a Gaussian bearthe OCT axial resolutionDz, in free spacés determined by
Eql.4:

2In(2) 2In(2) /¢
Dz 4 -2
Dk p D/

(1.4)



whereDk and D/ arethe FWHM of the source spectrum in terms of wavenumber and wavelength

respectivelywhile /, is the central wavelendg8j. As seen in Eq.4the OCT axial resolution is

inversely proportional to the spectral bandwidth of the light source and therefore, broad bandwidth

spectra areequiredto achieve high axial resolutiamOCT imagefs].

One very interesting aspect of OCT is that the axial and transverse (lateral) resolutions are
independentOCT transverse resolutiodx ), is the same as standard optical microspy. It is
defined by theadius of the spot size(Airy disk) of the focused beam on the sample wich
inversely proportional to the numerical aperture (B#&he imaging lens

Holy gp1 b
p d NA

Dx

(1.9
where f is thefirst focal length of thesystem d is the beantiameteron the lensind /,, is the

central wavelengfB]. Hence, using a highA will result in high transverse resolutidequation 1.5
calculates the diffraction limitettansverse resolutiofor a Gaussian incident beam and does not

account for aberrations.

When the imaging beam propagates through a medium with refractive index higher than 1, the
effective wavelength is the wavelength in free space (vacuum) divided by the material refractive

index. In this caséheaxial resolutionis calculated using this effective wavelength
The OCT tansverse resolutionnelated to the depth of focus or confocal parameter b:

X 2
/o 6

b = 22Rayleigh

(1.6)

where Zg,icigh IS the Rayleigh rangand uy, is the Gaussian beam waist radjiix ;/51/:4,)[6].

As a result of this dependentgre is dradeoff betweerhigh transverse resolution ataigedepth
of focusas shown irfrig.1.3.



Low NA

2Y2w, High NA
. I 9 ﬁ
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Figure 13: Numerical aperture determines the OCT lateral resolution and depth of field.

W, is the beam waist dius, b is the depth of field andg,eign is theRayleigh range

In order to perform cross sectional OCT imaging alAvis desirablg(b>> Dz) to create ainiform
andlarge depth of focufEgs.1.5 and 1.6A high NA would result in a neaniform spot size and
power distribution at different axial locations in the sample hence, negatively affecting the OCT

image quality, specifically, the image contrast as a function of depth within thedrobpget.

1.2.3Fourier Domain OCT

In the early designs ofOCT systemsinformation from different depths of the sample was
obtainedby scanning the reference arm mirror to change the optical path length. An axial-scan (A
scan) was thegeneratedby measumg tre amount of backeflectedbackscattered light, originating
from various axial positionwithin the imaged objecThissystem desigrns known as Time domain
OCT (TdOCT)7], [8].



An alternativeOCT system designis known asFourier domain OCT (FOCT)[9]i[11]. In
FAOCT the reference mirror is stationary and the interference pattern is measufadctisn of
wavelengthThe broad bandwidth spectrum of the source contains many wavelength components.
The interference pattern results from the simultaneous interaction of all the wavelengths in the
reference beam reflecting from a single reflectahwhe sample beam reflecting from different

depths within the sample. Hence, information from the sammecled in the spectral fringe

pattern. In the case of multiple reflectors in the sample arm, the detector k{E0gL...» can be

written as
Qo= 5 SIER, A R, |
e € m L
+%§S(k)%1\/ﬁ(005§2‘( 2-2 KB
+%§S(@n%iM(COS§2K 2-2)
(17)

Where R,, R, and R, are the reflectity of the reference mirror and tn& and m" sample

reflector respectively, k is wavenumbaer,is the reference arm position amg and z, arethe rf'

and nf' sample reflector position yielding path length differer@s- z.,) and(z,,- Z.).

PerforminginverseFouriertransform (IFT) orEq.1.7 and using convolution and sifting property,
one carcorvertthe data fronthefrequency domain tthe spatial domain and reconstruct the sample

reflectivity profile as a function of depfA-scan[1].



FT[100ou] = A 00 F g 00 3 R B R
%%a«/mngqézm-zso g &% 2 ¢

«f&n&m@g[Z(zsn )] W26z, 2z ¢

Qn m %
(1.8)

Whereg(z) , theautocorrelation function, is the IFT of the power spect8(h) .

As shown in Eq.1.8 the resultingstan is composed of three different terms. The first one is the
largeartifact DC term at zero path length which is th& of the intensity reflected from reference
arm plus the sum ofhe sample reflector signall.the reference arm power reaching the detector is
much higher than that of the sample aomin other words the reference reflectivity is miacer

that he sample reflectivity R, >> R) which is true in the case of soft tissue imagirgs,rtifact

can be eliminated by subtracting the background (reference arm signal) from the totallsegnal.
second term is therosscorrelation tem which is the result of the interference between the sample
and reference signals. This term contains the data we are interested third’erm is the
autocorrelation term that is the result frdne interference signal coming from different reflesto

within the sample itself. This term gives rise to artifacts located close to the zero path length in the A
scan since the sample is usually relatively thin and the path length difference between the different
reflecting particles is very short. Thisifact is taken care of by setting the reference arm power to a
value much larger thathat ofthe reference arm. SindgK) paecor 1S COMposed of real values
measured by the photodetector, the IFT results in a symmetrsedn AHermitian symmetri¢
containing a mirror image. This is called the complex conjugate artifact. If the axial range of the OCT
system is long enough so that the whole sample could be kept on one side of the zero patk length (z
0), this artifact anbe taken care of by using only half of theséan. However, for thicker samples

the actual and the mirror images overlap. In this case, combinatidregdvfareand software

9



techniques are employed to remove the complex conjugate artifact and to utilizéréhexet
rang¢12]i [15]. Figure 1.4 is a schematic sample FdOG$can depictinghe different terms

explained above

Mirror image artifact
DC

N/

|11}

’J
ﬁ
J

‘ Crosscorrelation

|| Autocorrelation
| |
i / /

alll [ \a R

&

Figure 14: schematic of a sample BET A-scan.

FAOCT comes in yet two differerdesigns The first one is known as spectral domain OCT
(sdOCT) in which a low coherence light source is wetthe input of the OCT systeamd the

interference pattern detected with a combination o§pectrometer and adiar array camejs).

The secondnethod is called swept source OCT (ssOCT) in which a frecusevept laser is used
as the light sourcat the input of the OCT systeand the interference signal is detected by a single
photo detector as a function of tifb@], [17]. In other words, data to reconstruct arscan is

acquired by reording the fringe pattern corresponding to a complete sweep cycle of the light source.

An obvious advantage of FAOCT over TdOCT is the improved imaging speed since the reference
arm is fixed and the information from the entire sample depth is collecteltesieously within one
camera read out (sdOCT) or one frequency sweep of the tunable laser (ssOCT). Recently, with
improvements in new line scan cameras, high speed sdOCT systems-sedin Aates of 500
KHz[18] (dual high-speed line sca@MOS camergs850 nm central wavelength, Am axial
resolution), 244KHA9] (CCD line camera, 840m central wavelengt®.7 um axial resolution ),
312KHZ20] (CMOS line camera, 858m central wavelengtt) um axial resolution Jand 92

10



KHz[21]i [23] (CCD line camera, 102Gm central wavelength, um axial resolutionfre available.
With improvements in swept light sourcesOCTsystems with Ascan rates db12KHZ24] (830
nm central wavelength8sm axial resolutioly 249kHz[25] (1060nm central waveleng®Bgm axial
resolutio) 400KHz[26] (1050nm central wavelength,3 um axial resolution) and1.37 MHz[27]

(1050nm central wavelengtth9um &ial resolution) were reported.

Another important advantage of FAOCT is its improved signal to noise ratio[ghNIR])]. In
general, SNR is defined as

2

SNR= < I Detector>

d2
(1.9)

where(l pyeqo) IS the signal power ang? is the variance of the noise. For TdOCT thiseds

r
SNRyocr = ZEE(-) or R
docT

(1.10)

Where r is detector sensitivityS; ;. R, is the power returning from the sampte,is the

electron charge anB, ., is the detection bandwidth. SNR for FAOCT is

SNR — rS( I‘n) FJOCT &M
et 2eB:dOCT 2

(1.11)

where r is detector sensitivityS(K,) r4ocr R IS the power returning from the sample for each
detection channek is the electron charge arg}, . is the detection bandwidth. In this case, the

factor M is to account fohe number of detection channels which is the number of camera pixels in
sdOCT and number of detector readouts for a congietepcycle in ssOCT. Th% coefficient in
Eq.1.11 is due to the fact that IFT used in Fd@@&f& processing is applied on the real data gathered
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from the detector and hence results in a symmetrieataf Hermitian symmetri¢ containing a
o . : rSﬁ.
mirror image. Therefore, only half of the data is used to construct FAOCT images. For i) r

for both TAOCT and FAOCT and a square shaped spectrum in which all frequencies have equal
power, the relationship between the SNR values is

M
SNRdOCT = SN%OCTE

(1.12)

For a Gaussian spectrum the FAOCT SNRedkiced by an extra factor of 2. In application,
Fourierdomain detection improves the SNR of OCT system by a factor of ~168)2]

It is important to note that Eq.1.10 and Eq.1.11 are correct avBkot noise limited detection
criterionis satisfied. The reference arm power must gk Bhough so that the shot noise dominates

othernoisepresentl].

1.2.4Major Limitations to FAOCT System Performance(Sensitivity Fall-Off,

Maximum Scanning Rangeand Dispersion

In realworld applications, the finite spectral resolution and sampling points of the detection
system pose limitagns to FAOCT system performance. The detection system has limited spectral
resolution which is determined by the instantaneous line width of the source in ssOCT and by the
finite spectrometer resolution and camera pixel spacing in sdOCT. This finitelsgsciution can
be modeled by a Gaussian function with #8VHM = dk as the spectral resolution in terofs
wavenumber. This affects on the spectral measurement can be taken into account by convolving the
ideal interferenceignal | (K) peecor PY the Gaussian resolution function

a- 4In(2)k>
I (k)DetectorA exp&%
G

(1.13)
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Applying IFT on Eqgl.13will result in the ideal Ascani(z) t o be mul ti pli-ed by

o f funotion which is the inverdeouriertransform of the Gaussian resolution function

1(2)° expa 29K
F4In(2)

(1.14)

Hence, the sensitivity decreases exponentially with imaging defite. larger depts in the A

scanjl].

The maximum sanning range in FAOGTZ,_,,, , is determined by the number of sampling data

channels M which relatele spectral resolution of the detection systerk, and the bandwidth of

the effective light source spectruidk through equation 1.15.
Dk =Mdk
(1.15)

The one sided maximum depth of the@an is given using the Nyquist criterion as

p 1/

o0k 4 d

(1.16)

where d 1 is the spectral resolution of the detector in terms of wavelengtii aigithe central

wavelength of the light source detected by the def&ftor

The axial pixeltesolutionof anOCT tomogram is determined by the maximum degih,() and

the number of pierS%) in the Ascan.

Axial pixel resolution= Zmax 3 él\z/‘l“ax

M2
(1.17)
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Where the facto% in %indicatesthatanA-scan in the tomogram uses oritalf of the pixels

due to the presence of the mirror image artiftioe factor 2 indicates thtitere needs to be 1 pixel

between the two resolved pixels according to\yguistsampling theorem

The lateral OCT image pixel resolution depends orpliysical scanned length on the sample
(Lg. scan) and the number of Acans N,_ ... in aB-scansThe factor 2 in this case is also the

result of theNyquistsampling theorem

: . 2L
Lateral pixel resolutions —2-scan

A- scans

(1.18)

Material dispersion both within the imaging system and the imaged object, leads to dispersion
mismatch between the sample and reference beams and introduces a frequency dependant phase
f( v in which w=2 p is the angular frequency. Dispersion reduces the axial resolution by
broadening the point spread function (PSF). Since the total signal received by the detector is
conserved, the height of the PSF is reduced as the axial resolution decreasds€ilRSF broadens)
hence reducing the SNIR. Dispersiorcanbe compensated physicgli§] and computationall{6],

[29], [30]. To physically compensate this effalispersion irthereferenceand samplarms must be
matched agell as possible by using suitable matsiimboth armsThe remaining igpersion is then

compensated computationally by multiplying the complex conjugate of dispersion phasg ghift

by the interference data in frequency space
W(Mcomp :W( Vydisp %Xp( j' ( )D
(1.19)

where W(w),, and W(w) are the spectral data before and after numerical dispersion

comp

compensation respectively.

Moreover, since dispersion is both material and wavelength dependant, it is possibléh find
most suitable wavelength region &pecificOCT applicatiors (e.g. ~1um in the case of soft tissue
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which mostly contains wa{8t]) to minimize thedepth dependaaikial resolution broadening due to
dispersion effestin the sample beam propagation within the sample.

1.30CT in In Vivo Retinal Imaging

One of the most important and exciting biomddagglications of OCT is in the ophthalmic field
for high resolution, volumetric imaging of the posterior segment of the eye (the retinaysirhe fi
biological application of low coherence interferometry was to measure the eygB@ragid the first

invivohuman retina OCT images wgnesented in 19933, [34].

OCT provides nofnvasive, ion contact, high resolutiom vivo, cross sectional images of the
biological tissue and hence is well suited for probing the retina and théchiith the advent of
ultrahigh resolution OCT (UHRCT)35]i[37] the axial resolution of retinal OCT imaghkas
improved from ~10 pm (in standard commercial OCT systems)-8ur8 enabling visualization of
the mulilayered structure of retina vivoin healthy and diseased subji&&3 [40]. Clinical studies
havedemonstratethe effectiveness of UHRCT for 3D visualization ofetinal structural changes
in pathologies such as macular hjglég central serous chorioretinopg], agerelated macular
degeneratigfAMD) [43], glaucomf4], diabetic retinopattig5], [46], foveomacular
dystrophiept7], St ar gar @8] ans retohiys spigmeat@i@Py49]. These studies have
improved our understanding of the origin, mechasiand progression of such retinal dissaas
well as their response to therapy. In fact, UBIRT makes availde more structural detail of the

multilayered retinal tissue than any otimevivoimaging technique.

Animal models, especially rodents, are used widely to investigate healthy and diseased
retina$s0]i [55]. UHR-OCT provides detailed cross sectional images of animal retina depicting all
intracretinal layers. This method enables longitudinal, repeated measurements on the same animal and
allows for tracking the disease progressiomena@curately, investigating the intaimal variability,
and significantly reducing the number of animals used per,sisdgmpared tanvasivemethods

using histology.

Originally, the first retinal OCT images were acquired in ther8@Gegion dueat optical clarity

of ocular media (low water absorption and scattering), as well as tissue safety considerations. Broad
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bandwidth spectra at this region allow for very high axial resolution and hence unprecedented high
quality images of the retinal structein vivo. However OCT imaging irthis wavelength region has

limited depthpenetrationn the eyebeyondtheretind pigment epithelium (RPE). Melanin, the main
chromophore with high concentration in the RPE layer, is highly scattering and absorngada t

nm region and hence attenuates the imaging light intensity. Therefore, in the OCT images acquired at
this spectralregion the choriocapillaris and the choroidal structofethe human eyare not
visualized. Furthermoréie OCT image quality is serely affected at this region by any opacities in

the intraocular media such as cataract and corneal haze which strongly attenuate the incoming and
outgoing bea®6]. These factors limit the retinal OCT imaging in the B®0wavelength region.

The optical properties of melanin (refractive index, scattering and absorption) are strongly
wavelemgth dependent and decrease as the wavelength incr8aséar behavior is also observed in
the scattering properties of the ocular opa&igsOn the other hand, the intraocular media mainly
consists of water and water absorption increases significantly at wavelengths longer than 1200
[58], [59]. Since the OCT imaging beam travels a double pasgtintbis media, water absorption

attenuatio poses strict limitatisto in vivo OCT imaging at longer wavelengths.

Considering all mentioned factors, another optimal window for retinal imaging is located at 1050
nm where there is a local minimumtire water absorption coefficient. The permissible safe optical
imaging power at this region is higher than that of the r@@0region according to the ANSI
standarf60]. OCT images at th region show great improvement in depth penetration bislew
RPE, visualizing choroidal features. This is very important for clinical applications since the earliest
site of pathology in some retinal diseasach as neovascular AMD is beldie RPE lagr (i.e.
RPE/choroid interfacf§1]. Studies have demonstrated superior OCT imageasbaind penetration
in patients with ocular opacities at 10% regiof62]. Another advantage is that photoreceptors are
not sensitive to this wavelength region hence allowing OCT to be used for probing the response of
retina to external stim{@3]i [65].

Despite all these advantages, aditg to Egl.4, a longer central wavelength of the imaging

beam leads to reduced axaald lateratesolution in the 1050 nm region compared to the 800 nm
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region for an equivalent bandwidth. Therefore, it is important to choose a suitable spectfal range
retinal imaging depending on the features of interest.

1.4 Other Methodsfor In Vivo Retina Imaging

Other modalities such as fundus photography, confocal scanning laser ophthalmoscope (cSLO),
fundus autofluorescence (FAF), fluorescein angiography (RApcyanine geen (ICG), are also

used inn vivoretinal imaging.

In fundus photography single flash illuminates the whole retina simultaneously and the back
reflected light is detected by a 2D CCD camera. The low intensity of thedfledted light ad the
fact that this reflection comes from all different ocular layers (i.e. cornea, crystalline lens, retina and
choroid) limit the quality of the images.

