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Abstract

Optical coherence tomography (OCT) is a non-invasive optical imaging technique that allows the
three-dimensional structure of biological tissue to be visualized with micrometer resolution. In
- ophthalmology OCT has the unique advantage that it provides cross-sectional images of the
retina and choroid noninvasively and in vivo, which have led OCT to be a clinical standard for
the diagnosis of a variety of retinal diseases. Although current commercial Fourier domain OCT
systems have high imaging speeds of 20-100kHz A-scan rates, these imaging speeds are not
sufficient for more advanced structural and functional imaging techniques. Current state-of-the-
art spectral domain and swept source OCT provide ultrahigh imaging speeds of >200kHz A-scan
rates. These speeds enable functional imaging of retinal blood flow, OCT angiography of the
retinal and choroidal microvasculature, and wide field volumetric structural imaging of the retina
and choroid. In this thesis, advances in structural and functional ophthalmic imaging techniques
for the human and small animal eyes are investigated using ultrahigh speed Fourier domain OCT.
The following topics are discussed: (1) a method for numerically extracting and compensating
dispersion mismatch in ultrahigh resolution spectral domain OCT, (2) ultrahigh speed spectral
domain imaging in the small animal eye for measuring total retinal blood flow, (3) development
of ultrahigh speed phase stable swept source OCT system for human retinal imaging, (4) OCT
angiography of the choriocapillaris in the human eye, (5) clinical applications of OCT
angiography in retinal diseases, including diabetic retinopathy and age-related macular
degeneration, (6) small animal anesthesia protocol for functional hemodynamic imaging, and (7)
imaging of neurovascular coupling in small animals using ultrahigh speed OCT.

Thesis Supervisor: James G. Fujimoto

Title: Elihu Thomson Professor of Electrical Engineering and Computer Science



Acknowledgements

I would like to thank Dr. Bernhard Baumann, currently at the Medical University of Vienna, for
being such a wonderful colleague, mentor, and friend in the past four years. Being able to learn
something every day and to discuss new ideas and thoughts openly is a rare opportunity that Dr.

Baumann provided during my career as a doctoral candidate at MIT.

The completion of this thesis was made possible largely by Eric Moult, a junior graduate student
who joined Prof. Fujimoto group only last year. Eric supported me greatly in the past few months
both scientifically and mentally. Although we cannot work together here at MIT as long as I

would like, I am certain that our friendship will last for many years to come.

All the work that I have accomplished at MIT was possible because of Prof. James Fujimoto, my
research advisor. I cannot thank him more for being such a great mentor. The research
environment that he offered was more than any graduate student can possibly expect from a

research group.



Table of Contents

Abstract ' 3
Acknowledgements 4
Table of Contents 5
Chapter 1 Introduction to Optical Coherence Tomography 9
1.1 INErOQUCLION ....eeueererereseereesessesnsssseessanesssssestesisassesssssssesssssssssosassssssossessessensensessssansassassassaseas 9
1.2 Theory of Fourier domain OCT .............. reeereesteaeeresatesaesses s ettt et s b s s bt s b e b et s e e b e sa s e s R aarees 10
1.3 NOiSE aNd SENSILIVILY ...cvevvrreererueressirenssseerisiitnsisisisissississessessesesssssissesssessessesassessessesasssassans 13
1.4 Comparing measured sensitivity with theoretical Sensitivity.........cocevvveerreereinieriiinencnce. 16
1.5 Phase Stability ........ccccoceeeerrerneernsesisiseesiesissnesisisissisiesissessessessesnessessesnessassssssssessessssasssassesass 18
1.6 Speckle in Fourier domain OCT .........coevceuienininnerenternernsensesssesssisssssssssessssessssssnssssesncsens 19
1.7 SCOPE OF tNESIS......ccermerecireriinnininsiriiiniiisncsisiesesite s sssesssssssessnssassassessassssessssssessesssnses 24
RETETENCES ....eouveereererrerrreseeressesessessssssstsassestessestestssestestsssssessesstosessessessessessessassssssssessssssnsassansantas 26

Chapter 2 Extracting and compensating dispersion mismatch in ultrahigh resolution

Fourier domain OCT imaging of the retina 27
2.1 OVEIVIEW ...uueereieeeectineeseesessanssestenssssssssesssesssesesssssesssssssesssssssssnsssssssssssssssessessessassssssnessssseses 27
2.2 INEPOQUCLION ....uenererreeniecriesinseesisnisstssissessessesssessssnssessesasssssssssssssssessasssssessessesssssanannenes 28
2.3 Theory and SIMUIALION...........cccoririirinririnniiiiieniiesesieesensasas e steesssaesssss s ssssesassessenes 30

2.3.1 Dispersion mismatch in spectral / Fourier domain OCT ...........ccoeevevvvrennnnnercnrnennee 30
2.3.2 Aberration in optical IMAZING........ccceevevrrerirrnrisrisissicrisesisreissinnisiisesnesesssessssesssaneseses 30
2.3.3 Finding dispersion mismatch using Shack-Hartmann wavefront sensor analogy ........ 31
2.3.4 SIMUIALION......coueeirrerteeeneniereeee sttt stsssestsssesnsssssse st essessssssssssnsssssnssnsssenes 33
2.3.5 Effect Of SPECKIE ......cccvveeveeriririnicntiniieieiiiitistisississtssissessissnssessnsssessessessssssssssssssassss 36
2.4 MEthOOIOZY ..cvvvevrerrreerrereniensessassnsssstssssesannsssscsssassessessessosssssssssessessssassesnessnessssssasassassesens 38
2.4.1 Ultrahigh-resolution spectral / Fourier domain OCT system .........ccceeverveverenvernencnncnes 38
2.4.2 System calibration and data processing...........cevevvererrereresererernererusersesnsnssessssssssnsasaens 40
2.5 Results and diSCUSSION.......ccceeerrurreieeeeerenruisinsiniseniesssesssesssisnesessessesssessnssnsssesssasaessessasnes 40
2.6 CONCIUSION......ccerrererreeiresieniiensnnercesessstsstesiniststsssstsssessesessssssssssssessesassnssssssssssssssasnssnsssases 48
RETEIENCES ....veeeieeiieieiirneciesieesteestestsstsesessas oot sestosessstssssssssasssstsssesssssssnassstssssssssessanesnasssnsssases 49

Chapter 3 Measurement of pulsatile total blood flow in the human and rat retina using
ultrahigh speed spectral / Fourier domain OCT 51




3.2 INPOAQUCLION ...o.vvinevrriiicnnisisnssesitsisasnesessssesessessasnesesessssssasssesssssnesesassssansessansassssnsesensasnres 52
3.3 MEthOAOIOZY .....cocvvererreinneusununrencrnsessssensarssesesssasssassasssesssssssesssssssssssenssassssesessessssssnsssssasases 55
3.3.1 Ultrahigh speed spectral / Fourier domain OCT SYStem ..........ccecerereerrrvereruerereensrsreraene 55
3.3.2 Assessment of Doppler flow VEIOCILIES .......cceeeuererecereeresessneenenresensessenreessesessessesessosenes 57
3.3.3 Total retinal blood flow measurement using en face Doppler OCT............ccccuereuer... 58
3.3.4 Pulsatile total blood flow measurement in the human and rat retina..............coeueere.e... 59
3.3.5 Real-time Doppler C-SCan PrEVIEW .........cceceereererererenrsrereesesseesesessessesessessessssensesesssseses 60
3.3.6 Automatic flow CAlCUIAtION .......cccoveevereerererrnrneneererneseeseseenesessesesteeseeseseesessesesssensnsaens 63
3.3.7 ANIMA] PIOtOCOL........iiiririererienreeesisresereressssssssssssssssesesesessesessssesssssessssessessssesessseresnens 65
3.4 Results and diSCUSSION.........eeeuerreereerreeirreesiressesessessessessessesseessseseessessssesessans reeernreesanesnas 65
3.4.1 Structural and functional blood flow imaging in the rat retina...........ccceceevererreruennnnnne. 65
3.4.2 Effect of anesthesia on retinal blood flow ..........ccceeerrenrereerenenrnrecenrennnsnseesessssesseresnens 70
3.4.3 Pulsatile total retinal blood flow measurement in humans.............c.oeveeververrenrererierenene 71
3.5 CONCIUSION....ccuceerreririniriniiiniistsseneecsesasesssssasessssssssesesssssesssessssssssssssssssesssensasesensesensasnans 76
RETEIENCES ...oeereeieictititrnctrenicctreccisstssesensesestssesesessssssssstssssessasssesessssesessesesssenssessesesessnsnsses 78