A more advanced imaging technique is cSLO which uses low powes tagassterscan the
tissue suace and applies confocal gating to suppress the reflections from out of focus layers hence
resulting in higher image contrast and resolution and allows for depth scanning by changing the focal
plane within the samglgg]. cSLO axial and transverse image resolution eterchined mainly by
the beam diameter and the power of the focusingTéxescSLO lateral resolution is tregdius of the
spot size of the focused beam on the retina (Eq.1.5) and the axial resolution is determined by the
confocal parameter (Eq.1.8heseare both inversely proportional to the NiFa gain high resolution
high NA is desirable. In the case of human eye, this could be achieved by increasing the beam

diameter according to

NA’ b
f

(120

Where D is the beam diameter the entrance pupiind f is theeye first focal length. However,

for beam diameters larger than ~3mmehg eal@esations will degrade tiesolutionon thehuman

reting38]. Equations 1.5 and 1.6 show that tlaffraction limited lateral and axial resolutions are

~5.4pm and 115um respectivelyfor 3mm pupil size, 80 nm central wavelength and 60 dioptre

of power in the human ey8ince the OCT lateral resolution is the same as that of cSLO, it is also
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affected by the aberrations and limited to the maximum valu®.dfum in in vivo humanretinal
imaging

All three major retinal imaging modalities (i.e. fundus photography, cSLO and OCT) can be
combined with adaptive optics (AO) for improved performfg¥je[69]. Adaptive optics uses a
large pupil, wavefront sensor and a corrector (usually a deformable mirror) to correchvibdront
coming from the sample to compensate for the aberrations caused by the optics of the eye and the
imaging instrument. AO increaséhe image contsaand improves spot size on the retiaad also
transverse resolution) t@:3 um in thehumaneye (for 800 nm central wavelength and 7 mm pupil
size]70] and perrts cellular resolution imagifigl]. cSLO combined with OA results in axial
resolution of about ~40 wighuman)72]. In the cas®f small eyes, the high&¥A allows forbetter
cSLO diffraction limited lateraland axial ¢onfocal parametgresolution at the retinvhen the
aberrations are corrected for using./A&®r instance,sing Eq.1.5 and Eq.18e diffraction limited
lateraland axialresolutiors are ~13 pm and 5.2 um in the rat retinarespectively for 102Gm
central wavelength, 8im pupil size and 30dloptresof power in the rat eye

Among the methods mentioned aboweljke OCT thatis sensitive only to the badcattered
coherent photons, both fundus photography and d8tiiniques can be used to detect fluorescence
photons emitted from the tissue. This advantage allows for extracting additional information from the
retina and choroid. However, using cSin@aginghas the advantage of improved image contrast and

resolutionand suppression of the diffcus emission when compdr® fundus cames

Fundus autofluorescence (FAF) is mainly used to monitor the RPE TéaeRPE layer is a
monolayer located between the sensory retina and the ¢hehidth contains the bloodetvork
[73]. This layer plays a fundamental role in maintairiimgphotorecepta bealth and function by
regulating the trasition of nutrients fronthechoroid to the retina and the waste friv@retina to the
choroid. In particular, RPE cells constarmrform phagocytosi&ligesion) of the shed membrane
disks in the photoreceptomuter segment. RPE contains granuladdgontaining pigments called
lipofuscin. Excess lipofuscin accumulation, observedhi form of drusen in some retinal
degenerative diseasguch as dry AMD, is caused by incomplete digestion of the photoreceptor outer

segment discs and incomplete digpad the waste materf@#], [75]. Lipofuscin is the main source
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of retind autofluorescence withn excitation range of 36600 nm and emission range of 4800
nm (peaks at ~608m). It has been shown that autofluorescence ineregtseRPE dysfunction and
decreasein regiors with RPE loss. Therefore, FAF is used to assess the metabolic integrity of the

RPEphotoreceptor complEz6).

FA and ICGangiographyuse fluorescent dyes for mitoring blood vessel distribution as well as
detection of abnormalities such as vessel atrophy, abnormal vessels, neovascularization and leakage
in theretina and choro[d7]. A fluorescent dye is injected into the blood stream and the emission is
detected after illumiating the posterior segment using a suitable light frequency ofnrd9hd
~800 nm in FA and ICGangiographyrespectively. The infrared fluorescence emission in ICG
angiography{peak at 83dm) has the advantage of being less attenuated by the mejgnénpand
the possible opacities in the anterior segnie@ice allowing for improved visualizing of choroidal

vasculaturg’8].

Modalities discussed above along with OCT are considered complimentary since eaes pro
useful but different information from the posterior segment. Therefore, combined systems have been
developed for simultaneous, multimodal data acquif@n[72]. cSLO provides large angleen
faceview of the retina and deteome large scale abnormalitiekile adaptive optics corrected
cSLO provides a smaller field but higher resolut@CT provides crossectional high resolution
images with micrometer scale detailed information of individual retinaldaf#&F providesa
topographical map of the lipofuscimthe RPE layeias well as other fluorophores that might occur
due to pathology. Angiography in FA and I@@Agiographyon the other hand, provide detailed

information about blood vessels and capillaries within the retina and choroid.
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Chapter 2

Outer Retina Degeneration

2.1 Human Outer Retina Degenerative Disease

Outer retina degenerative diseases such as AMD and retinitis pigmentosa (RP) are the leading
cause of blindness in developed countries. The mechanism and pathway of these diseases are not yet

fully undesstood and hence there are usually no effective prevention and treatment methods available.

AMD is a chronic progressive disease with both genetic and environmental factors involved. It is
often observed in the elderly population arahis of the major csef vision impairment in people
over 50 years of afi9]. Asis mentioned in the namA&MD affects the macula which is located in
the cefral retina and is responsible for amall detaivision. The early stage of the disease usually
manifess by the appearance of focal hyper and hygigmentation and cumulation of cellular
debris belowthe RPE layer known as druf@®]. Thee are two outcomes as the AMD develops to
its advanced stage; geographic atrophy (GA) and choroidal neovascularization (CNV). GA also
known as | ate stage fdr-gpeaddddbf,RPE cslls icthecamaaulart er i z e
region accompanied by aphy and loss of photoreceptor body and n@i§i[83]. There is
currently no effective treatment protocol for
vision loss is usually due to abnormal blood vesselsthrgweovascularization) in the choroid with
leakage into the sufetinal space damaging the outer r¢af [85]. Treatments methods such as

photodynamic therapy and aMiEGF drugs are often used in wet AMD patif8@$

RP, also called tunnel vision, is a set of inhenitdthal dystroplesaffecting the photoreceptor
and RPE complex, that lead to progressive peripheral vision loss followed by central vision loss. The
earliest observed morphological change is shortening of the rod and cone outer segments. In later
stages, rod photorecepttwss affects the peripheral retina while cone loss later affects the
maculd87]i [89]. There is currently neffectivetreatment for RP.

Clinical studies using different modalities are used to monitor the progression of disease and their
response to therapy. However, studies often miss the onset of the disease since patients are usually

diagnosed and referred when they énalready developed some later stage of the disorder. In
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addition, the slow rate of disease progression typically renders longitudinal studies very time
consuming and costly, while it is very difficult to control and monitor all factors affecting the
pathdogy in different individualsNeedless to say that new trial treatment procedures and drugs
cannot be tested on human subjects, unless they have been proven sufficiently safe through extensive
prior animal studies. All these factors point to the necessitpnducting animal studies to fill the

gap in ophthalmic research.

2.2 Animal Models of Outer Retina Degeneration

Animal models of human disease are extensively employed to monitor the onset and mechanism
of disease development, as well as testing noeehgdceutical and genetic therapies. Although these
models are often somewhat different from the actual disease they are supposed to minaiar they b
similarities to the disease characteristics and therefore can provide useful information as to the origins

and pathways of the disease progression.

Animal models especially rats and mice with light induced, drug induced and inherited retinal
degenerations have been developed to investigate outer retina degeneration. In these models, the
disease onset and progg®n is generally faster (days, weeks or months) as compared to the human
counterpart (years or decades), and the onset occurs within an expected time interval enabling
longitudinal followrup of all staged of the disease. Furthermore, the environmeoth&ndmportant
variables can be controlled and monitored easily. In addition, novel treatment methods can be tested

on laboratory animals before their application in clinical trials.

Photoreceptor aptosis (programmed cell deaihcharacteristic to der retina degeneration and
is observed in many animal models as well as human diseases. Therefore, animal models can be
useful to develop treatments to block this final pathway and inhibit apoptosis, in order to rescue the
photoreceptor cell80], [91].

In light induced retinadegeneration, focal high intensity light exp@s results in localized
photoreceptor apoptosis witharfew hours to a few dgd$], [93]. OCT images acquired from mice
have recently revealed areas of edema (fluid accumulation) in thetisabspace as a rétsof light
induced damag®3]. Hi gh power | aser pulses are also us
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the RPE (photocoagulation) causing light induced choroidal neovascularization to model wet
AMDI[94], [95].

Genetically altered animal&specially micgare used to investigate photoreceptor and RPE
degeneratidb4], [96], [97] as well as treatment methods such as gene tf@shand stem cell
therapy99]. These models could be categorized into different groups based opp¢heft
abnormality such as defects in the pHoamsduction cascade, RPE function (visual cycle and outer
segment disc phagocytosis), RPE pigmentation, structure of the outer segment, protein transport to
the outer segment and photoreceptor develof@égnstudies have confirmed that photoreceptor

cell death occurs through apoptosis in various underlying gene &k ¢i90]

Many chemicals and drugs are also known to cause retinal toxicity, dysfunction and degeneratio
Animal models are very valuable to assess the effect and safety of new drugs on retina. Furthermore,
chemical compounds such as iodoacetidHeid, hemicholiniura3 (HG-3)[102], N-ethylmaleimide
(NEM)[103], N-methytN-nitrosourea (MNU)L04], urethanfL05], and sodium iodaf#06] are used
to induce photoreceptor or RPE disruption leading to outer retina degeneration

As mentioned above, rodents especially mice and ratsear@st popular models u$¢o study
human retinal disease. These small animals are easy to handle and inexpensive to house. There are
many transgenic models available and the disease progression is relativelpviester, the low
cone/rod raticand absence of fovea makes rodantlelslessuseful for human disease involving
cone photoreceptors. In this case other animals such asgwireeto be more suitable.

2.3 Sodium lodate Modelof Outer Retina Degeneration

Sodium iodate is a strong oxidizing agent used to induce oute cktgeneration. This
substance is selectively toxic to RPE ¢&03]. TheRPE provides multiple physical and biochemical
functions supporting and gelating photoreceptors such dslpodretinal barrier, adhesion of the
neuresensory retina, decreasing light scattering, protection against oxidative stress, phagocytosis of
shed photoreceptor outer segments, vitamin A recycling, storage, and transport taggtotsre
synthesis and maintenance of the #ptaptoreceptor matrixsynthesisand secretion of growth
factor$108]. All these functions are critical to the photoreceptor survival and disruption in any of
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them can lead to photoreceptor degeneration. Therefore, RPE dysfunction and death in sodium iodate
toxicity results in secondary photoreceptor degane[d06].

Sodium iodate was originally used in Germany during the 1920s as the main ingredient in an
antibacteri al preparation called ASeptojodo.
1941 by Sorsby as rapid loss of visual acuity and blindnessrafavenous administration to treat
puerperal sep$09]. Subsequent animatudies conducted on rabbits, cats, debsep rats and
mice, showed immediate changes to ithevivo visually evoked electrical activity dhe retina,
measured with electroretinography (ERG), as well as structural changes in the out@xretina
histological analysisconfirming the toxic effect aodium iodatfl10]i [115].

2.3.1 Short-Term Effects of Sodium | odate onRetina

So far, different methods have been used to study the acute effects of sodium iodate (within the
first 24 hours) on the retina structure and visual function. Studies on rats and mice have stewn sev
loss of visual acuity 2 hours post 50mg/kg intravenous (IV) drug administration. 24 hours after drug
injection, electron microscopy images have shown vacuolation and degeneration of RPE and
disorganization of photoreceptor outer segment while theraavalsservable qualitative reduction in
photoreceptor nuclil6]. Light microscope images of C57BL/6 mice retinas at 24 hours showed
disorganization of the outer and inner segments of photoreceptors with flattened individual RPE cells
devoid of nucldiL07]. H&E stained sections from C57BL/6 maidnjected with 50 mg/Kg (1V)
sodium iodate showed ~50% increase in photoreceptor body (inner and outer segment) thickness at
day 1 suggesting swelling. This thickness was back to normal o éapwed bya gradual
decrease until day 28 (~80% thicknestuction)117].

Histological crossections acquired 6 hours post 60 mg/Kg (IV) drug injectiosprague
Dawley rats showed no change in the thickness and count of @Qidlei. However the

photoreceptor outer segments waisarganizel14].

Electron and light microscopy images acquired fii@R (albino) and C57BL mice after
receiving 100mg/kantraperitoneal (IP) injectioshowed hypechromatic nuclei and karyolysis and
swollen cytoplasmic organelles in RPE cells at 6 hours followed by decreased number of RPE cells at
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12 hours post injection. Further decrease in RPE cell number and increased cell destruction
(indicating necrosis) accompad by disorganized photoreceptor inner and outer segments with
some condensed photoreceptor cell nuclei (indication of apopi@sispbserved at 24 hours post

drug administration. At this time karyolysis, loss of apical microvilli and numerous vairubézge

RPE cell necrosis. TUNE(Terminal deoxynucleotidyl transferasstaining was used to identify
apoptotic cell nuclei. TNEL-positive photoreceptor cells were detected as soon as 6 hours, increased
gradually at 12 and 24 hours and readhedt maximum at day 3 post drug injection indicating that
photoreceptor cell death is through apoptosis. In the case of RPE howewell, ttea-structural
changes (starting as early as 6 hours) as well as negative TUNEL signal confirm that necrosis is the
pathway for RPE cell deatiihe sme results were obtained in male and female mice, as well as

albino and pigmented mice used in 8tiglyf106].

Another similar study also looked at the early effects of 40mg/Kg (IV) sodium iodate on ICR mice
2,4 and 24 hours post injection. Electron microscope images showed normal RPE and outer segment
2 hours after injection. At 4 hours, RPE cells showedswotganelles, disarranged basal infoldings
at this stage most of the outer segments seemed normal. At 24 hours, RPE cells were irregular in
shape and reduced in height with many granular materials and vacuoles in the cytoplasm. Some
photoreceptor outeegments had disorganized outer segments indicating damage extending to the

neurosensory retiffel8].

ICG angiography performed on pigmented rabbits receiving 20 mg/kg sodium iodate in the ear
vein showed many spots of hygileiorescence scattered over the retinal posterior pole 3 Htars a
injection indicating leakage from the choriocapillaris. Electron microscopy showed damage in RPE
cells and choriocapillaris (CC) narrowing in the areas with ICG leakage. 24 hours later, homogeneous
bright fluorescence was observed over the whole med®®E cells showed signs of necrosis
consistent with findings in other studies. Uliteucturally, the cytoplasmic CC endothelial cell
structure was not clear and endothelial walls were no longer connected to the basement membrane.
Accumulation of tracegr anul es i njected into the blood stre
suggesting alteration of CC permeability at this time. The ICG leakage was reduced on day 7 and was
back to normal values 14 days post injection. At this time the structure of Gfiehaticells looked

normal while RPE cells were markedly damay&dl).
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Kinetic vitreous fluorophotometry is a sensitive, namasive method for detection of the
permeability and integrity of the bloaetina barrierThe RPE and retinal vascular endothelial cells
maintain this barrier and control the transport across, thus providing a suitable environment for the
neural retinaAbnormally increased fluorescein values in the vitreous can be due to increased passive
diffusion into the vitreous or decreased active outward transport by RPE. Anst§tlP@t<silidied
alterations in bloodetinabarrier as a result of sodium iodate toxicity. Injection ofrgkg (IV) of
sodium iodete to Long Evans rats showed abnormally increased fluorescence in the vitreous reaching
its peak at 2 hours as opposed to 1 hour in control animals. In the casagkginjected rats 24
hours post sodium iodate injection, the concentration of fluorescenceiingbasreach the value of
blood plasma 2 hours after IV fluorescence dye administration suggesting that free diffusion across
the barrier hd been estatshed. For histological examination with light and electron microscope,
horseradistperoxidasewas injected (IV) 30 minutes before euthanasia. Retinas showed different
degrees of patchy degeneration depending on the dosage. In areas with noymaldRPiake of
horseradislperoxidasento the RPE cytoplasm was detected. However, no leakage of horseradish
peroxidasavas found across the RPE into the retinal space. In damaged areas, RPE cells contained
much more horseradish and showed apical roundingjreyvefl mitochondria and apical microvilli
while horseradish leakage into the space between photoreceptors was evident. There was no sign of
leakage from retinal blood vessels. Hetlsechoroidalblood retina barrier is severely disrupted at
the RPE dued sodium iodate toxicif20]. Contrasenhanced MRI has also been used to visualize
the bloodretina barrier breakdown and leakage of the contrast agent across the entire retinal extent in

rabbits 24 hours after 30 i@y sodium iodate injection via the marginal ear Mei).