Chapter 4 Phase-sensitive swept source OCT imaging of the human retina with a VCSEL

light source 81
4.1 OVETVIEW ...cueouererereerereserenieessessessssssessassesessessessssssssessessessessessessasssssssessasssessassssesssssssessorsssnes 81
4.2 INTOQUCHION ....cveuveneereererrenrenerresseressenssssrassessessssseseesessssessasessessssasssessessessessessasssessessessasensones 82
4.3 MethOAOIOZY .....ccouierinmiinriiiicniinnsissrirorsssestssessssssnssssesssesssssssessssessesessessessessessesesessssnsnses 83
4.4 Results and diSCUSSION.......cccvevireiereerirreeniereneesteracssesessessessessessesssssssessessnessesssasssaessnessasserssnes 88
4.5 CONCIUSION.......eeeerriereeciieeseerecreersessesaeiensessssssssessessersessssessaesnessaessessasssnenses reeeraseaessmsssonsees 90
RETETEICES .....oveueeercrrrercrenrenesteiniesessessessistressessesessessessssessesesessessessassassesssssesssessessessasssessesensnson 91

Chapter 5 Choriocapillaris and choroidal microvasculature imaging with ultrahigh speed

OCT angiography 93
ST OVEIVIEW w.cueeeciitiniiiiiestsiiesneesesasnsssesessssssssesssssssessnsasssssessssessssssssssssssssaseasensssssensassans 93
5.2 INFOAUCTION ....cuvivieriminiitisiiiiitninsiiistnesesesesasssasssassesssssesnsesassnsssssssssssesessesssssonssssssssasassans 94
5.3 Materials and MEthOdS .........ccceceeeeurrirecniniinreeiensesensssesonessssesesassssesssssessssessessessessssssseseresaens 96

5.3.1 Study POPUIALtION ......cccovuerrrrrrrrrereenriinesseessessiessssessssassessassesssssssssssssssassasssassessesassenses 96
5.3.2 Ultrahigh Speed Swept Source OCT SYSLEIM ........ccceerrrererrerrerrerensesseresssesassessessssessnsenes 97
5.3.3 Data ACQUISILION ......coevuiiiririiereencrerisseseencnreesesrensssessssssassesssasnssssesesesssssssssensssssssens 98
5.3.4 Swept Source OCT Data ProCESSING ........ccoceururirerrensunserisenisisnicsnssisissescssssessosesosssssns 98



5.3.5 Choriocapillaris OCT ANGIOZIaphy ........ccceeeeveeisisesesnerssnnnsusisiscscsessnessnsssisisssnssinsiss 99

5.4 ReSUILS ANA DiSCUSSION..cccicrerreerrerereessrererrreeesssrssssesaeesssssssssssssssssssrasssssossssnssssssssossssssasssssns 101
5.5 CONCIUSIONS «.vvveereeeeeesseeeereesesasessssssssssssssssssasssssssssssasasssasessssassssssransasssssssssssassssssssssssssasssssane 113
R CTEIICES «ennneeeneeeeeeeeeessssseeesasssssasssnsesssssssssessssasssssssssessssssasssesesssssssssessesssssstsesssesssssesssnsssssssnnes 114

Chapter 6 Ultrahigh Speed OCT Angiography in Age-Related Macular Degeneration Using

Swept Source Optical Coherence Tomography 117
6.1 OVETVIEW ...uueeerererreereereeresessessssseesisssssssssossossesssessessasssessessessessnsssnessessssssessesssssasssssssssssssssns 117
6.2 INLTOQUCLION .....veeeeeereerreceeserereesseesssntesasossssssnssnsessessstessacssasssnsssssssnsssnsessassasessaessasssssssssssssss 118
6.3 MEthOAS ....uveirrerieeerirerieseeseseeseesasassesessssssossessossesstsssssssssssssssassnessnsssessesssssssssssnsassessesssses 122
6.4 RESUILS ...oeveerreeeieeeeeertecterrenaestecnissssesenssnsosssssssessasssosesstsssessasssassasssessorssesssssaassasassassaesses 124