The force of adhesion of RPE to the neural
factor to determine the integrity of the photoreceRBEBr uc hés membr ane compl
of 20 mg/Kg sodium iodate in pigmented rabb#ssedsignificant decrease (~50%) in the adhesion
force 10 minutes after drug administration and the detachment accrued most often at the level of
Brucho6s Atabold 108 mieutes the peeling force decreased even further with separation
mostly at the RPE level while electron microscopy showed RPE defragmentation and disorganized
microvilli as well as disorganized photoreceptor outer segments (also reportesthiiyrmet.al.,

198(122]). The sequence of preferred site of detachment (basal vs. apical) suggests that the drug
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initially affects the basal aspect of the RPE. As more damage and defragmentatiaver time,
the apical aspect is affected as well. This might indicate that tBeaBifesion is stronger on the
apical aspect as compared to the basal §&p2LtThese findings indicate that RPE active metabolic

and barrier properties havemediate effect on retinal adhesion.

2.3.2 Long-Term Effects of Sodium lodateon the Retina

Histological cross sections represented in a study on albino and pigmented rats and mice with 50
mg/Kg (IV) sodium iodate injection showed degeneration and fragneent#tiRPE basal nuclei,
and degeneration and smearing of the cytoplasm at [da$].7The OS layer was reduced in
thickness with no cledboundary between the inner and outer segment accompanying some retinal
folding disorganizing the photoreceptor cell nuclei. There was some gradual recovery of the visual
function between 2hours and 4 weeks post drug injection. Severe degeneratia aittr retina
was observed in the central retina while the peripheral retina was less affected. This study also
showed that the effect of the drug on albino retinas of rats and mice was more severe compared to
pigmented retinas. Although the underlyings@n is not currently clear, there is evidence for
interaction between light and sodium iofRi¢ This effect might increase the damage potential in
albino animals while melanin in pigmented retinas absorb the incoming light and reduce-the light
drug interaction. Another possibility is more active role of melanin ssidbinging with sodium

iodate or cenperation with antioxidant enzymes in the RIPB], [123]

Mac hal i [B/jstady entC578L/6. mouse retina revealed RPE cells being replaced by a
thin | ayer of mel anin al ong mgRg IV diug igjectone mbr ane
Discontinuity ofthe RPE layer and disruptioof the inner and outer photoreceptor segments was
observed in H&E stained samples whilENEL staining revealed massive apoptosis in the outer
nuclear layer. Fluorescence microscopy dfrflaunts showed discontinuous melanin coverage with
some nuclei present. At day 7 the outer and inner photoreceptor segments were significantly
shortened and the ONL thickness (photoreceptor nuclei) was reduced. 18 and 28 days after, no RPE
cover was preseandp at ches of mel anin clumps appeared al
indications that glial cells might contribute to phagocytosis of melanin remains. Retinal thickness was
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considerably reduced due to photoreceptor loss. This study also confiomegrafound damage to
the central retina and better resistance of the peripheral regions to the drug.

Low dose administration (15 mg/kg, IV) of sodium iodate in C57BL/6 mice showed increased
fluorescencdree areas (measured in retina-ffaiunts) betweedays 7 and 28 of the study followed
by some decrease (recovery) by month 3 suggesting possible regeneration or recovery of some RPE
cells. Focal RPE loss with patchy regions devoid of RPE was observed in histologiesgctiioss
on day21 with no sigiiicant ONL damage. The thickness of the ONL was unchanged however, the
number of nuclei was reduced at month 3. Visual function was moderately reduced on days 3 and 7
with slight recovery afterwards. With higher dose of 35 mdége regions of RPE lossas
observed by day 3. Areas with no autofluorescereeRPE loss) in retina flanounts increased
between days 7 and 28 showing slight recovery at month 3. The thickness of ONL and number of
nuclei was reduced significantly at day 3 and continueddace over time to almost reristent
ONL at month 3. The visual acuity dropped to zero at day 3 and no recovery was observed within the
3 month study period. The partial recovery of the RPE cells (increased AF signal at month 3) along
with nonrecovery 6 the visual function suggests that although RPE cells might go through a
recovery or regeneration process, their initial malfunction leads to permanent damage to the outer
neurosensory retifi24]. Comparing the effects of the low and high drug dose in mice showed that

the onset and extent of the outer retina damage is dose dependant and could be controlled.

Injection of very high dose,70 mg/Kg (1V), of the drug in C57BL/6 mice leadrplete absence
of RPE autofluorescence signal @mbunt) on days 3, 7 and 14. Significant reduction in
photoreceptor body thickness was observed on3da@NL thickness and cell count showed
significant reduction by dayI717]. 60 mg/Ky (IV) of sodium iodate ibprague Dawleyats showed
irregular ONL alignment and ~50% reduction in ONL cell count on day 7. Photoreceptor outer
segments were extremely shortened and disorganized. By day 28 ONL cell count decreases to ~40%
of the baselin@alue while the cell count for inner nuclear layer (INL) and ganglion cell layer (GCL)

remain unchanggtil4].

Administration of 100mg/kdP injectionof sodum iodate to ICR (albino) and C57BL mice

showed advanced destruction of photoreceptor inner and outer segments, decreased photoreceptor
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cel | nucl ei , flattened RPE <cells on Bruch©os
phagocytosing macrophagesigration into the photoreceptor layer at day A. this time
photoreceptor apoptosis marker reached its maximum but was insignificant afterward on days 7 and

28. Patches of retina devoid of RPE and photoreceptor cells was observed with INL beingrdirectly i
contact with Bruchoés membrane in histological
study, peripheral and central retinas in both strains as well as male and female animals showed similar
result$106].

An early study (Korte,198f)25] on pigmented rabbits receiving 2 doses ofrigfikg (46 hours
apart) IV sodium iodate injection showed leakage athe$PE in fluorescence angiography 1 day
post injection. One week later, diffuse fluorescence indicated-bdtiod barrier breakdowiNo
fluorescence leakage wastected after this time paifiundus photography showed patches of RPE
degeneration. Light and electron microscopy showed a layer giigimented, flattened cells and
some highly pigmented ones on Bruchoés membrane
CC atrophyFourweeks post injection, CC was reduced or abseareas of RPE lodsut looked
normalin areas of intact and normal RPE. At eleven wéakger areas with RPE loss was observed
and remaining CC in those regions was encased by abnormally dense collagemenisvedssue.
The RPE layer was replaced by scar tissue composed of transformed RPE cells and Muller cell
processes covering the Bruchds membrane. No CC
RPE changes precede those of CC suggesting that G@ddep RPE cells for survival. Such

correlation is also reported in other animal studies involving RPE dHr2é¢127]

Many studies have reported more damage to the central retina when compared with peripheral
retina especially in the case of low dose sodium iodate administration. The reason behind this
difference is not still cleaA possible explanation is disparities in the local vascular anatomy leading
to uneven distribution of the drug. It could als® due tadifferent metabolism othe drug by the
central and peripheral cells in the retina as well as different degree déregiyenpotential irthe
RPE cells in these regidth87].

In summary, sodium iodate causes severe damage to the retina. Primarily, it leads to degeneration

of the basal membrane, swelling of organelles, loss of apical microvilli and necrosis in RPE cells. The
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retinal adhesion is then weakened anc:hwroidalbloodretina barrier is compromised the RPE
Consequently, photoreceptor outer segments becomeathized) followed by entire photoreceptor

cell degeneration whiline choriocapillarignitially leaks andatrophiedateras a response to the drug
toxicity. None of the studies on the effect of sodium iodatberetina have reported any damage to

the imer retinal structure. All inner retinal layers preserved their normal structure even months after
outer retina degeneratid®6], [107], [1141[116], [124] On the other hand, all studies indicate #ghat
normal RPE barrieand metabolic functions are critical for maintaining healthy PR and CC.

2.3.3Clinical Relevance and Potential Applications

The sodium iodate induced outer retina degeneration model does not specifically and completely
mimic any of the human retinal diseaselsas AMD or RP. It is rather a model of RPE loss with
successive damage to the outer retina and choriocapillaris. A major difference between the sodium
iodate model and human disease is the mechanism of RPE cell death. In human outer retina
degeneration, RE cell death occurs via apoptosis while necrosis is bémri@PE death irthe
sodium iodate model. Moreover, early AMD is associated with lipofuscin accumulation and
formation of deposits on Bruchods mettadhmentne | e a
to Bruchdl28ii3®mbtraneontrast, the Br uhedodusm me mbr
iodate mod¢l24]. In RP on the other hand, photoreceptor cell death precedes that oflREE c

opposed to the order in the sodium iodate model.

Nevertheless, the sodium iodate model shares similarities with some aspects of the human retinal
disorders and could serve as an inexpensive, convenient and controllable experimental tool. Quick
onsetetina degeneration is induced by a single dose of sodium iodate administration. The pattern and
the degree of damage observed in outer retina is dose and time dependent and could be manipulated
to some extent.ow dose administration of sodium iodate camise diffused patches of RPE and
photoreceptor loss similar to patterns present in some human disease such as RP and geographic
atrophy (dry AMD]107], [124], [125] Although the initial target of toxicity i$he RPE in sodium
iodate injected animals, apoptosis is the final pathway of photoreceptor cell deatfttie sotium
iodate model anthe human outer retina degenerative diseaméch as AMD and RP. In addition,
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disruptionof the choroidalbloodretina barrier similar to that observed in vitreous fluorophotometry
of sodium iodate treated retinas is repontediabetic patienf$20].

Sodium iodate is used as the retinotoxic agent in toxicology studies, in testing new methods of
measuring visual acuity in animd$6], [124] as well asfor correlation of findings in different
modalities investigating struge and function (e.gERG and histologj}07], [114], [131]
Moreover, it is currently used to investigate new treatments for human slighasgvolve
photoreceptor and RPE degeneration such as AMD. RPE damage in this model is specifically useful
to evaluate novel therapy@paches forepopulating the RP layer such as stem cell and growth
factor applicatior{d 17], [132], [133] Selective RPE loss could also be useful to investigate RPE cell
regeneration on a [124) {125k In addition, thd dbse dependafcy ai thee
onset and severity of RPE damage and effects on the visual function in this model provides unique
opportunity to adjust and study these aspectesiged to provide different degeneration patterns to
mimic some aspects specific diseases.

The reduced retinal adhesive force at Bruchos
investigate some aspects of RPE detachment in human eye. Théaraogel i t O:$oridstanoei t at i on
the photoreceptor and RPE damage might exceed that of real clinical situations. However, the nature
of basal RPE attachment might provide insight into some aspects of human pathology such as AMD.
Furthermore, CC atrophy abserved in areas of RPE loss in both sodium iodate model and human
retinal diseasesuch as AMD and RP and could be useful in better understanding of the role of

normal RPE function in CC wdlleing.

2.3.4What is missing?

In study of sodium iodate effeats the retina, bothin vivo and ex vivo methods have been
employed. However, high resolution cross sectional information about the multilayered structural of
retina was only provideex vivo by use of histological preparations. Histology is currently tie g
standard to study the microscopic cellular andcgliblar structure of biological tissue. Nevertheless,
the preparation steps (ifexation, embedding, cutting, mounting, staining and etc.) could potentially
be a source of artefacts. Furthermorepesehanges such as edema and focal retinal detachments

could remain undetected in histological analysis. Needless to mentiom\tivatmonitoring of the
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dynamic changes in the same subject is also of great value in longitudinal studies for better
undertanding of the mechanisms involved, as well as investigating-simgect variability.
Furthermorejn vivg, non invasive methods could potentially be useexjmore thecorrelatiors
amongstructural functionalandblood flow simultaneouslyUltrahighresolution optical coherence
tomography provides the opportunity to address some of these issues by allolgigdpeed, high

resolutionjn vivo, non invasive, cross sectional, volumetric imagirth@fetinal layers.
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Chapter 3
Methods

3.1 Fourier Domain OCT System

The Fourier domain OCT system used for all studies described in this thesis kbaskioksd
OCT system, designed to operate in the-B8ID nm wavelength ranf&l]. Fig.3.1 siows a

schematic of the system:

Light ™
source ETS
jrop=c=r |
FC30:70 -—
Spectrometer
CL XY
\\s:anner

FL
DG
e cL
RatEye
[

Figure 3.1 Schematiaf the ultrahighresolution FOCT system. System components areitiB8slation stage,
M-mirror, DC- dispersion compensation unit, €bllimating lens, Fneutraldensity filter, PGpolarization
contwollers, FCfiber coupller, SLDI superluminescent diode, @ollimating lens, FEfocusing lens, XY
scanning mirrors, D&diffraction grating, PDAphotodetector arrafFigurereproducedrom[134] with

permissiorfrom the journal)

As seen in Fig.3, the sample arm is comprised of a polarization controiiér 3 achromatic
lenses(Edmund Optics)for providing a collimated beam at the cornea and a pair -8f X
galvanometricsanrers (Cambridge Technology Inc.Yhe reference arm includes a polarization
controller unit, a pair of lenses to focus the beam on the mimewytealdensity filter to reduce the
beam power that reachthe camera to prene CCD saturation, and dispersion compensation
double prism unit to match the dispersion in the reference arm with the sample arm. In thincase of

vivo human and animal imaging, 25 mm anch water cell{respectivelylwere inserted in the
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reference arm to compensate approximdtelthe dispersion due tbewater content of thenaged

eye. Whenrtestingthe systerd performancd measur i ng t he syswithmds SNR
mirror as the sample, water cells were inserted in both sample and referencsl ayptisal and

fiber optic components dhe FODCT system were selected to support the prapagaf broadband

light through the system with minimal spectral and power losses. A cbsittnight source

(Superlum Inc.l ¢ = 1020 nmpPl = 110 nm and & = 10 mW) was intéaced to the OCT system.

The interference signal was detected by a high efficiency custom spectrometer (P&P Optica Inc.),
connected t@ 1024 pixel linear array CCD camera (SUI Goodrich) with 47 kHz readout rate. The
spectrometer was designed for the specange 940 1120nm and provided average absolute

gg i ng efficiency >80% over the entirenmspectr a
The OCT system provides €8 signal to noise ratio for 1.6 mW power of the incident sample beam

and 1.1mm axialscanningrangein free spaceData was aguired with a framegrabber (National
InstrumentsPCle1429 and was processed and displayed by a computer (Intel Xion, 3.6 GHz, 2GB
RAM).

3.2 Simulating the Water Absorption Effect on OCT Axial Resolution

A simple computational model was developed, whicisiders the effect of water absorption on
the spectral bandwidth and central wavelength of an optical beam propagating through a water layer
that approximates the water content of the rodent and human eye. A schematic representation of the

model is showm Fig.3.2. An optical imaging beam with initial spectral content and intép&ity

is incident on an eye (Fig.3.2b) with physical length d (distance between the front surfaces of the

cornea antheretina), or a water cell with thamme physical thickness(Eig.3.29.
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Abs. coeff (mm )

Wavelength (nm)

Fig.3.2 Water absorption profile (a); Schematic representation of the eye (b) and a water gielB{q): |
intensity of t he i intensitda thd backefldctedcoptical beamaidphysichl gistance
between the cornea and retina (b), equivalent to the thickness of the water @€illj¢cereproduced

from[134] with permissiorfrom the journal)

The water cell is a simplified model of the eye, which neglects the absorption and scattering
properties of any other materials comprising the ocular tiss@ptefar waterThe intensity and
spectral content of the optical beam beaflected from the retina (Fig.3.2b) or the back side of the

water cell (Fig.3.2c) and measured after double pass though the eye / Watb(@allh'@r wekly

absorbing media such as water, the relationship between the intensity of the incident and detected

optical beams is given by Beeamberd sw:
1(/)=1,( Jexp(-2 ./t §/)
(3.1)

Herey( ) i s the wavelength dependent water abso
in the exponent accounts for the double pass of the optical beam through the eye / Vicettisll.
mode| published values for water absorptieere usefb8], [59] andit wasassumed that the average

lengths ofthe rodent and human eye ama®m and 25nm respectively.

Another factor that affects the final spectrum and therefor®© @€ image resolution is the
detector spectral responsethe case of our OCT system, the detector is a linear array CCD (LDH,
SUI Goodrich. Fig3.3 shows the camera efficiency over the spectral range from8@0 1300hm.

The spectral efficiency of the camera is very lawvshorter wavelengths (20% for 80dn) and
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increasesnonotonicallyto reach a plateau for wavelengths longen @00 nm with about 8%
efficiency.

—— Camera Efficiency
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Figure 3.3The CCDspectrakfficiencyfrom 800nm to 1300nm

To take this factor into accourthe intensity | (/) from Eq.3.1was multipliedby thecamera

spectrakfficiency Cam(/) to result in the final intensitil(/ ) ina @S Shown in Eq.3.2 below.

I(/)final =1 ( /) Cam( ),
(3.2

To calculate the axial resolution, this final spectrum was first converted tenwaner space

(1(k), ) through Eq.3.3 and thee-samplel to equally spaced intervalskrspace

(3.3)
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The FT was performed on this equally spaced spectrgenieratehe PSFandto calculate the

resultingOCT axial resolution.

3.3Imaging Probe

A customimaging probe consistingf 3 achromatic lenses (Edmund Optics) and a pair of
galvanometric scanners (Cambridge Technologies) designed fan vivo imaging of rat retina
The schematic of the probe is depicted in Fgl3is the lens at the output thie sample arm of the
OCT system and collimates the beam incident on the scanning mirrorgaiiTbé X-Y scanning
mirrors have a total maximum sweep angle of 20 degrebgre conjugate with tiemtrancepupil

plane
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Figure 34 Schematic of the proba@esigned for imagintherat eye. The probe consists of a I€lng to direct a
collimated bead to the scanning mirrors, a pair of ¥canning mirrors, a pair of lenseg,and L,, whichdirect

a collimated beam onto the corn&ae scanning mirror is iaged into the entrance pupil plane of the eye.
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A pair of 25mm diameter lenses, land L, with focal lengths;f= 60 mm and § = 30 mm
respectively were used to direct a scanning collimated beam into theleyrethe imaging probe is
interfaced with thdJHR-OCT system, iprovides a 1.2nm diameter collimated imaging beam,

incident on the rét gupil and ~ 2 mm lateral field of view (FOV) at the retina.

The theoreticaldiffraction limited transverseaeesolution according to Eq.1.5¢ ~3.2 um in the
retnafor 1.2mm diameteiof the imaging beani020nm central wavelengtB00 dioptes power of
the rateye However, in practice, due to presence of aberrations imatheye the transverse
resolution isworse Consideringthe fine structural features sbrved in theen faceview in the
reconstructed 3D images (i.e. capillary network in the plexiform layers, chapter 4), the actual

transverse resolution in estimated te-6.0um

3.4 Animal Handling and Preparation

Mature female Long Evans rgsgmented)vere used in this study. All animal procedures were
conducted in accordance with the regulations of the University of Waterloo Animal Care Committee
and in compliance with the ARVO statement for ethical use of animals in ophthalmic and vision
research. Aimals were anesthetised with isoflurane (2.5 %) and pupil dilation was achieved by
administering 42 drops of tropicamid@% (Mydriacyl) in each eye. Outer retinal degeneration was
induced by IV administration of 40 mg/kg of sodium iodate solitidhetail vein During imaging,

artificial tears were administered frequently to keep the corneas hydrated and optically clear.

3.5 Data Acquisition and Processing

Multiple 3D UHR-OCT tomograms were acquired from the right eye of each rat at the central
region,about 1mm temporabkuperiorto the optic nerve head. The unique blood vessel pattern at the
optic nerve head was used to acquire images from the same location in the retina at different time
points of the longitudinal study. The suitable location andtatien was initially found bymaging
a wide area (2nm x 2mm) and then the central region (Imm x 1mm) was imaged and used for
further qualitative and quantitative analysis. In all 3D volythesoptic nerve head was located at the
nasalinferior cornerof the 2mmx 2 mm imaged area. FiguresZhows a representative rn x 2

mm en faceview from 3D reconstruction of retina structure using Amira software (Visage Imaging).
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The structure at the lower left part of the image is the corner of the optchead (Fig.5, white
arrow). The desired centrardmx 1 mm region is marked by a white square.

Superior

Nasal Temporal

Inferior

Figure 35 A sampleen faceview from the 3D reconstruction of wide FOV (2mm x 2mm) image acquired at the
central region of a healthy rat retina with thetio nerve head located at the nasé&trior corner (white arrow).

The central Inm x 1mm area (white square box) was used for further analysis.

All UHR-OCT images were composed of 100&@ansx 256 Bscansx 512 pixels.Using
Eqg.1.16, theonesided maknum depth of the Acanis ~1.1 mm which results in ~800 pm in the
tissue for 1.38 tissue refractive indebenceEq.1.17 gives ~2.um axial pixel resolutiorirhe lateral
pixel resolution for a Bcan is ~2 um for a 1 mm scan length on the retina add A&cans

(Eq.1.18).Thereforejn a B-scan, the optical resolution will determine the resolution of the system

Crosssectional images of the rat retina were generated from the rawQ@HRdata using a
custom Matlab ade (Mathworks). The Matlab code wasginally developed in the Biomedical
Imaging Lab. at University of Waterlaon d er Dr . Kostadinka Bizhevaos

modified by the author. ThgD views of the imaged retinal volume were generated using Amira
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software In the Gscan diection, the pixel resolution is 349m (M) and will
256 B- scans

determine the resolution of the system.

A semiautomated retinal layer segmentation algorithm developed in collaboration with
researchers from tH&ystems Design Engineerilgpatmentat Univerdly of Waterloo (Akshaya
Mishra et.al)[135] was used to segment individual retinal layers from the {QiIH crosssectional
tomograms and to calculate the layer thickness and reflgctiie contribution of the author was to
discuss with the code developer what are the important features-$cae Bnd what information
needed to be extracted from the images. The code was written in several steps. At each step the author
provided the ade developer with sample data to test and discussed the results and suggested

improvements.

For quantification of the changes in the retin8Daset of data (1000-8cansx 256 Bscans)
corresponding to ahm x 1mm area of the retinal tissue surfacasvgelected for each tirpeint
from each rat and was used for segmentation. Equally spaseah8 (~every 75 um) were selected
for segmentation while each-d8an was sampled at 50 equally spaced intervals (~every 24 pum)
resulting in over 600 sampling pts for one 3D setf@CT images of rat retina. Tlsegmentation
algorithm measures the thickndssimber of pixels between two segmentation lines at the layer
border)and intensityaverage of the pixel values between two segmented dhegch segmerde
layer at each sariipg pointin an individual Bscan.The total retina and PR layer valugsre
calculated from the sum of the values from the relatedagels at each sampling point {gcan).
The values from all the segmenteg&ns in a 3D seterethen used to calculate the averagethad
standard deviation (STD)f the thickness ah reflectivity for eachindividual retinal layer in the
imaged3D volume.

3D sets from one of the rats were used for segmentation with finer sampling (segmented 256 B
scans in the 3D setsAnd the segmentethta wasised to generatn facethickness and reflectivity
maps over 3D volumes of retinal tissue demonstrgtiraditatively, thespatial variations and overall

time changes in the retimaorphology(chapter 5.5)
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3.6 Statistical Analysis

The average and standard deviation values acquired from the segmented tatanimals
were used for statistical analysis of the re
statistical analysis procedures used in chadeand 6 were different, the de¢aitdescription

of the stastical proceduras given ineach individual chapter (sections 5.4 and 6.4).

3.7 Histology

For histological examination of retinal tissbeth eyes ofhe animalsvere enucleated and fixed
in freshly prepared 4%paraformaldehydg20 min) before being rinsed with 0.1 (w/v) mM
Sorensonés phosphate buffer (pH 7.5; SB; 3 x 1
sucr ose | phosghate muifes avern@ist. The whole eyes were embedded in Optimal
Cutting Temperature embedding medium, then frozen. The frozen samples where sectioned at 12
pum and sections acquired from the central retina were moantiedclean glass slides using a
cryostat and were allowed to dry before hemotoxylin and eosin (H&E) staining. Coverslips were
mounted onto the slides using Permount and images were collected using a light microscope and a

color camera.
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Chapter 4
Spectral Shapingfor Improving UHR-OCT Axial Resolution for In Vivo

Imaging of Human and Rodent Retinain the 1060nm Wavelength Region

This chapter is based on tfelowing journalpublication:

S. Hariri, A. A. Moayed, A. Dracopoul os,
factors to the OCT axialesolution for irvivo imaging of human and rodent retina in the
1060 nm wayvVv e Optixptessvolt B/ nny.e26, pop. 243024316, Dec. 20009.
[134]

The UHROCT sysem used for this study was designed and built by Dr. Kostadinka
Bizheva. She has also overseen the computational calculatammal experiments and

manuscript preparation.

Dr. S. Boyd provided theopportunity forimaging healthy ratsat St . Mi Hobpaah | 0 s

Toronto and made revisions to the manuscript.

C. Hyun made extensive modifications to the image acquisition program (Labview) and

assistedvith theprocessingf the raw data intdispersiorcompensated OCT images.

A. Dracopoulos performed the amal handling and anesthesia aodservedall animal

imaging sessionat St . Mi ¢ hSheals@ pooftéadhp manascript.

A.A. Moayed participated in all animal imagirsgssions ana@ssistedwith the 3D data

reconstructiorand revisbns ofthe mamiscript.

The computational simulation of the effect of water absorption on the OCT axial resolution,
testing and implementation of the modified light soudesigning the water cells used to
approximate the effect of water content of rat and human egesjng out theanimal
experimentsthe data processingnd analysisas well aghe preparation ofhe manuscript

are the auth@s work.
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4.1 Overview

A computational model was developed to evaluate the limitations to the highest axial resolution,
achievable with ultrahigh resolution optical coherence tomography {OER in the 1060nm
wavelength region fom vivo imaging of the human and rodent retina. The model considers
parameters such as the wamghh dependent water absorptanmdthe averag length of the human
and rodent eyes. A custdonilt light source with reshaped spectrum was used to verify
experimentally the results from the computational model. @I resolution of 4.2um anduim
was measured from a mirror reflection with the austight source by propagating the imaging
beans (both sample and referendyough water cells with 5nm and 25mm thickness,
corresponding to the average axial length of the rodent and human eye respectively. Assuming an
average refractive index of 1.88 retinal tissue, the expected axial OCT resolution in the rodent and

human etina is 3um and 5um respectively. Retinal tomograms acquiredivo from the rat eye
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with the modified light source show clear visualization of all iretmal layers, agell as a network
of capillaries in the inneand outer plexiform layers of the retina.

4.2 Introduction

OCT imaging in the 1060 nm wavelength region has recently gained popularity for ophthalmic
applications due to the fact that it offers multiple advast@g compared to retinal imaging at shorter
wavelengths. Specifically, water, which comprises mosthefocular tissue (corneaqueous,
vitreous, lens and retina), has a local absorption minimum at +b@6@hile light scattering from
biological tisse decreases with longer wavelengthsddition, the maximum permissible power for
safe retinalmaging at this region is higher thémat of the 800nm regif0]. The higherallowable
optical power, combined with the reduced scattesing absorptiorirom melanin in the retinal
pigmented epithelium (RPE) at longer wavelengths results in deeper image penetration and better
visualization of the choroidal structure and vasculggte[51], [56], [62], [136] [144]. Moreover,
the water digersionis zerofor ~1 um at 37€ temperaturfd1]. However, as we tend to use ultra
broadband spé&a to improve the axial OCT resolution, dispersion plays a stronger role in longer
eyes because dhe water content of the eye between the corneal surface and retina. There is then an
imbalance between the chromatic dispersion in the sample and refarers which can have a
negative effect on the achieved axial resolution. This is especially impori@nivo human UHR
OCT retinal imaging due to the longer axial eye length (~25 Thangvercome this problem, it is
important to properly match thewate dispersionin sampleand referencearms. Any residual

dispersion can be corrected with post processing dispersion compensation al@6titfas [30]

Visualization ofsubretinal structure and thelood vessehetwork are of particular diagnostic
value, since dissae s s uweth a nads gk relgted macular degeneration (AMD) are
characterized bpenetration of abnormal choroidal blood vessels through the\RREAMD) and
formation of druen betweerthe RPElayea nd t h e Br u(dnhAMB)[43hdhabeduaed e
scattering coefficient of ocular tissue at 186@as compared to 86dn has the additional advage
of providing retinal images with significantly better quality in patients with corneal haze or
cataract%6].
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Retinal OCT imaging in the 1060 nm wavelength region also has the pdtemntiahinvasive
probing of light induced physiological changes in the retina, since retinal photoreceptors are not
sensitive to light >90m63], [145], [146] Congdering the fact that the early stages of retinal
diseases are characterized by abnormal function of retittglthe ability to imag® vivo and non
invasively measure physiological changes in human and animal retinas and to correlate them with
structual abnormalities, can further our understanding of the origins and development of retinal
diseases. Such optophysiological recordings have the potential to evolve into a powerful clinical
diagnostic and monitoring tool.

Although OCT retinal imaging at 1060m offers multiple advantages, development of high
speed, high axial resolution OCT systems for this wavelength range poses a number of technological
challenges. Specifically, axial OCT resolution is primarily determined by the spectral barahalidth
the central wavelengtbf the light source usggq.1.4) while the image acquisition speed is related
to the reference mirrarelocity (time domain OCT TdOCT)[34], [147] the data transfer rate of the
camera (spectral domain OCTsdOCT)[148], [149]or the frequency sweep rate of tunable lasers
(swept source OCITsOCT)146]. It is also worth noting that the lateral resolution is also negatively
affected by the longer central wavelength of the 1060 nm region compared to the standard 800 nm

region (Eq.1.5).

The first exgrimental demonstration of the advantages of retinal imaging in the ntH60
wavelengtiregion was accomplished with @& T[136], where porcine retinal samples were imaged
exvivo with axial OCT resolution of 2.8m in retinal tissue and image acquisitispeed fo~0.01
frames/s (20 Ascans/s Later on, improved image penetration itite choroid was demonstraied
vivo in human retind.37] with TdOCT, with OCT axial resolution of ~dm in retinal tissue and

image acquisition rate of 150gcary's.

Recent advances in CCD and tunable laser technology have lead to significant improvement of the
image acquisitiorrate of retinal OCT systems operating in the 1060 wavelength region,
specifically, up to 4kHz[51] and 92kHz[21], [22] for sdOCT and 24%Hz[25], 400KHz[26] and
1.37MHz[27] for sOCT. By employing broad bandwidth continuous wave light sources and tunable
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lase's with spectral outputs centered in the range of h@20 1040nm, high axial resolutions of 7
pmM[150], 5.3um[26], and 5.um[51] were achievedh vivoin human retinas witbkdOCT systems.

Until recently, it was generally accepted that the local peak atrf@hd the fast rise beyond
1120nm in the water absorption prof8], [59]d e f i nes an opt i cAlgreyiwi ndo
line), which limits the effective spectral bandwidth sraitted through the anterior part of the eye to
the retinal surface. The full width at half maximum (FWHM) of this optical window is Al@0
centered at ~106@m, which effectively limits the OCT axial resolution in human retina to 8.6
This value isa theoretical estimate, since in practice the spectral transmission characteristics of the
optical and fiberoptic components of the imaging system, along with the spectral efficiency of the
detector can reshape the input optical spectrum and effectidelger¢he measured axial OCT

resolution.

This study aimed to a) determine if spectral reshaping of the input optical spectrum can overcome
at least partially the retinal OCT resolution limitations imposed by the water absorption profile in the
1060nm wavebngth range; and b) investigate the practical limits to the highest OCT axial resolution
achievablen vivoin human and small animal retinas,dopsidering spectral reshapizaigd the OCT
system design. For the purpose of this study a simple computatiodal was developed and
experiments were conducted to verify the theoretical results in prdt¢teautcome of this study
could serve as an insight and a guideline to research groups and companies developing CW or
tunable light sources for high resatutiophthalmic (retinaBdOCT andsOCT systems operating in

the 1060hm wavelength range.
4.3 Results

4.3.1Computational Results

Fig4.1shows the spectral shape, bandwidth and power losses for an input spectrussiehGau
shape, centered at 1066 with aspectal bandwidth of 200hm as propagating through water cells
with thickness equivalent to thengthof the human or rodent eye. FigA.8hows an overlay of the

input spectrum (black line) and the water absorption profile (grey line).
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Fig.4.1 Graphicalepresentation of the spectral shape, bandwidtipengr losses due to water abganmp,
calculatedor a double pass of the imaging beam ¢kléne) throughwater layers of 5nm (blue line) and 25
mm (red line), corresponding to average lengths of a hiand rat eye respectivelAY Gaussian shaped input
spectrum with 20@m spectral bandwidth, centered at 1669and the water absorption profile (grey lin@&) (
Comparative spectral power losses. Spectral shape and bandwidth changes, and theluesidal tree
correspondingCT axial resolution in the retina for thase of 25mm (C) and 5mm (D) thick water layers.
Comparison of the PSFE)(computedyy Fouriertransforming thespectra shown inQ) and D). (Figure
reproduced with modificatiorfsom [134]with permissiorfrom the journal)
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Comparison of the overall shape and power losses resulting from double pass propagation of the
input beam through Bnm (blue line) ad 25mm (red line) water layers is shownHiy.4.1B Total
power loss of 80% and 46% was computed for the case win2&nd 5mm thick water layers

respectivelyby integrating over the spectiaiensitiedelow the curves iRig.4.1B.

Fig4.1C shows thawater absorption in a human eye of n average length limits the
maximum useful spectral bandwidth of the imaging beam tanr8Gcorresponding to OCT axial
resolution of 3.8 um in the retina. In the case of the much smalldembeyethe useful imging
bandwidth is reduced to ~18bn (Fig.4.1D), corresponding to axial OQEsolution of 2.3 um in
the rat retinaThe spectra shown in Fig.€&and4.1D were Fourier transforme@s explained in
chapter3.2) to determinethe effect of the neaussiantsape of the water affectegpectra on the
resulting PSFs (Fig.45).