6.4.1 Healthy Normal VOIUNLEETS........c.coviuiirueimererneenteenintesinisstssssssessesssseesasessscsssssssssesnsns 124
6.4.2 DIy AMD With GA ......oviiiriniincnniiiiisiiesissensinsssssssssssssassssesssssssssssssssssssssessssas 127
6.4.3 EXUdative AMD.........coviiiieerrceceninnenienesecssssssssssessssssssssessssssessssssssssssssssssasssessasass 132
6.4.4 Early and Intermediate Dry AMD ......cooeiiiniiineiineentiinennsnnsnsnesesesesessssssssssssesesne 138
6.5 DHSCUSSION ....vevereereererrerersesesessessessssessesssssssessessssssssssisssssessessessossssssssessssesssssassassassessasseseonce 143
6.6 CONCIUSION.....oceueereererreiereereeieseeereesaeeseessssssesessssssassssssisstossessssssessisssssssssessssssssssssssssasasanes 149
RETEIENCES ....eovverenererrerecseesressseseesessssesssesestsssssestestssessesssssessosssssosssssssessessarsssssssassassassssesseses 151

Chapter 7 Ultrahigh Speed OCT Angiography in Diabetic Eyes Using Swept Source

Optical Coherence Tomography 157
7.1 OVEIVIEW ....eeeerererirenresesasseneesesessessssesasssesesstssssssssesstssessessessssssssesesssssssssssasnsssessassassasassassas 157
7.2 INETOAUCHION c..eevereneeeeeeceeeeseeseeesseseessesseesnssnsesssossssssssessesstssesssessnssssssessessnssnnesnessessasasanes 158
7.3 MELROAS .....eeecreeeeeeeereerieseerernessenssesassssssssssssstessessnssstssesssessessnessessnssnesnsssssssassassssssessassasaes 161
T A RESUIS ..ot eseeseesessitsecesessesststeaesassssesseatsss e stessassnssnsssssssessassnessassessaassases 164

7.4.1 Healthy Normal VOIUNLEETS.........cuvvveriererieieiniirernirenieessssssssssssssssssssssessessasessssesesnns 164
7.4.2 Proliferative Diabetic Retinopathy ........ccccccceverunsuinininsinninsiiseniensnesensnessnnnessensenns 168
7.4.3 Nonproliferative Diabetic Retinopathy ...........covevuvunuvemnennenrieeinceneecceniiennes 172
7.4.4 Diabetes without Retinopathy ...........cccceveeriereninininininnnsinnineniniiensnsensesnssnenes 177
7.5 DISCUSSION c..eceveririniuinisensesssessessissessesessisssessesssssssssesssssssssssssssssssssssssssssssssssassssssssssssesss 119
RETEIENCES ....uvereireieceeestrserersseeeneteentstessssnssssssensssasssassstossessesssessessaessessesssessessasssasasssasssssnassnn 185

Chapter 8 Effects of common anesthesia on total retinal blood flow in rats measured with
Doppler optical coherence tomography 189

8.1 OVEIVIEW .....neeeeneeveesstessssecsssssssssssessssssssssssssssssssssssssssssssssasssssasassssansssssssessssanansassssosssssss 189




8.3 Materials and MEthOS .........ccccceerenererenrsennuriesnsnssensesssssssssssssessssssssesssessssesssssssssssssssensssseses 193
8.3.1 ANImal PreParation............ccccceeemeererrsnseersssusessssseeressesssssassesessssssesesesssssesessseassones 193
8.3.2 Ultrahigh speed spectral domain OCT SYStEM .........cccceevrererernerernererueressssessesesesnssesenes 194
8.3.3 Doppler OCT imaging ProtoCOL..........ccoerueereverererrseeserereressesesassesessessssessesesessesssessnses 194

B4 RESUILS «...cvererereincrcniniaiiisecsnsnsnecsesessssnsssssessasssnsesssssasssssassessssasesesesesssssssssesssssnsnsosasasases 194

8.5 DUSCUSSION ..cecuererecnieienesiiieereseenesesetessesssssssssssssssessssssssesssesessassesessssssesossssssnsesssensssneses 195