Achieving axial OCT resolution < 3um in the human retina at ~bdg0comparable to the
highest resolution demonstrated previously with research grade OCT systems operatingrat ~800
may be possible by expanding the usable spectral bandwidth arounehrhOBY reshaping the
spectrum of the incident imaging beam. Numewspactralreshaping has been used in the past to
suppress the appearance of sidelobes in the OCI[LFA$FThe question iscould this method be
used to predict the ideal light source spectrgbestiar specific applicationg.e. in vivo human or
animalretinal imaging to improve the axial resoluti®o test the idea of spectral reshapihg, t
exampleGaussiamnput spectrum (Fig.44, black line) was multiplietdy an inverse function of the
water absorption(Fig.4.1A, grey line)and the inverse function of the camera spectral efficiency
(Fig.3.3)to generatehe reshaped input spectra for the two cases ah@bwater layerKig.4.2A
black line) and 3nm water layerKig.4.2B, black line). By aplying the reshaped input spectra to
the computational model described ab@reaxial resolution of 1.§im, corresponding to spectral
bandwidth of 200hm centered at 106@m, can be achieved theoretically in the humatherat
retina.In other words, sing light sources witthespectral shape shown in FigA.and Fig.4.B for
25 mm and 5mm water cells respectively, will result iffimal Gaussian spectrum (Fig.ALwith

200nm FWHM yielding 1.8um axial resolutionn tissue
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Fig.4.2Reshaped ingt imaging spectra for thé\] 25mm (human, black line) an®@) 5 mm (rat, black line)
thick water layers described in the computational model. The reshaped spectra were generated by multiplying
the original Gaussian input spectrum fréig.4.1Awith an nverse function of the water absorptiéing(4.1A)
and the inverse function of the camera spectral efficiency (FigTh®)figure shows the major limitation
(power loss) to achieving the theoretical axial OCT resolution giirh.& the human retina. Tingatednput
spectrum C), the corresponding spectruafter 25mm waterfor the human eye) and its axial PSF (E)
(Figurereproduced with some modificatiofrem [134] with permissiorfrom the journal)
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The computational results shownFig.4.2AandFig.4.28 also demonstrate the major difficulty
with achieving the theoretical resolution in practice. Due to the sharp increase of water absorption
(greyline) for wavelengthfonger than 112@m, more than 9% of the input power of the reshaped
spectrum for the human eye (8n water layerfig.4.2A) is contained in a fairly narrow spectral

range (115@Gmi 1200nm), corresponding to the tail of the detected Gaussian shaotdisp

Since in the case of OCT imaging of the human retina at +106€he safety gdelines of the
ANSI standarfb0] limit the spectral power incident on the corne8.&mW for 5 min exposurgo
the scanning beam and 2.0 mW for 10 s for a stationary beam should the scantierptailer
reaching the retinas not sufficient for obtaing high contrast images of the retina and for imaging
choroidal blood vasculature. In tloase of the rodent eye, the power losses attributed to water
absorption are significantly smaler50%) therefore achievingnaxial OCT resolution of gm or
better in the rat retina is limited by the availability of light sources with spectra ctbsetheoretical
one shown irFig.4.2B and the design of the OCT system, capable of sustaining that spectrum.
However if the ANSI standard for the scanning beam were corrected for the f# of the rat eye giving
greater image irradiance on the retina, theSAINnit becomes 0.6 mW for a 5 min, scanning beam
exposure, also causing lower contrast ima@ee way to achieve improvement in the axial OCT
resolution in the human retina within the power guidelines of the ANSI standard, is to truncate the
long wavelagth end of thenput spectrum(Fig.4.2A) at 1120 nm to limit the total power at the
cornea which results in the spectrum shown in Fig.4.2C. The resulting spectrum after double pass
through 25 mm water is a truncated Gaussian showed in Figd i3. cae the spectral bandwidth
is limited to ~16(hm and the central wavelength is shifted to 1@#Qwhich results in3-um axial
OCT resolution in the human reti(féig.4.2E)but a slightly lower ANSI limit (2.9 mW for scanning
beam).

4.3.2Experimental Results

To demonstrate experimentally that spectrahagping of the incident imaging beam can lead to
improvement in the OCT axial resolution for retinal imaging at ~XM60the spectral output of a

commercially available SLD based light source (Superlumwas)modifiedo increase the spectral
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power at ~980hm where water absorption has a local maximum. The original light source was
comprised of two SLDs with partially overlapping spectra and power outputs selected to result in a
nearly Gaussian shaped spautrof the light source (Fig.4A2 black line).The original SLD was
modifiedwith assistance from Superlum to increase the power output of the shorter wavelength SLD,
which was centered at ~98@n, overlapping with the water absorption peak. The speltipéof

the modified light source is shown in Fig&4.@ed line), and the total power output of the source was
~10 mW. Note that the spectra shown in Figkl &e the spectra of the original and modified light
sources measured at the detection end G(fiADET system with a silver mirror used as a sample in

the imaging arm of the system. Therefore, this measurement automatically accounts for any spectral
losses related to the transmission bandwidth of all optical and fiber optic componentivGiie

sygem, as well as the spectral sensitivity of the CCD camera. The graphs in black and red colors in
Fig.4.38 and Fig.4.& show the spectra measured at the detection end s system with the
original and modified light sources, for water cells amB and 25mm thickness respectively,
inserted irboththe sampleandthereferencearns of the OCT system before the mirror. Figltahd
Fig.4.3Eshow tle measured axial PSFs of th©&T system for the spectra shown in Fig34a®d
Fig.4.3C In the case ahe 5mm water cell, 4.21m axial resolution was measured in air with the
sample mirror, which corresponds tquf axial resolution in the rat retina assuming an average
refractive index of 1.38 for retinal tissue in the @@ wavelength range. This ahitutes about

~30% improvement of the axial OCT resolution in the rat eye as compared to the one achieved with
the nonreshaped spectrum of the standard, comially available light sour¢®l]. In the case of

the 25mm water cell, the measured resolution from the mirror reflection Wam;-corresponding

to ~5um imaging resolution in the human retina, assuming an average refractive index of 1.38 of
retinal tissue. In this case, spatteshaping of the SLD based light sourtgrovedthe axial OCT
resolutionby about~12% as compared to previously published reffilis The axial PSF can also

be calculated by penfming FT on the crossorrelation of sample and reference spectra. Figures 4.3F
shows thecalculatedhxial PSFsn the case of fnm water cells in both sample and reference arms .
The resulting axial resolutionis air are 4.6um and 5.6um for the modifed and regular SLDs

respectively. For 25m of water, the calculations result in®um and 72 um for modified and
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regular SLDs respectivelfFig.4.3G) These values are close to the measured axial resolutions.
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Fig.4.3 Spectra of the original and midelil SLD based light sources measured at the detection end of the SD
OCT system from a mirror reflection in the sample afth Spectra of the original and modified SLD based
light sources measured after a double pass of the imaging beam throogh @pand 25mm thick C) water
cells. PSFs measured with tdOCT system with the two light sources and witm& [©) and 25mm (E)
water cells in both arms of the imaging syst@&alculated PSFs from cressrrelation of sample and reference
arms with 5mm (F) and 25mm (G) water cells inserted in both sample and reference arms of the OCT system.

(Figurereproduced with modificatiorfsom[134] with permissiorfrom the journal)
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The experimentally measured axial resolutions (Fig.4.3D and E) are within 10% from the values
calculated from the reference and sample spectra (Fig.4.3F and G). This difference is most likely due
to the fact that the spectra and PSFs were acquired oremtiffeccasions possibly with slightly
different experimental conditions such as polarization mismatch between the reference and sample
arms of the interferometer, chromatic aberrations of the focusing lenses and precision of the

positioning of the mirrom the sample arm during the axial resolution measurements.

To demonstrate experimentally the effect of the high axial OCT resolution on the image quality,
OCT tomograms were acquirgdvivo from the retinas of Long Evans rai$ie imaging procedure
and d#a processing was performed as explained in previously in chapters 3.3 dfiduset4.4
shows representative 2D and 3D images of healthy rat retinas adgqued with the reshaped
spectrumThe images were acquired atlkdz with 1.6 mW power of theoptical beam incident on

the rat cornea ar@#® dB sensitivity. The image size is 100&gans x 220 pixels.

The image in Fig.44 was acquired away from the optic disc and shows clear visualization of all
intracretinal layers, crossections of blood vests in the underlying choroid and part of the sclera.
The image in Fig.4Bwas acquired from the area around the optic disc and shows-aemritims of
the remains of the hyaloood vessel (HV). The small black circular features observed in the inner
and outer plexiform layers of the rat retindboth images correspond mébkely to reflections from

red blood cellgabout 6 pum in diameten) the tiny capillaries
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Fig.4.4 Twodimensional images of rat retina acquinedivo away from the optidisc @A); and at the optic
disc B). Image dimensions are 1000 x 220 pixels. Both images show clear visualization of all retinal layers, as
well as the crossections of multiple choroidal vessels matkéth red arrows. Crossections of capillaries
locaed at the inner plexiform (IPL) and outer plexiform (OPL) layers are distinctly visible on both images and
marked with blue arrows~ig.4.4Bshows the remains tfie hyaloids vessel (HV). Fig4C shows a
representative 3D stack of 172sBans of the rattina. Fig.4.4D shows arenfacecrosssection of the retina
obtained from the 3D stack at the location of the outer plexiform layer of the retina.-Tdeeemage shows
the intricate network of capillaries, that correspond to the highly reflectie& bfeots in observed in the 2D
retinal images (blue arrows)FL: nerve fibre layer, GCL: Ganglion cell layer, IPL: inner plexiform layer, INL:
inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, ELM: external limiting membrane,
IS/OS: inner segment outer segment junction, RPE: retinal pigment epithelium, C: choroid, S{Fglera.

reproducedrom[134] with permissiorfrom the journal)
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To determine th effect of the improved axial OCT resolution on the image quality, OCT
tomograms were acquired with the original and the modified light source at approximately the same

location in the rat retina of the same animal. Representative images are showbin Fig.
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Fig.4.5. Comparison of retinal OCT tomograms acquired with the origh)ar(d the modifiedg) SLD based
light source. The image acquired with the modified light source shows slightly better visualization of the
boundaries of the inner retinalkxs, as well as better definition of the reflections from retinal capillaries (red

arrows).(Figurereproducedrom[134] with permissiorfrom the journal)

Visual comparisof the two images shows that the one acquired with the modified light source
(Fig.4.5B) offers slightly better delineation of the retinal layer boundaries decreased apparent
sizeof the highly reflective spots that correspond to reflections fromatetapillaries (red arrows).
This improvementin Fig.4.5B compared to Fig.4.5A isost likely due to the resolution
improvementffect where the axial PSF of the image in the latteanowerthan that of the former
resulting infiner appearance of tfeapillaries in the OCT tomogram acquired with the modified SLD
(Fig.4.5B) Since the experimental improvement of the axial OCT resolutithis case was limited
to only ~30% due to technical difficulties of building a light source with spectral oltgetto the
one suggested by the theoretical model, and given the size of morphological features in the rat retina,
dramatic changes in the image quality of the retinal tomograms were not expetted.
development of light sources based on the modskpted here, could potentially generajen?
axial OCT resolution in the rat retina, which will constitute of factoxag2olution improvement as

54



compared to recently published reg6itg Howeverthe maximunpermissiblgoowerfor safe retinal

imaging will posesevere restrictions to the image contrast.

The diffraction limited lateral resolution in th&t retina is calculatedia Eq.1.5 which yields-3.2
pum in retina for the 1.2mm sizeof the imaging bearased in this studyHowever this diffraction
limited value can be improved by increasing the pupil size andagh8lum for a 3mm pupil size
1020nm central wavelengénd the typical 300 dioptpwerof the rat eyevhen tle aberrations are
corrected using adaptive optiegence by using acombnedOCT andadaptive optics (8) system,
diffraction limitedlateralresolution obelow 2 um can be achieved in the rat retina that would allow

for resolving adjacent photoreceptells(~2 um separatiof152]) .

4.4 Discussion

Results from the computational model (Fig@).show that the use of a Gaussian shaped
spectrum in the ingaing beam of asdOCT system designed for retinal imaging at 1960 and the
water absorption profile in this wavelength range ultimately limit the maximum achievable axial
OCT resolution to ~4.5m in the human retina. Theoretically, reshaping of the G@actrum
incident on the human cornea can improve the axial OCT resolution in humar(Fig.4.2Cand
4D). However the extent of the reshaping is limited by the maximum permissible exposure limit
defined by the ANSI standaj@]. For the spectral range 96T 1200nm, 7mm limiting aperture
and 10s continuous exposyriae ANSI limit for the power incident on the human earis2.0 mW.
Previous studi¢s1] conducted with a commercially available SLD based light source (same as the
basic SLD unit used in the current study before the modification) have shown that 5.7um axial OCT
resolution can be achievedtire human retina with imaging power of snlV at the cornedn this
study, an improved axial resolution ofig was shown for a 281m water cell corresponding to the
water content of the human efgease refer to Appendix A for more results in human OCT
imaging) According to the computational modeteghaped spectrum similar to the onesgnéed in
Fig.4.2ZC could theoretically result in3-um axial OCT resolution in the human retikbowever,
calculations show-80% power loss due to water absorptiol &ience need for increased input
power to acquire high contrast imagesirther truncation of the shorter wavelength endhef
reshaped spectrurtmyncating the spectrum showrFig.42C), or partial magnitude reduction of the
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peak at ~98@dm couldlower the imagng power incident on the cornatithe expense olegrading
the axial OCT resolution in the human retina. In the case of imaging the rat retina, use of spectral
reshaping offers theoretically and experimentally, significant improvement as edrntparevious

studies conducted with a commercially available [SiLP

Dueto the higheNA of the rateye whichresults in smaller spot size on the retina and the shorter
axial lengthwhich leads to less water absorption,ittagliance atheretinaltissue for eack-scan is
higher in the rat retinascompared to the human retiog a factor of the ratio of the twé $quared
(where # is the ratio of the focal length to the pupitutiieter).This sugges the need for more
conservative use of the input povirerrat eyefor which the limit for the 1mm by 1mm scan at a
1020 nmcentral wavelengtivould be 0.5 mW for 5 minThe imaging bearpowerused in this
study was 1.6 mW at the cemnabove this corrected ANSI standakal this study, the allowed
modifications to the SLD unit limited the aging power incident on the radrnea to 1.6nW and
the spectral modifications only to the shorter wavelength end of the SLD spectrum. ~30%
improvement of the axial OCT resolution in the rat retmas achieved witlthese spectral
modifications Future development of light sources with properly shaped emission spectra could
potentially allow the achievement of i axial OCT resolution in the raderetina, close to the
theoretical limit predicted in this study (Fig.B)dut the scanning area would need to increase or the
spectrum would need to be centered at a longer wavelength to meet the corrected ANSIEt@ndard
high axial OCT resolution camprove thecontrasof small features in the rodent retina, for example
the small capillaries in the plexiform layers, as well as the sharpness of the retinal layer boundaries in
the OCT images. The last feature is directly related to the precisiaptandl performance of layer
segmentation algorithms and the accurate thickness measurement of individual retinal layers, which
can serve as a biomarker of developing retinal diseases. FurthermoresdD@E system is
combined with an adaptive optics@\systemgiffraction limited lateratesolution obelow 2 um
can be achieved in the rodent retidae to the shorter focal length of sha@nimab syes. Such
imaging resolution could potentially allow for visualization of individual photorecept8E3, iwhich
would be of significant interest t@searcherstudying neurodegenerative diseasadelsin small

animals
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The strong attenuation of the optical imaging power in the human eye resulting from water
absorption in the vitreous and the anterionabex will also have a detrimental effect on the contrast
and image penetration depth of retinal OCT tomograms. Assuming an average water absorption
coefficient of 0.04mmni* for the spectral range of 9%ni 1130nm, a double pass of the optical
beam throgh a human eye of 26Bm average length, would result ind® loss of SNR which could
significantly affect the OCT image contrast and penetration depth into the choroid. In the case of
small animal eye (for example rodents) imaging, the SNR loss duestoalvabrption will be in the
order of 2dB, which should not affect significantly the contrast or image penetration depth of 1060
nm OCT retinal tomograms. This is clearly demonstrated by the rat retina images acquired with

modified light source.

The simle computational model described in this manuscript can serve as a guideline for future
design of novel light sources, taggto improve the axial OCT resolution of ophthalmic OCT
systems, designed for imaging the human or animal retina in the nb@6@avelength range.
Although the model was tested experimentally wgd@CT system, improvement of the axial OCT
resolution in retinal imaging through specteghaping is feasible both in @&T ands<OCT. It is
important to note that other factors sucthasspectral efficiency of the detector (whether it is a single
photodiode, a dual balanced detector or a linear array CCD), as well as the spectral characteristics of
all optical and fiber optic components in the imaging system will further modify thesiemi
spectrum of the light source, as it propagates through the system. These modifications can have
positive or negative effexbn axial OCT resolutiorExtending the spectrum of the input imaging
beam to < 90Gim can result in multimodal light propaigat through the fiber based OCT system,
which can have a detrimental effect on ti&TQ@uxial resolution and SNRurthermore, as shown in
Fig.3.3the InGaAdetectorefficiency dropssharplyfor wavelengtls shorter that 960m (e.g. 50%
for 920nm vs. 80%dr 960nm)hence, it i s better to move the
away from 900hm and closer to 110fim to usethe maximum detector sensitivity and gaimere
uniform camera efficiency over the spectridm the other hand, extending thedpum beyond
1120nmwill result in significant power loss due treasd water absorption. Thefe the optimal
wavelength range to work with is betweds® @m and 1120im. In the OCT system used for the
experimental verification of the computer modbers with cutoff wavelength of 90Bmwere used
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and the shorter wavelength end of the spectrum of the modified SLD light source was located at ~950
nm. If the exact spectral characteristics of some of the OCT system components are finany

theycan be included in the computer model for better guidance of the final design of the desired light
source spectrum. In this study, the spectral efficiency of the InGaAs CCD camera was intheled in
computational modeds explainecarlier in this chapteas well asn chapter 3.20ther factors, for
example the spectral transmission of fiber couplers or fiberoptic isolators are polarization dependent,
therefore, their influence on the final detected spectrum can only be approximated in the proposed
compuer model.

4.5 Conclusions

Improving the axial resolution of ophthalmic UMPCT systems designed for retinal imaging in
the 1060hm wavelength range is a key factordsolutionof adjacensmall morphological detaitsr
the improved contrast of small featsine the human or animal retina that can be associated with
diagnostic or therapeutic markers of many retinal diseases. Furthermore, the high axial resolution will
improve the precision of segmentation algorithms designed for thickness measurementoéindiv
retinal layers. In this chapiéhe effectiveness of spectral shaping as a method for improving the axial
resolution in the retina of UHRCT systems designed for the 1060 wavelength region was
proposed and tested. Results from this study ngtestablish the theoretical and practical limits to
the highest axial OCT resolution achievable at 1080 but also can serve as a guideline for

development of novel light sources for UHKCT at 10661m.
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Chapter 5
Long-Term Effect of Sodium lodate Toxicity in a Rat Model of
Outer Retina Degeneration Imagedn Vivo with

Ultrahigh Resolution Optical Coherence Tomogaphy

This chapter is based on the following journal publication:

S. Hariri, A. A. Moayed, V. Choh, and K.
reflectivity in a rat outer retinal degeneration model with ultrahigh resolution optical
coherence tom g r a prvest, @phthalmol. Vis. Scivol. 53, no. 4, pp. 1982989, Apr.
2012[154]

The UHROCT system used for this study was designed antt bwi Dr. Kostadinka
Bizheva. She has also oversedre experimers, the data analysisand the manuscript
preparation and made revision to the text.

Dr. V Chohhastaught the author tissue preparation, H&E staining, pegtjearand imaging
histological coss sections. She has also supervikedstatistical analysis of the data used in
this manuscript and made revisions to the text including the method sections regarding the

histology and statistics as well as the results and discussion sections.

A.A.Moayed assisted witlthe animal handling andmaging, data processing, 3D data

reconstruction and revans ofthe manuscript.

Design and teshg of the imaging probe used famaging the ratreting design and
conducting the animal experiments, OCT image m@ssing, active participation in
development and modification of the segmentation algorithm (developed by Akshaya
Mishra, [135]), statistical analysis of the thickness and reflectivity détasue pregpration,
H&E staining and imaging of the histological cross secfi@ss well aspreparingthe

manuscriparet he aut hor 6s wor k.
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All animal procedures were conducted in accordance with the regulations of the University
of Waterloo Animal Care Committee and in compliance with the ARVO statement for ethical

use of animals in ophthalmic and vision research.

5.1 Overview

The high speedJHR-OCT system described in the previous chapter was usead favo
longitudinal assessment of letegm (p to3 months) effect of sodiumdate retinotoxin othe rat

retina.

Outer retinal degeneration was inducedtifemale Lang Evans ratsia tail vein injection of
sodium iodaté40 mg/kg). Changes in the thickness and optical reflectivity of individual retinal layers
wereextracted using the sefitomatic segmentation algorithm (see chapfaBd wereassessed
in vivo at 6 hours, day4, 3 and 7andup to 3 months poshjection with UHROCT. H & E

histology was used to confirm the morphological changes observed in th®©OMfinages.

UHR-OCT tomograns showed progressive structural damage in the rat retina over tiegssuc
swelling, thinning, complete disintegration of individual retinal layers and clustering of highly
reflective cellular debris. Photoreceptyrerswelling was observed 6 hours pogction of sodium
iodate, followed by progressive structural decositipn of the outer retina. At 3 months post
injection, the outer retina was completely disintegrated and the inner nuclear layer (INL) was in direct
contact with the choroid. Changes in the reflectivity of individual retinal layers were observed over
time and correlated well with the morphological changes.
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5.2 Introduction

As mentioned previously (chapter 2.8)dium iodate is a retinotoxin that is used in animal
models to induce outer retinal degener§tiof], [107], [1141[117], [120], [124], [131] This
compound is known to selectively affebetRPE cells as the primary site of danfe#@d. Since
normal RPE function is essential for PR survival, PR functional and structural degradation follows
the REE degeneratiorntil recently, all reported studies that investigated the morphological effects
of sodium iodate on different retinal layers have been condegtadvousing histological and
immunohistehemical methods. In these longitudinal studiesinagt were evaluated both
gualitatively and quantitatively for morphological changes at different time points after drug
administration. The quantitative data was acquired by manual thickness measurement of different
layers along with the number count otlaiirows in the outer nuclear layer (OfL)7]. Although
histology and immunohistochemistry provide -seliular level resolution images of the retinal
structure and very valuable information as to retinal physiology and biochemissiy,ntlie¢hods
have a common disadvantagiaey require termination of multiple animals at each time point of a
longitudinal study to allow for statistical evaluation of the research results, and do notrperrit
examination of the retinal structure, éion or physiology.

Compared to other optical imaging techniques such as fundus photography and scanning laser
ophthalmoscopy (SLO), UHRCT provides, in reglme, crosssectional morphological tomograms
of the retina that permit morphometric analysigarms of individual layer thickness and shape.
Furthermore, UHFOCT can provide information about the optical properties of biological tissue in
terms of wavelengtdependent absorption and scattering that can be used to infer information
regarding retial biochemistrfd55]i [157]. This additional information could be useful in retinal
degeneration studies as a +iovasive tool for investigating cell deaith viva, since it has been
demonstrated recently that cell apoptosis and necrosis chasges in the tissue optical
reflectivity[158], [159] In a recent study, UHRCT was used foin vivo quantification of the
reflectivity of retinal layers in healthy human refid&]. Over the past decade UHBCT has been
used to image both human ref8&], [38] and rodent retirj&0], [51], [53] [55], [160]in health and

in disease
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Preliminary results fronthe OCT imaging of outer retina degeneratiomatscaused by sodm
iodate wergoublished previously by our grotgr the first time Retinas were imadet baseline, day
3 and day 7 post IV sodium iodate injectamd resultswere compared with the retinal electrical
activity recorded by electroretinography (ERSBpwing severdamage to both retinal structure and

electrical functiofil61].

In this study the high speed UHFROCT system and a sefamtomaticlayer segmentation
algorithm wereused to imagen vivo and quantify morphological changes in the rat retina in a
longitudinal study olong-term effect of sodium iodataduced outer retinal degeneration.

5.3 Study Procedure

Ten 11-16 weeks old animals wetesed for this study. Four rats weneaged before digi
administration (baseline) as well as at 6 hours, on days 1, 3, 7 and at months 1, 2 and 3 post
sodium iodate injection (IV40 mg/kg). Three rats were imaged as the control group at
baseline and 12 and 3monthspost vehicle injectionAdditional threerats wereinjected
with the drugmaged and then euthanized, one at bas¢hatore drug administrationpne
at day 7 and another one at month 3 post drug injection for histological processing to confirm
the morphological changes observed in the UBIRT images.All the OCT measurement
sessionsvere conducted within the 2 hour time interfraim 12 pm to2 pm tominimizethe

potentialeffect ofdiurnalvariatiorsin the tissue thickness and reflectivitythns study

5.4 Statistical Analysis

The average vaksfor individual layersacquired from the segmented 3D data @#tapter 3.5)
were used for statistical analydBue tothe occurrences of rats not cooperating in the -kemgn
study, the missing data module of the statistical package (SPSS v16ed/as nspute 5 missing
values (out of the total 32 values: 4 animals and 8 time points for each animéipe $tatistical
analysis of the thickness and reflectivity data,wag repeated measures ANOVAs on the values
were used to determine changesach retinal layeas a function of tim¢significant changeg O
0.05. Bonferronicorrected multiple comparison tests were used as thbgogtstThe significance
t hr eshol Jwag tdrreated ffou the pairwise comparisons according to the Bmfer

62



correction criteria base on the number of pairs tesigdificant changeqy DU=0,05/n, for n
pairg.
Unfortunately, since the control study was not performed at all time points (only done at baseline,

months 1,2 and 3), the comparison of tr@trol and experiment group in the statistical analysis was

not possible. Hence, independent tests were performed on these two groups.

5.5 Results

Representative UHRCT crosssectionaltomogramsof the centralretina located 4+ mm
temporalsuperiorto theoptic nerve head in a rat eymagedover a time span of 3 months are shown
in Fig.5.1, thus corresponding to different stagesouter retinh degenerationH&E-stained
histological sections of a similar location in the retina, prepared at baselinearath months post
injection are presented as well (Fig.5.1B, 1G and 1K, respectiVhly)cell nuclei appear dark blue
in the histology images while the cell bodies appear pink due to their different stain absalption.
intraretinal layers and thehoroid are clearly visible in the healthy reti@g.5.1A). The histology
section acquired at baseline (Fig.5.8Bp showsi clear view of alretinallayers including thener
segment (black arrow) and outer segment (red arrow) of the PR $ayenours after drug
administrationig.5.10), the PR outer segmen®g) structure is disrupted and the OS low reflective
bandappears darkendicating increased reflectivitffrig.5.1C, bracketin the OCT imagesA low
reflective layer is observed to appear lestwthe PR layend RPEFig.5.1C, arrow)One day post
injection (Ag.5.1D), the OSappearsimilar to its normalow reflective contrast, the low reflective
layer located between the PR and Rf@Bdisappearedndthe external limiting membran&l(M)
and the inner segmentS) to OS junction I§OS junctior) areless visible.The ordered inner and
outer segment structure disappeadagt 3post sodium iodate injectioni¢fs.1E), while the layered
stricture of the PRs completely disrupted andppearsdark, suggesting increaseeflectiity
(Fig.5.1E, black arrow)At this time point, the ELM is no longsisible, the outer plexiform layer
(OPLD has become irregulan shape (Fig.5.1E, rearrow) anddisruptions in the RPE layare
visible (Fig.5.1Ewhite arrow). The image from day (Fig.5.1F showscompletedecomposition of
the PR layerstructure(Fig.5.1F, black arrowand severe irregularity in the OREig.5.1F,red
arrow) The corresponding histology image (Fig.5.1G) also shows irregulantitee OPL and
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similar decomposition of the PR layas observed in the OCT tomograhhe detachment at the PR
layer is histology artifact.

Baseline 6Hours
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Figure5.1: Crosssectional UHROCT and histology images of rat retina at different stages of the outer retina
degeneration. Healthy retina at baseline (A) show all layers of a normal rat tetages acquired at various
time points after drug injection show the gradual degeneration and decomposition of the outer fietamad (C
H-J). Histological crosssectionsacquired at baseline (B), day 7 (G) and month 3 (K) post drug administration
correlate well with the corresponding OCT images of the same time point. NFL: nerve fibre layer, GCL:
Ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layd?| Oouter plexiform layer, ONL:
outer nuclear layer, ELM: external limiting membrane, IS/OS: inner segment outer segment junction, RPE:
retinal pigment epithelium, C: choroid, S: scldfigurereproduced froifi54] with permissiorfrom the

journal)
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One month post drug administration, theer retina appears collapsed, anthin, irregularly
shaped layer dhighly reflective material separates theer nuclear layer (INL) from the choroid
(Fig.5.1H). Images acquired 2 a3 months post injectioof sodium iodate (§.5.11 and 1J,
respectively show progressivand complete disintegration dhe outer retinastructure.The INL
appearsn directcontact with the choroidue to absence of the outer retina. The histological section
acquired at 3 months post drug injection (Fig.5.1K) confirms the absence of the outer retina. Here the

lower border of the dark blue INL is in contact with the choroid.

Quantitative analysis ofhe structural changes over time in thigter retinal degeneration model
was carried out by segmenting the individual retinal layers from the-OER tomograms and
measuring theiaveragethickness and mical reflectivity as a funain of time. The segmented
tomograms were from the 3D imaged volumes corresponding to ~1mmx1mm area at the surface of
the retina located ~1mm tempesalperior to the optic nerve he#@drepresentativerosssectional
retinal tomogram and the correspondsggmented image are presented in Figure 5.2. The region
between each two lines considered one layén Fig5.2A all retinal layes as well as the choroid
and sclera are labeled. Brackets in Fig.5.2B mark the regions used for quantitative assettmment of
thickness and reflectivity changddie total retina is measured from the surface of the NFL to the
bottom of the RPE asbeledby a bracket in Fig.5.2BThe segmentation algorithm was able to
segment the choroid and 9 layers in the healthy rat,rétofavhich were the stlayers of the PRL(
the pale IS layer from ELM to IS/OS junction, 2. the dark I1S/OS junction, 3. the pale OS band below
IS/IOS and 4. the dark band of the-RBE junction). The first PR band (from ELM to I1S/OS
junction) was not iduded in the RP layer measurements since it was only visible in the baseline and
hour 6.Hence the PR layawvas measured from IS/OS junction to the RAMBe number of
segmented retinal layers changed over time with the outer retinal degenkratiersperimental
group, no datavas availableafter day 7 for the ONL (D) and after day 3 for the IS/OS junction to
RPE (E) because these layers could not be segmented due to sever disruption and degeneration.
Therefore, thanalysis oftheselayerswasdonefrom thebaseling(before treatment)ntil the last

time point at which the layer was still present.
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Figure5.2 Original (A) and segmented (B) UHBCT tomogram acquired at baseline (day 0, before sodium
iodate injection) highlighting different retinaiers (A) and regions used for extracting thickness and

reflectivity values (brackets in BjFigurereproducedrom[154] with permissiorfrom the jaurnal)

Figure 5.3 shows sample segmented OCT images acquired at differgitite®f the study. As
explained above, 10 layers were segmented in the baseline images including 4 layers within the PR
layer (Fig.5.3A) At six hours post injection 9 layersuld be segmented including 3 in the PR layer
(Fig.5.3B).One day post injection, only one layer could be detected in the PR layer resulting in a total
of 7 layers (Fig.5.3CAt day 3, the OPL could not be segmented dsevere disruption and hence,

6 layers weresegmented Hig.5.3D). Seven days post injectiénlayers could be segmented
(Fig.5.3E). Howeverdue tothe severe irregularities in the PR layer structure, it could not be
segmented as a continuous layer and hence the measurements frger thisréanot included in the
analysis from this timpoint onwardAt one, two and three months post injection (Fig.5-8k5.3G

and Fig.5.3H respectivglyl layers were segmented, three of which were the innerl fleipess
(NFL, IPL and INL).
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Baseline 6 Hours Day 1 Day 3

Day 7 1 Month 2 Months 3 Months

Figure5.3 shows sample segmented OCT tomograms acquired from a rat at baseline (A), 6 hours (B), day 1 (C), day 3
(D), day 7 (E), 1 month (F), 2 months (G), 3 months (H).

Statisticalresults from the retinal lay#ricknessand intensity (reflectivity) measuremisfor both
experimerdl (sodium iodate injected) and control grogpe presenteth Fig.54 and Fig.5 for
different time points of the longitudinal studyhe black and red bars represent the average values
for the drug injected and the control gueuespectivelyThe error bars depict one standard deviation

in the graphs.

For the statistical analysis, one way repeated measdN®OVA was used When p<0.05
Bonferon corrected pairwise comparisonereusedfor the posthoc teshg. Time points tht were
significantly different from the baseline are markeith an asteriskn the graphs (Fig.5.4 and
Fig.5.5).

Results showed that there was no significant change in any of the time pointsontitbistudy
in thickness(total retina F=1.42, p=0.35; choroid F=0.18, p=0.82, IPL: F=2.23 p=0.26 ONL:
F=0.52, p=0.54 IS/IOSRPE F=0.75,p=0.51)in the control groupver the 3 montbf thestudy

In the sodium iodate injected groupettotal retinkthicknessshowedsignificant changesver
time (F=218, p=0.000002) Probability valuesrom the Bonferroncorrected pairwise comparisons
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are presented in Table 5.1 belealues significant ggO0 . 0 1 7 8

pointsU=0. 05/28=0.00178

Total Base 6 hours Day1l Day 3
retina
thickness
Base
6 hours

0.03712
Day 1

0.12235 2.30E-05
Day 3

0.19794 3.61E-05 1
Day 7

2.97E-05 2.39E-08 0.04919 0.02995
Month 1

8.97E-12 1.47E-13 6.38E-10 4.71E-10
Month 2

7.38E-15 3.48E-16 1.53E-13 1.24E-13
Month 3

4.54E-15 2.28E-16

Table 5.1Probability values for Bnferroni corrected pairwise comparisons of total retina thickness clfiamngyes)
t h¢aluds sighiicdni an e

treated animalat each time point. h e

Thethickness othe total retinavassignificantly lower at dayl, month 1, month 2 and month 3

compared to the baseline (BiglA).

The choroid thicknes@=ig.5.4B) showed no difference at any time poiRt8.42,p=0.1). IPL
thickness (Fig.5.4C) showed change over time F£7.32, p=0.013). Pairwise comparison
(U =@b/28=0.00178) showed that there was a difference betweers@hmonth 3 ¢=0.0009 and
between day 7 & month £ 0.00003. However,noneof thetime pointswere different from the

baselingall p>0.0178).

There was a change in the ONL thickn@<g.5.4D) over time F=15.03,p=0.017) Ten pairs
were considereih the posthoc analysig5 time pointsU = 0 . 0 B051Tbhere Was a difference
betweenthe baseline and day(B=0.00183, baseline and day Pp<0.00369, 6 hours and day 3
(p=0.0009 and 6 hours and dayp<£0.00189. The ONL thickness wasignificantly increased at
days 3 and 7 of the study. Due tlee lack of visibilityof the OPL, the ONL could not be segmented

8.74E-14  7.11E-14

| abel fiBaseo

pd0. 0178
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2.32E-07
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with high confidence at the time points past day 7 of the study
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The thikness of thephotorecepto(PR) layer structurdgeween the 1S/OS junction and the RPE
(Fig.5.4E) changed significantly over tim&£53.57,p= 0.0047. For the 6 pair¢4 time points)n
the pairwise comparison (U=0.05/6=0083g, ther
0.00157), baseline and day (i=0.00173, 6 hours and daylp€0.000008, 6 hours and day3
(p=0.0000). Hence the PR layer thickness decreased significan@ynhours and day 1 compared to
the baseline.After day 3 post injection, the PR structure appeared so irregular that it could not be

segmented as a cohesive layer.
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Figure5.4: Results from statisticanalysis of théhicknessdataover 4experimen{drug injected) and 3 control
rats. In each graph, the Nakinjected and control data are shown in black and red columns respectively.
Graphs show results for total retina thickness (A), choroid (B), IPL (C), ONL (D) and 1S/OS junction to RPE
(E). Error bars represent the standard deviatissterisks at each column in the graphs indicate the statistically
significant deviation of thickness from the baselinethe experimental groupo datas showafter day 7 for
the ONL(D) and after day 3 for the IS5 junction to RPEE) becaus¢hese layescould not be segmented due
to sever disruption and degeneration. Please see Falfler additional significant pairwise comparisons.