8.6 CONCIUSION......cvvuiriniiirreririnrarsenenesnsesessssesesssssssssssesesesssensrssssssesesssssssesesssssaensensassssaes 197

RELEIENCES .....ouiviiiitiiircie ettt et sess s s b b esese s s sessatossssasasasasassasasssnsas 198

Chapter 9 Hemodynamic imaging of neurovascular coupling in the small animal retina

using ultrahigh speed optical coherence tomography 203
9.1 OVEIVIEW ....curiniriniiniininisitenceestssssesetessastssssstesssssssesesssssssssssssssssssessssonsassssassssassasasessassenses 203
9.2 INIFOGQUCLION ...oveenieieinrinietintessansensesaessasesssssesssssssssssssssesssesesessssssesessssesessasssnsasssassssens 203
9.3 Material and MeEthOdS..........cceeeieeeereeninierieicieinenessessneseseseseessesssessessasssesssssssnssssssesesens 207

9.3.1 ANIMAl PrEPATALION .......cvevereerereererrsareerereieesrarsessesesesessesessssesseseessossosesseseessosssssssensasenen 207
9.3.2 Injection Of L-NAME ..........c.cocoueimreinenreerereresensssssesssesessssesesssesessossessssssssasossssssnses 209
9.3.3 Ultrahigh speed spectral domain OCT ..........cccccveverrerererenrenrerernerersessssesessssesseseasssseses 209
9.3.4 Delivery of flicker SHIMUIUS.........cccoerverrerrrreeeeeirsereirreseseseseresesesesesssssesescseessessasees 210
9.3.5 Ultrahigh speed DOPPIEr OCT .........cccccvtrerererernrnrerrreresesesesssesessssssesessssessssssssssssssssseses 211
9.3.6 Ultrahigh speed OCT angiography ..........cccececeerererereersesnssesessesessesssnsssssssssssessssesssssens 212
9.3.7 Data @nalySsis.......cocereveesieurrenreninrerenrnsierenssssessssesesessessssssssesssssssessessssssssossossssessssssensses 216
9.4 Results and DISCUSSION......c.cceerrecererrerrunieieesssreseseessssssesesesessssesessssessssessosessossssasssssssnes 216
9.4.1 Total retinal blood flOW ........cccouvuerivenrerrreinerenenesenreeesesstessseesseseesessssesessesesnssonsanns 216
9.4.2 Capillary blood CIrculation............cceeveeeeeceererenenssenrinnieievessesesesessssessssessssesessesessssees 220
9.5 CONCLUSION .....coiiiitruisininarnenersasaessssersssssesssssessssssssssssesssesesassessessssssessesessssossasssesonse 221
RETETEICES ....vvurniririiririceneriitereiesesessssstsesessssssesisssesssessasssssssssrsssessessasessssasessasssessaserosss 222



Chapter 1

Introduction to Optical Coherence Tomography

1.1 Introduction

Optical coherence tomography (OCT) is a noncontact and noninvasive optical imaging technique
that enables depth-resolved imaging of biological tissue, in vivo, with micrometer resolution'.
OCT is now widely used in multiple fields of biomedicine, including ophthalmology, cardiology,
and endoscopy’. A large number of novel applications of OCT and new discoveries using OCT
continue to be reported in the literature. To date, the most widely accepted OCT application is
retinal imaging. The retina is the only tissue of the central nervous system that is optically
accessible noninvasively. Therefore, retinal imaging with OCT is interesting for basic science as
well as for clinical medicine. In the field of ophthalmology, OCT has rapidly become a clinical
standard for diagnosis and monitoring of retinal diseases.

Current commercial ophthalmic OCT systems provide only structural images of the human
retina over a relatively small fundus area because of limited imaging speeds. Ultrahigh imaging
speeds enable larger fundus coverage with higher volumetric sampling density, which provides
higher image quality. In addition, although it has been long recognized that it is also possible to
perform functional hemodynamic imaging, such as blood flow measurement and angiographic
imaging of the microvasculature, applications of these methods on the posterior eye have been
challenging due to the limited imaging speeds. Since functional hemodynamic imaging requires
repeated scanning of the same location for time-resolved measurements, ultrahigh imaging

speeds are critical for clinical and preclinical applications of these techniques.