(Figurereproduced with modificatiorfsom[154] with permissiorfrom the journal)

Figure 55 summarizes statistical results for the observed changes in the tissue reflectivity of the rat

retina as a whole, as well as foriindual retinal layers, as a function of tinmeboth experiment and
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control groupsSince the image contrast vargamewhat during theifferent imaging sessions due

to slight variation in the system performantght coupling in the animal eyend posible

differences in the image quality in different animals, the intensity of eaclwlageormalized to tat

of the corresponding IPLThis normalization assumed that the IPL reflectivity was not affected
significantly by the sodium iodateduced outeretinal degeneration. The IPL was chosen for the
normalization procedure, because it appeared to remain unaffected by thedulred retinal

degeneration. Of course, this normalization was not performed on the IPL reflectivityavalube
statisticalanalysis was performed on the absolute values acquired from thisolgyeserve the

possible variations in this layer over tindne reflectivity changes are presented in percentage by

setting the experimegitg r oup 6 s basel i ne rgdugadminigtrationyequalto | mage s

100%in Fig.5.5for convenient comparison

Results showed that there was no significant change in any of the time points in intensity (total
retina F=1.23, p0.38 choroid F=3.59, p0.14 IPL: F=2.63, p0.24 ONL: F=1.46 p=0.34
ISIOSRPE F=1.22, 50.38) in the control group over the 3 month of the study.

The statistical analysis of the ddtam the drug treated animalshowed that the total retina
reflectivity (Fig.5.5A) changed as a function of timé=29.54,p=0.002). Probability values for the
Bonferroni corrected pairwise comparisane presented in thieable 5.2. Since there are 28 pairs (8
time points) the corrected alphawa i s U= 0. . FobabilidySvalu@ssignifichnt 6
p<0.0178are shown in red in the table.
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Total Base 6 hours Day1 Day 3 Day 7 Monthl Month2 o=0.05/28

retina
reflectivity
Base 0.00178
6 hours
0.01131
Day 1
7.11E-06 0.10747
Day 3
2.71E-05 0.44924 1
Day 7
0.0016 1 0.6799 1
Month 1
1.77E-08 6.00E-05 0.1193 0.02698 3.84E-04
Month 2
1.47E-08 4.68E-05 0.0917 0.02061 2.96E-04 1
Month 3
1.26E-08 3.82E-05 0.07378 0.01651 2.39E-04 1 1

Table 5.2Probability values for Bonferroni corrected pairwise comparisons of totalreftéedivity changes at each
time pointT h e | a b e dr thdbBsaliseandastirements prior to injectialues significantggO0 . 0178 are show
red.

These results showed that the total retina reflectivity was reduced significantly from day 1 onward
compared to thbaseline. Ther&as no change in the reftevity of the choroid (Fig.5.5B) over time
(F=3.28,p=0.3)As reported in previous studig$4], [117], [124]and confirmed in this study, the
IPL reflectivity did not change significantly over tinte=0.52p = 0.62046 Fig.5.5C).

The reflectivity of the @IL (Fig.5.5D) showed significant change over tiffieX0.02 p=0.009).
Pairwise comparisabetween timpoints( 5 t i me points, 10 pair, U=0.
was a different between baseline and dgy=8.00362 and between 6 hours and dag30,00153.
Hence, the data showed that the reflectivity of the ONL was significantly increased at day 3
compared to the baselirmnsistent withthe collapse of the PRL amé-distribution of highly

reflective material throughothie outer retina

Thereflectivity of the PRayerstructure between th&/0S junction and RPgEig.5.5E)changed
as a function of time==10.58,p=0.033. Bonferroni corrected paise comparisor (4 time points,
6pais U=0.05/6=0083) showed babelinéanddayepg0029as a di

The PRayer was significantly redudett day 1 compared to the baseline.
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Figure5.5: Results from statisticanalysis of théntensity (reflectivity) measuremes over dexperimendl
(drug injected) and 3 contradts. In each graph, the Naknjected and control data are shown in black and red
columns respectively\Graphs show results for total retina thickness (A), choroid (B), IPL (C), ONL (D) and
IS/OS juntion to RPE (E). Error bars represennestandard deviatiorAsterisks at each column in the graphs
indicate the statistically significadifference betweethe reflectivityof that layer at that time poifrtom the
baselineln the experimental grouppo data is show after day 7 for the ONL (D) and after day 3 for the IS/OS
junction to RPE (E) because these layers could not be segmented due to sever disruption and degeneration.
Please see Table 5.2 for additional significant pairwise comparigeigsre reproduced with modifications

from[154] with permissiorfrom the journal)

To map out spatial variations in the total retinal thickness andtrafieover time, Bscans from
one3D datasetacquired fromapproximately the same location of animalretinaateachtime point
of the longitudinal studybefore and after the treatmengre segmentedhe 3D data shown here
contains the data frorme of the four rats for which total thickness and reflectivity were previously
analysed statistically for changes over tigires % and 57 showenfaceviews of thetotal retina
thickness and reflectivity maggsum of the values from the individuayéasalong the depth ajis
respectivelypf the central region in the rat retina at different time points of the longitudinal study.
Eachen facemap consists of 256 segmenteddans and represents a 1 mm x 1 mm retinal surface

arealocated at ~1mm tempa-superior tathe optic nerve heagdreated using a 1000 x 256 x 512
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pixel 3D volume.The similar patternof surface bloodresselsobserved in theen faceviews at
different time pointshows that the 3D sets were successfaltguiredrom approximatelithe same

location in the retina.
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Figure5.6: Topological thickness maps reconstructed from segmenting 3D OCT image volumes acquired from
the central region of the retid one treated animailt different stages of the degeneration. Each map repsesent
anen faceview of a tissue surface area of ~1 mm x 1 mm, measured at bdmdbne treatmer(d), 6 hours
(B), dayl (C) and day 3 (D) day 7 (E) and 1 month (F) post drug injection. The color bar indicates the color
coding values in microns. The arramFig.56A points at one of the surface blood vesgéligurereproduced

from[154] with permissiorfrom the journal)

Figure 56A shows the thickess distribution of a rat retirsd baseline prior to treatmemthere
slight variation in the thickness is observed due to presence of surface blood vessd, (Fig.5.
arrow) At days 1 and 3 post injectioconsistent with the previous statistical anal{Bable 5.1)no
discerniblechange in the total retina thickness is obsemadglive to baseline but the retina is thinner
than at 6 hourgFig.5.6C and Fig.5.6D respectivelyhe etina thicknesshows gradual dease at
day 7 and monthl in Fig@lz and Fig.%F respectivelyconsistent with the previous statistical

analysis (Table 5.1)
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Figure5.7: Topological reflectivity maps reconstructed from segmenting 3D OCT image volumes dcquire
from the central region of one treatedina at differenstages of the degeneration. Each map represests an
faceview of a tissue surface area of ~1 mm x 1 mm at baseline (A), 6 hours (B), dayl (C), day 3 (D) , day 7 (E)

and 1 month (F) post drug injection. The color bar indicates the camera intensityivaloles coding.The

camera response is linear with incident irradiaite arrow in Fig.5A points to one of the surface blood

vessels(Figurereproduced frofi54] with permissiorfrom the journal)

Figure 57 presents the total retina reflectivity (intensity) map generated from the same data sets as
used for the generation of the thickness data shown in@-i§&ch figure is a 2[2n faceview
reconstruetd from a 3D set frorthe sum of thelepthaveragd layervalues (not normalized to the
IPL) in each Ascan from NFL to RPH-igure 57A showsthe intensity distribution ithe healthy
baselineretina as well as somariationsrelated to preseecof surface blood vessels (arrowihe
total retina reflectivity is reducely day 1 relative to the baseline, consistent with the previous
statistical analysis (Table 5.2), with the plots consistent with a further significant decrease between
Day 7 and Mnth XFigs.5.7BF). Due tothe presence of a severely irregular distribution of the high
reflective material, the surface blood vessels could not be visualized clearly at day7HjFig.5.
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5.6 Discussion

The quantitativethicknessmeasurements in Fighillustrate the changes in layers at different
stages of the outer retina degeneration. The IPL thickness did not vary significantly over the 3 month
period of this sidy, as expected, indicatingasing of the inner retina, similar tbat reported in
previousstudies using histopatholddyt4], [117], [124] The ONL thickness increassigjnificantly
by about 30% at day 3 and 25% at day 7 (with respect to bagatitegjtiallyas a result ofloss of
ELM and merging of the ONL with the first bright band of theal®l also potential changes
occurring in the ONLstructuresThe PR structure from the IS/OS junction to the RPE was the
location of the earliest observed changes in the retina. At 6 hours post injection the PR layer thickness
increasedsignificantly with espect to baselingy 38% due to the appearance of an additional, low
reflective band between the PR OS and the WiflEh disappeared by day 1 when the PR layer was
significantly thinner than baseliriehelow reflectivity and short period of time over whithis layer
appeared and then disappeared together suggest that the layer is most likely comprise@ihef fluid

thickness of the PR structure decreasgaificantlyby 40% at day 1 suggesting PR decomposition.

The total retina thickness did not chargignificantly at 6 houraand day 1post injection
compared to the baselidespite the significant chargga the PR layer thicknegs12 pum increase
and ~11 pndecreaseesspectively. Although the ONL thickness has increased significantly (~10 pm
increag) at day 3 post injection, the thickness of the total retina has not changed significantly.
lack of significant change in the total rettheckness despite the significant changes in other layers at
6 hours, day 1 and dayiSmost likely becauseefthickness changeaused by PR layand ONL
fall within the variability of the total retina thickness valaesl because the PR and ONL may be
changing in opposite directions during some of this peflte total retina thicknesgas decreased
significantly at day 7 by about 16% (~25 pm decreag#) respect to the baseline. This change is
mainly causedy the thicknesshanges in the ONL (~9 um increase) and PR layer (~32 um decrease
as a result of complete los6 PR laye). Total retina thickness 4at 2 and 3 months post injection
showed significantlecreaseompared to the baseline by about 36%, 50% and 52% respeétively.
this time points, the PR layer and ONL could not be distinguished and segmented due to sever outer
reina disruption and degeration
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Quantitativeanalysis of theeflectivity measurements in Figsbshowed intensity variations at
different stages of the degeneratios. é&pected, the IPL showed significant variations in the
reflectivity over time. The slight variation in tieflectivity of this layer wasnost likely due to slight
change in the system performance, coupling of the beam into the animal eye at different imaging
sessions. The ONL reflectivity increasggnificantly by 65% at day 3 with respect to the baseline
moast likely due to noreven distribution of highly reflective debris within the outer retthech could
also be partially responsible for the significant increase in the ONL thickness observed at this time
point. The decrese in the intensity ofhe PRayer wassignificant aB0% at day 1 with respectttoe
baseline when the high reflective bands in the PR layer structure in the OCT tomograms appeared
less reflective (reduced contrast). Thismest likely due toactive decompositionprocessand
disorgaization andoss of photoreceptor cell bodies. At later time points the PR layer could not be
segmented as a continuous layer due to severe irreguldifteegotal retina reflectivity changed
significantly at days 1, 3 and 7 as well as months 1, 2aost3yection compared to the baseline by
abouts2%, 47%, 35%, 74%, 73%,and 73% respectively.

The thickness and reflectivity surface maps presented in this chapter (figs.5.6 and 5.7) only serve
as sample qualitative demonstrations. To explore theantral variations, statistical analysis on the

data from sigle animals at different time points must be conductéature studies

The obsenred thickness increase assumed toré&nal swelling andhe formation ofa low
reflective region below the PRylerat 6 hours poshjectionhave not beereportedn other studies
The only other method previously used to examine the retinalsgoisnal morphology in detail is
histology. The histology results presented in this study (Fig.5.1) are consistarthaihistology
results reported in previous studi€], [116], [124](i.e. disruption of the photoreceptor inner and
outer segments at day 7 and completedbssiter retina at 3 months post drug administratioing.
procedure involved in processing tissue for histology can lead to artefacts, including the separation of
the retina from the choroid, which could be a reason why this particular layer has mever be
observed in histopathological studies. Howeusing electron and light microscoyd kinetic
vitreous fluorophotometnsome studies reportsdveling of RPE cytoplasmic organet at 6 hours,
adecreased number of RPE cell nuclei at 12 fag$and breakdow of the choroidalblood retina

barrier athe RPE24 hours post drug administra(ip®0], all of which could be related to an influx
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and efflux of fluid These movements of fluid could explain the appearance and serfisequ
disappearance of the low reflective region between the PR and RP#S study Further
investigationof the sodium iodateeffect in earliertime poins and using OCT alongyith other
techniqguesuch as-A and FAFmay be required in order to determiheoriginsand composition of

the nevly observeghenomenan

5.7 Conclusion

In this study,a stateof-the-art, high sped, UHROCT system along with a sewitomatic
segmentation algorithmvere usedto visualize, quantify and monitor the structuaatl refectivity
changes ofthe ratretina over timein a sodium iodate model of outer retina degeneration
Furthermore, swelling of the retina due to what is most likely a temporary fluid accumulation
associated with thdrug inducedetina degeneration in thisaakel wasdepicted for the first time
Resultspresented herghowedthat outer retinal damage can be characterized by charthedayer

thickness, shape, integrity and optical properties of different retinal.layers
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Chapter 6
Acute Effect of Sodium lodate Toxicity in a Rat Model of Outer
Retina Degeneration Imagedn Vivo with Ultrahigh Resolution

Optical Coherence Tomography

This chapter is based dime following manuscript:

S. Hariri, Man Chun Tam, Donghyun Lee, Denise Hilegto A. Moayed, and K. Bizheva,
fiNon-invasive imaging of the early effect of sodium iodate toxicity in a rat model of outer
retina degeneration with SODCTO, Journal of Biomedical Opticg-eb. 2013.Issue2, Vol.
18[162]

The UHROCT system used for this study was designed lamé¢t by Dr. Kostadinka
Bizheva. She has also overseen the expersnahe data analysiand the manuscript
preparation and made revision to the text.

A.A.Moayed assisted with animal handling and imaging, data procegswgions and

proofreadingof the manuscript.

After the completion of this thesisjan Chun Tam and Donghyun Lee performed additional
animal experiments for comparisan the OCT imagesvith histology and Denise Hileeto
prepared and analysed the histological and immunohistochemicatseigms obtained
from NalG; treated rat retinasThesepreliminary histology data were not included in this

thesis.

Planning and @nducting the animal experimentsthe OCT image processingmage
segmentation statistical analysis of the thickness areflactivity data as well as the

manuscrippreparatioraret he aut hor 6s wor k.

The author would like to thank Dr. Hutchings and Dr. Campbell for their useful advice and

assistance with improving the statistical analysis methods used in this chapter.
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6.1 Overview

The shorterm, acute effestof sodium iodate toxicity on the rat retina structure was imaged
vivofor the frst time by use dJHR-OCT.

Outer retinadegeneratiomvas induced itwelvefemale Long Evans ratgia tail vein injection of
sodium iodatgNalOs;, 40mg/kg). Six additional rats were used for the control study. Structural
changes in the retinal layesgeach ratvere assessdongitudinally andn vivoat baseline and 1, 2,

3, 6, 8, 10 ad 12 hourgpost sodium iodateinjection with a high speedJHR-OCT systemand

segmentation algorithm

Disruption of the structural integrity of the photoreceptor inner (IS) and outer segment (OS) layers
was observed as early as 1 hour post injecticsoddfim iodate A new layer of very low optical
reflectivity was observed to fim between the retinal pigmempithelum (RPE) and the
photorecepto©S a few hours posbdium iodateinjection in alltreatedanimals. The thickness of
this layer increased, gead and decreased progressively with time, and the layer disappeared
completely by hour 12 of the study. The low reflective layer is most likely a temporary accumulation
of fluid in the retina as an acute response tadtdeim iodateoxicity. Changes ithe reflectivity of
individual retinal layers were observed over time and correlated well with the morphological changes
seen in the OCT tomograms

6.2 Introduction

As reviewed in chapter 2.3.1, a number of studies have been carried out in rodent models to

investigate the acute, shtetm effect oodium iodateon the retina morphology within the first few
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hours after the drug administration. These studies utilized research methods such as histology,
immunohistochemistry, electron microsc®6], [114], [116Jand vitreous fluorophotomefi20].

The studies reported defragmentation of RPE cell nuclei at ~2 hours post drug administration,
disorganization of the rod outer segment {lldcy at ~6 hows, swelling of the RIP cytoplasmic

organelles at ~6 ho|itd6], decreased number of RPE cell nuclei at ~12 6} breakdown of

the bloodretina barrier at ~24 hours post drug administr§tidd] and significant reduction in the
adhesion between the RPE and the Brucho0s membr

sensory retina ~2nd onwardifter sodiumodate administratiof102].

In the previous chapter, the lotegm effect osodium iodaten the morphology of rat retina was
investigated. Moreovelthe presenceof a very low reflective layer between the RPE and the
photoreceptor outer segment (OS) layers at ~6 hoursquiigin iodatenjection was reported for
the first time, which disappeared by day 1 of the study. The presence of this additionaldayar h
been reported before. In this chapter, the same high speedDQHIRsystem and segmentation
algorithm were used to monitor and quantify for the first fimevo and in detail, the acuthort

termeffect of sodium iodat®n the rat retina structir

6.3 Study Procedure

Eighteen 1215 weeks old rats were used for this study. Animals were divided into two groups of
nine. In both groupsx animals were injected with sodium iodate while the other three were used as
controls. In group 1 (n=9) 6 rats reem the IV sodium iodate injection and 3 control rats redeive
equivalent IV injections of phosphate buffered saline (PB&yeakicle. Animals in group 2 received
either sodium iodate (n=6) or vehicle (n=3) as well as 1mL supplementary subcutaneous PBS
injections at hours 1 and 3 post drug administration intended to decrease the severe adverse side
effects of the drug on the anirdahiternal organsinimals were imaged at baseline and hours 1, 2, 3,

6, 8, 10 and 13ost NalOs/vehicle injection The imaghg sessions adhered to a strict schedule,
starting at 9.0 am and finishing at®0pm and 3D UHROCT images were acquired from the same

position of the retina for consistency of the experiment.
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6.4 Statistical Analysis

The average valuesf thickness and refctivity acquired from the segmented 3D data sets
(chapter 3.5) were used for statistical analysis. For the statistical analysis of #uejdia¢a from the
IPL, ONL, PR layer and chorqidepeated measures ANOVA was perforngped0.05) with 2
within-subject factors (Layer and Time point) and one betwsedsject factor (Control or

Experimental Group).

Far the analysis of the total retina thickness and reflectivity, repeated measures with -1 within
subject factor (timeooint) and one betweeaubject factoControl or Experimental Groupyas
performed Dunnett 2tailed was used as the pbsc test for comparison between the céraral

experiment groups.

6.5 Results

Figure 6.1A shows a representative cssdional UHROCT image of the healthy rat retina
acqured at baseline, where all retinal layers are clearly visualized. Since this project focused on
examining the acute effect afidium iodateoxicity on the RPE and photoreceptor IS and OS, it was
important to have a good understanding of the healthy tiaé neorphology of these layees
visualized on the UHROCT images. Figure 6.1B shows a magnified view of a section of the rat
outer retina (area marked withe red rectangle in Fig.6.1A) whilgg.6.1C isa schematic o&
photoreceptor and an RPE cdlhis schematic is based on a recent publication from Spaide and
Curcid152] describing the anatomy of the human photoreceptor cells. The structurbwhtioerod
photoreceptois very similar to that of rats and therefore could be used as a guideline to draw the rat
PR cellschematicsHowever, thg@roportions of the rod PR cell in tkehemati¢Fig.6.1C)presented
herearenot to scaleFigure 6.1allows low and high reflective bands in the UHKT imageto be
relatedo anatomical features of the photoreceptor and RPE cells.
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Figure6.1: A representative UHRCT tomogram acquired from healthy rat retina with all retinal layers clearly
visible and labled (A). Magnified view of the photeceptor and RPE layers)(Bllows for direct correlation of
the alternating low and highly reflective PR bands to anatomical features of the rod photorecepttirecell in

schematic representation)(@Figure reproducg from{162] with permission from the journal)

As observed in the UHRCT tomogram (Fig.6.1B), the photoreceptor layer consists of
alternating low and high reflective layers, which starting from the top and following the analysis
presented by Spaide and Curfis2], can be interpreted as: a very narrow and highly reflective
external limiting membrane (ELM), composed of synapses from the Mueller cells; a low reflective
band corresponding to the myoid, the empgection of the photoreceptors inner segment (IS1) that is
filled mostly with transparent cytoplasm and cellular organelles such as microfilaments, Golgi
apparatus and ribosomes that are less than 1um in size, thus resulting in weak optical redlectivity;
very highly reflective band corresponding to the ellipsoid, the lower part of the photoreceptor inner
segment (1S2) which is filled with densely packed mitochondria with significantly higher refractive
index (~1.49)L64] as compared to the surrounding cytoplasm (~fIL85), [166] a low reflective
outer segment (OS1) consisting of double lipid membrane dick&lgfléav refractive index; a
highly reflective band (0S2), corresponding to the OS/RPE junction, which is filled with interspaced
photoreceptor outer segments and highly reflective microvilli of the RPE cells, which contain large
guantities of melanin dfigh optical refractive index (~1[1}57]; the very thin and highly reflective
line corresponds to the RPE, which contains large itjgardf melanin. The detailed analysis of the

rat outer retina morphology as visualized in UBIRT images presented in Fig.6.1, was used as a

82



reference point to examine any structural changes in the photoreceptor and RPE layers caused by the
sodium iodatéoxicity at different time points of the longitudinal study

1Hour 3 Hours 6 Hours

NFL
GCL
IPL
INL
OPL
ONL
ELM
I1S/0S
RPE

(e}

IARNARIRRY:

%]

Figure6.2 Representative 2D OCT tomograms acquired fromstmaecentral retinal region from a control

animal receiving IV PBS injection as well as additional 1mL subcutaneous PBS injettanssal and 3.
Images were acquired at 1 hour (A), 3 hours (B), 6 hours (C), 8 hours (D), 10 hours (E) and 12 hours (F) post
IV injection. As expected, no structural abnormalities are observed at any of the time points. All individual

retinal layers anthe choroidal structure are clearly visible and intact.

Figure6.2 shows representative OCT tomograms selected from a 3D OCT data set acquired from
a Immx1lmm area from tteamecentralretinal region of a control rateceiving IV vehicle (PBS)
injection aswell as extra 1mL subcutaneous PBS at hours 1 and 3 post 1V injeoages acquired
at 1 hour (i§.6.2A), 3 hours (i§.6.2B), 6 hours (§.6.2C), 8 hours (§.6.2D), 10 hoursKig.6.2E)
and 12 hours (§.6.2F) showno structural abnormalitiea the rdina. As expected, laindividual

retinal layers and the choroidal structure are clearly visible and asagen typically in normal
healthy animals
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Baseline 1 Hour 3 Hours

Figure6.3 UHR-OCT crosssectional images acquired from the same region of the central sétineeated
animal showing progressive changes in the outer retina due to the toxic effect of the injected drug: baseline (A
and B), 1 hour (C and D), 3 hours (E and F), 6 hours (G and H), 8 hours (I and J), 10 hours (K and L), 12 hours
(M and N). This ratisowed the smallest reaction to the drug toxicity among all rats that were not hydrated with
PBS.(Figure reproduced frofph62] with permission from the journal)

Figure 6.3 shows UHRCT images from the rat retina acquired at all time points of the
longitudinal stay from one of the rats thdid not receivesupplementary PBS irggons after the
administration of theodium iodate The changes observed in this rat occurred in the other 5 rats
receiving the same treatment. However, the timing of the changes varied in different diienals.
typical layered structure of the normahhiey rat retinamaged at baseline is shown iig.6.3A. A
magnified view (3x) of a section of the outer retimarked with the red box in F&3A is shown in
Fig.6.3B, where the bright and dark bands of the PR layer are labeled following the methbedles
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in Fig.6.1. Figure 6.3C shows a cresstional image of the same location in the retina, acquired 1
hour postodium iodatenjection. The previously clear band corresponding to the OS).613B, is
now more optically scattering, and a new layferery low reflectivity (LR.) appears to separate the
photoreceptor OS from the RPE. In the enlarged iggv6(3D), the RPE layer appears structurally
intact, while the dark, band above ipshlikely corresponds to the RPnicrovilli. Three hours adt

the sodium iodatanjection, the new LR is no longer visibleKig.6.3E). This is confirmed by the
magnified view of the outer retinakitg.6.3F, where the LRis missing, while the photoreceptor OS
layer appears almost homogeneous andyhigiflective and can no longer be separated in to two
distinct bands of low (OS1) and high (OS2) reflectivity, as in the case of the healthgtrietisaline
The higher scattering could be induced byamangement of the OS, disruption of the membrane
disks or bth. Six hours posibdium iodatenjection (Figs 6.3G and 3H}he appearance of the OS is
similar to the previous time point. Images acquired at 8 and 10 hours post infagsc®3l, 3G,

3K and 3L show reduced apparent reflectivity in the OS regmmpared to 3 and 6 hours post
injection Twelve hours aftesodium iodateinjection Figs 6.3M and 3N), the appearance of the
alternating low and highly reflective bands in the IS and OS layers resetob@atheir appearance

in the healthy retinat basline (Figs 6.3A and 3B)However at this time pointhe clear border
between OS1 and OS2 as well as the border between OS2 arfasRIeEn in the baseline image)
are lost, the OS2 appears thinner than its normal appearance in the baseline imageocsedathe

apparenimage contrast of the photoreceptor layer has decreased as compared to the baseline image.

The timing of the appearance and disappearance ldktheas well as the maximum thickneds
the layervaried from animal to animal even withime group of 6 rats that were not hydrated with
additional injections of PBS. The results presentdegr.3 show an extree case of the smallest
LRL thickness, as well as the earliest and most rapid appearance and disappearance of that layer, that
wereobserved in a rat that has not been hydrated with PBS. The results preseigiédimelow
show another extreme case from the same group of rats that have not been hydiaig. Wit this
case the LR appeared as early as 1 hour gogtum iodatenjection Fig.6.4B), gradually increased
in thickness over the next few hours, reaching a maximun8+®urs post drug injectiofif.6.4E
and 6.4l and completely disappeared by hour E®).6.4H). The photoreceptor OS layer showed

similar changes as sérved in the other rdtif).6.3): increase of the OS layer overall reflectivity and
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merging of the low and high reflective bands of the OS for the time period from 1 hour to ~10 hours
postsodium iodatanjection Figs 6.4B- 4G), during which the LR appeared, changed thickness

and disappeared.

Baseline
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2 Hours
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STEFAHIETIT

Figure6.4 UHR-OCT crosssectional images acquired at the same central location of a rat retina depicting the
largest reaction to the drug toxicity in the case of no hydration with PBS: baseline (A) andR)haurours
(C), 3 hours (D), 6 hours (E), 8 hours (F), 10 hours (G), 12 hours (H) post ig@Qion. (Figure reproduced

from[162] with permission from the journal)

Less variability in the timing of the appearance and disappearance, as thell raaximum

thickness of the LR in animals that had received additional subcutasePBS injections was
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observed, as compared to results obtained from the rats that were not hydrated with PBS. In all these
anmals the last timgoint with a visible LR was either 3 or 6 hours post drug injec{iexrcept for

onerat) while in the groupwith no extra PBS injection theskatime point with a visible LR was
anywhere between 1 and bour Furthermore, the animals receiving no extra PBS injections

showed more severe side effects as a result of drug toxicity such as ttheaaime.

Figure 65 shows representative UHBCT images acquired from a rat thads hydrated with
1mL subcutaneous PBS injections at 1 and 3 hoursgqabsim iodatexdministration

Figure 6.5A shows the healthy rat retina with normal appearance of all retingl @gerhour
post drug injection, the new ILRappears below the PRL (Fig.6.5B). At 2 hours the layer has
increased its thickness and the low reflective OS band (OS1) shows initial increase in the optical
reflectivity (Fig.6.5C). At 3 hours (Fig.6.5D), thes® and OS2 bands that were very clearly visible
in the baseline image (Fig.6.5A), can no longer be identified as separate layers, the OS layer appears
of almost homogeneous reflectivity and thd_Lii&s grown to its maximum thickness. Six hours post
injection of sodium iodate (Fig.6.5E), the LRas disappeared, though the OS layer still appears as
one almost homogeneous and highly reflective band. At hours 8 (Fig.6.5F) and 10 (Fig.6.5G) of the
study the OSbecomes less reflectivehe appearance of the O®1urns to normal at 12 hours post
drug administration (Fig.6.5H), while the overall contrast of the IS and OS layers has decreased as
compared to the baseline image (Fig.6.5A). Similar results were obtained from the other 5 rats of the
group of animalshat were hydrated with PBS injections during the 12 hour study. Figures 6.6 to 6.10

present OCT tomograms acquired from these 5 animals at different time points of the study.
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Figure6.5: OCT tomograms acquired from tkame location ofentral retina wer the course of 12 hours from
a rat that receivesodium iodate as well agatal of 2ml PBS (2 subcutaneous injections at hours 1 and 3 of the
study), showing gradual changes to the retina structure as an acute response to;ttexidy@t: basehe
(A) and 1 hour (B), 2 hours (C), 3 hours (D), 6 hours (E), 8 hours (F), 10 hours (G), 12 hours (H) pest NalO
injection.
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Figure 66: OCT tomograms acquired from the central retina over the cotifishours from the second rat

that received sodiunodate as well as a total of 2ml PBS (2 subcutaneous injections at hours 1 and 3 of the
study), showing gradual changes to the retina structure as an acute response tosttexiNyGt: baseline

(A) and 1 hour (B), 2 hours (C), 3 hours (D), 6 hotis 8 hours (F), 10 hours (G), 12 hours (H) post NalO

injection.
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Figure 67: OCT tomograms acquired from the central retina over the cofiisshours from the third rat that
received sodium iodate as well as a total of 2ml PBS (2 subcutaneousingexthours 1 and 3 of the study),

showing gradual changes to the retina structure as an acute response to thexiatyOat: baseline (A) and 1
hour (B), 2 hours (C), 3 hours (D), 6 hours (E), 8 hours (F), 10 hours (G), 12 hours (H) pashiéaion.
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Figure 68: OCT tomograms acquired from the central retina over the cofils=hours from the fourth rat that
received sodium iodate as well as a total of 2ml PBS (2 subcutaneous injections at hours 1 and 3 of the study),
showing gradual changésthe retina structure as an acute response to the; Mediity at: baseline (A) and 1

hour (B), 3 hours@), 6 hours D), 8 hours E), 10 hoursF), 12 hours G) post NalQ injection
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Figure 69: OCT tomograms acquired from the central retina ovecturseof 12 hours from the fifth rat that
received sodium iodate as well as a total of 2ml PBS (2 subcutaneous injections at hours 1 and 3 of the study),
showing gradual changes to the retina structure as an acute response to thexidtyOat: bagline (A) and 1

hour (B), 2 hours (C), 3 hours (D), 6 hours (E), 8 hours (F), 10 hours (G), 12 hours (H) pashi¢ation
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Figure 6.10: OCT tomograms acquired from the central retina over the cddiZdours from the sixth rat that
received sodimn iodate as well as a total of 2ml PBS (2 subcutaneous injections at hours 1 and 3 of the study),
showing gradual changes to the retina structure as an acute response to thexiGtyOat: baselingdA) and 1

hour (B), 2 hours (C), 3 hours (D), 6 ho({£, 8 hours (F), 10 hours (G), 12 hours (H) post Nah&ction.
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For statistical analysis (Figl2 and 613), 3D volumetric OCT imagsetsacquired from three
NalOs-injected(rats used in Fig.6.5,6.6 and 6ar)d three control rats were usétie thredreated
animals were selected based on the less variability in the timing of the chlh@&svolumes
corresponded to a Imm x 1mm area from the central region of retina located teoymiat to the
optic nerve head. All 6 rats had received additisalacutaneous PBS injections at 1 and 3 hours post
IV drug/vehicle administratiorQuantitativethickness and reflectivity measurement was carried out
by segmenting individual retinal layers and the chonoidhe volumetricdata setsacquiredat

baselineas well as hours 3, 8 andd2explained in detail in chapter.3.5

Baseline 3 hours

8 hours 12 hours

Figure 6.1 Sample segmented OCT images acqui@t the same animat baseline (A), 3 hours (B), 8 hours (C)
and 12 hours (D) post drug administration.
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Figure 6.11 shows samm@egmented OCT images acquiredifierent time points that were
used for the statistical analysis. The baseline image (Fig.6.11A) could be segmented into 9 retinal
including 4 PR sultayers (labeled) and the choroid layer. At 3 hours post injectio® (FifR) the
low reflective OS1 band appears darker and is blended with the two bordering layers (IS2 and OS2).
The OS2 is separated from the RPE by the low refleletier (LRL) and a total of 10 layers are
segmented at this time. Bthours Fig.6.11C) the LR has disappearezhda total of 8 layers are
segmented including 2 layers in the PR layer. At 12 H&igs.1D) the same 8 layers as in the 8
hour image were segmented .h€ OS1 appears low reflective again similar tob#éseline
appearance. heever, the 1S2 is less visible and could not be segmented as a separate layer at this

time point A total of 8 layers were segmented in images acquired at 12 hours post drug

administration.
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Figure6.12 The averagéayer thickness at different imaging gnpoints in three sodium iodate treased three
controlrats receiving extra 1mL of subcutaneous PBS injection at hours 1 and 3 post drug administration.
Graphs represettickness of théotal retina (A), choroid (B), IP(C), ONL (D) and PR layer (EError bars
represent theorrespondingtandard deviation for each columssterisks at each column in the graphs indicate
that astatistically significantifferencewas found fothethicknesf the layerat that time pointor the

experimental animalsompared tdhe corresponding contrsl
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