For human retinal imaging, the maximum amount of optical power incident on the cornea is
limited due to safety issues. Therefore, the maximum achievable OCT imaging speed is
determined by the minimum required detection sensitivity, which is typically ~97dB or higher to
achieve reasonable image quality in patients with retinal diseases. The development of Fourier
domain detection techniques has dramatically improved the sensitivity of OCT>*, enabling OCT
imaging speeds orders of magnitude faster compared to a decade ago. However, recent advances
in camera imaging speeds’ and swept source sweep rates® can now result in theoretical maximum
achievable sensitivities lower than the desired sensitivities of 97dB or higher. Therefore, it is
essential to understand the theory of Fourier domain OCT when designing ultrahigh speed OCT

systems in order to optimize data quality.

1.2 Theory of Fourier domain OCT

Fourier domain OCT is based on low coherence interferometry using a modified Michelson
interferometer. As shown in Figure 1.1, a fiber-based 2 x 2 optical coupler is typically used to
avoid the need for aligning bulk optics and to increase stability and flexibility. As will be shown
below, OCT requires detecting interference signal at multiple wavenumbers. Depending on
whether it is a swept source OCT system or spectral domain OCT system, the detector can be a
single photodiode or a spectrometer. For swept source OCT, a rapidly tunable swept light source
that emits only a single optical wavenumber at a time is employed, and a single photodiode with
a high speed analog-to-digital converter can be used to record the OCT signal. For spectral
domain OCT, a broad bandwidth light source that simultaneously emits a broad range of
wavenumbers is employed, and a diffraction grating-based spectrometer with a line-scan camera
is used. The relative path lengths in the reference arm and sample arm are defined as z, and zg,

respectively. Although the details of implementation are different, the theoretical analyses of
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swept source and spectral domain OCT are essentially the same since they are both based on

Fourier domain detection.

Zr

>
>

Light Source

Reference
Mirror

Optical
Coupler

Detector

Biological
Sample

R e Tttty et G

Figure 1.1. A schematic of a Fourier domain OCT system. The modified Michelson

interferometer spl

its the light into the reference and sample arms. The interference signal

from the reference mirror and sample is detected to generate an OCT scan. The relative

path lengths in the reference arm and sample arm are defined as zy and zg, respectively.

If the coupling ratio of the optical coupler is 50/50 and the electric field from the light source

is 2E(k), the electric

fields at the detector from the reference arm and sample arm as a function

of wavenumber k are given by Ex(k)=E(k)rze’*** and Eg(k)=E(k)z"!§”€j2sz' , where zg, zg_,

rr.and rg are the electric field from the reference arm, electric field from the sample arm,

wavenumber, reference arm delay, sample arm delay, reference arm reflectivity, and sample arm

reflectivity, respectively. The summation in the expression for the sample arm electric field

reflects the fact that the sample arm contains biological tissue with multiple scatterers at different

path delays. Since the total electric field at the detector is the sum of the individual electric fields,

the intensity at the detector can be expressed as:

10k) = |Ex(k) + B (k)] =|E)] | Relk)+2Re{ri(B)Y, 75, (R)ere 1] (1.1)

11



where Rq(k)=|m(k)|" is the power reflectivity of the reference arm mirror. The optical path

length difference between the reference arm mirror and the n™ scatterer in the sample is defined

as 2Az, = zz — z5, . Note that the interference between the scatters in the sample is negligible and
omitted in Equation (1.1) because |rs| <|rx| in biological tissue.

Since the electrical signal is proportional to the incident optical power on the detector, the

detected signal can be expressed as:

In(k) = p(k)I(k) = p(k)S(k)[RR (B)+2Re{r ()Y rs, (k)er o= }]
(1.2)

= (OS] Re(k) + 2JRe(B) Y, |, ()| cos(2kAz, + 6, k)

where S(k)= |E(Ic)|2 , 6,(k)=Lrs, (k)—£r(k), and p(k) is detector responsivity. Note that the
second term is the sum of sinusoids oscillating at a frequency 2Az, and with an amplitude r, (k).
Therefore, by taking the Fourier transform of the detected signal, I,(k), it is possible to generate
the field reflectivity profile of the sample as a function of path length difference 2Az,. Assuming
rs,(k)=rs, and 6,(k) = 6, for simplicity, the Fourier transform of I,(k) can be expresSed as:

(@) =F{I()}=n(z)+27Y |s.|e 1 (z~242,)+ 27y |rs.|e’P(z +2Az,) 1.3)
where 7(z) = F{p(k)S(k)Rx(k)} and 7(z) = F{p(k)S(k)JRe(k)} . 7(z) is the DC component and is
located near the zero delay position z=0. However, the second term is composed of distinct
peaks located at z =2Az, with an amplitude |r;,|e/* and a point spread function ¥(z). Note that
p(k)S(k)\Re(k) can be interpreted as the effective bandwidth of the OCT system. The width of

the point spread function, or effectively the axial resolution of the OCT system, is inversely
proportional to the effective bandwidth of the OCT system. The third term is the same as the

second term except that the peaks occur on the other side of the zero delay and the amplitude is

12



complex conjugated because the interference signal is always real-valued. e /* and e/* rotate

the phasor of the signal in the complex plane by -6, and 6, , respectively. Note that

2y |rs.|e’* W(z£2Az,) provides the depth profile of the sample, called an OCT A-scan. By

translating the sample or scanning the OCT beam in the transverse direction using a
galvanometer optical scanner, a two- or three-dimensional image can be generated as shown in

Figure 1.2.

A C

Galvo OCT A-scan 2D OCT B-scan

Scanner
/ Backscattered Intensity

Transverse scanning

LTI

Optical
Fiber

(yadaq) uojusod |epry

Figure 1.2. (A) A schematic of an ophthalmic OCT sample arm for retinal imaging. (B)
An OCT A-scan provides a depth profile of the retina. (C) By scanning the OCT beam in
the transverse direction while acquiring multiple OCT A-scans sequentially in time, a
two-dimensional OCT B-scan can be generated. The back-scattered light intensity is

coded in gray-scale with brighter pixels corresponding to higher reflectivity.

1.3 Noise and sensitivity

Sensitivity in Fourier domain OCT can be defined as the maximum attenuation of optical power
in the sample arm before it becomes impossible to detect the backscattered signal from the

sample. Because of noise, the sensitivity of any OCT system is finite. The derivation of the
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expression for OCT sensitivity in this section closely follows that provided by Choma et al*. For
the case when there is a single reflector in the sample arm, one can obtain the following by
sampling Equation (1.2) uniformly in wavenumber using an analog-to-digital converter or a

spectrometer:
Ip[m] = p[m]S[m][ Re +2y/Re|rs|cos(2kntz + ) (1.4)

Note that the magnitude of the point spread function is independent of depth and is easily
evaluated by assuming that the reflector is at the zero delay position Az=0 since the discrete
Fourier transform at z=0 is simply the sum of all samples. Therefore, the magnitude of the peak

corresponding to the reflector in the Fourier domain is expressed as:
. N-1
|1z =282)| = VRe || 3 p[m]S[m] (1.5)
m=0

For simplicity, the sample and reference reflectivities are assumed to be independent of
wavenumber. For swept source OCT, N is the total number of samples per A-scan, and for
spectral domain OCT, the total number of pixels in the line scan camera of the spectrometer.
By increasing the reference power, it is possible to achieve the shot-noise limit where it
dominates all other sources of noise. In this limit, the noise variance at the m™ sample is:
o?[m]=2elp[m]B = 2eRpBp[m]S[m] (1.6)
where B is the bandwidth and e is the charge of an electron. In spectral domain OCT, the
bandwidth is one half the A-scan acquisition rate of the spectrometer, and in swept source OCT,

one half the sampling rate of the analog-to-digital converter. Note that Rz > 2|rs| is assumed in

Equation (1.4) for simplicity when evaluating Equation (1.6).
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As with the signal, noise in the Fourier domain is most conveniently evaluated at the zero
delay position assuming that the noise at different samples are independent. In this case, the

variance of noise in the Fourier domain is simply the sum of the variances of noise at all samples:

N-1

02[z=0]=2eReBY_ p[m]S[m] (1.7

Assuming that shot noise is white, the variance of noise at all depth positions are equal,

o?[z =0]=0? . Using Equations (1.5) and (1.7), the signal-to-noise ratio can be calculated as:

N-1
plrsf Y. Sim]
SNR = ——=— (1.8)
e

where p is assumed to be constant for simplicity.

Therefore, the maximum theoretical sensitivity for swept source OCT can be calculated as*:

(Sensitivit)z)ssoa:lOloglo( pNS ) (1.9
4eBSSOCT

where S=2S(k) is the optical power incident on the sample, according to the original
assumption that the total electric field generated by the light source is 2E(k), or equivalently,

that the power generated by the light source is 4|E(k)[" =4S(k). For spectral domain OCT the

sensitivity can be expressed as:

(Sensitivity)SDOCT = IOIOgm( pS ) (1.10)
4eBspocr

Note that the two expressions are equivalent since Bssocr e« NBspocr - For human retinal imaging at

1pm wavelengths, the maximum permissible optical power incident on the cornea is ~1.9mW’.
For a swept source OCT system using a 50/50 optical coupler and photodiode with a responsivity

of 0.9A/W, the theoretical maximum sensitivity can be calculated as ~98.2dB at the OCT A-scan
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rate of 400kHz. Every time the OCT A-scan rate is doubled, the sensitivity is reduced by

additional 3dB.

1.4 Comparing measured sensitivity with theoretical sensitivity

In reality, the noise in the Fourier domain is not real-valued as Equation (1.7) suggests. Since the
signal is not real-valued either, it is a common practice to take the absolute magnitude of the
OCT A-scan to generate a real-valued image. This operation rectifies the noise, but taking the
variance of the noise magnitude is not the same as taking the variance of noise. For low speed
imaging, this discrepancy is not an issue since the theoretical maximum sensitivity is used only
as a ballpark. However, for ultrahigh speed imaging, the theoretical maximum sensitivity should
be used as a benchmark to optimize the sensitivity of an OCT system by comparing it with the
measured sensitivity. This is particularly important for ultrahigh speed ophthalmic imaging since
the maximum permissible exposure is limited strictly for safety’.

If the reference arm power is sufficiently high, the shot noise, which generally follows a
Poisson distribution, approaches the Gaussian limit. For example, if the power from the reference
arm at the detector is ~500uW and the sampling interval 1ns, the average number of photons
reaching the detector per sampling interval is ~2.5 million at lum wavelengths, which is safely
in the Gaussian limit of the shot noise. By explicitly writing the expression for the discrete

Fourier transform of the sampled interferogram, one obtains:

Z;[z] = %ID[m]e—ﬂm/N
=0 (1.11)
= {Ip[mlcos2wmz / N)+ jIp[m]sin(2zmz / N)}

m=0
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Note that for the purpose of noise analysis, I5[z] is a complex Gaussian random variable with

the mean of E{E[z]} =0 and the variance of ¢? as defined in Equation (1.7). The variance of the
complex random variable I,[z] can be written explicitly as:
~ ~ 2 o~ 2
ot = £{|Tota1- E{Tota1f = E{jioteo } (1.12)

However, a common practice that results in a different value is to take the variance of the noise

magnitude. This variance can be expressed as:

o= {|fotsA- s {1 |

- elftef}- -t}

(1.13)

Since I,[z] is a Gaussian random variable, it can be calculated explicitly using a Gaussian

probability density function that:

E{|fLz1]} = \/%a, (1.14)

Using Equations (1.12)-(1.14), the two variances can be related to each other as:

o =(1-%)a§=o.ssaz (1.15)
Note that the noise variance that should be used for calculating an OCT signal-to-noise ratio with
Equations (1.9) or (1.10) is o7 . In other words, o erroneously underestimates the variance by a
factor of ~0.36 if used without a correction factor. Note that without the correction factor of 0.36,
the resulting sensitivity is overestimated by ~4.4dB. Therefore, there are two ways to calculate
the variance of noise in Fourier domain OCT. One is to take the mean of the magnitude squared

of the noise according to Equation (1.12), and the other is to take the variance of the noise

magnitude and divide the result by ~0.36 according to Equation (1.15).
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1.5 Phase stability

Phase stability is a key characteristics of Fourier domain OCT when Doppler imaging is
performed. As described later in the thesis, Doppler OCT requires a phase stable system because
the velocity information of the red blood cells is contained in the phase of the OCT signal, which
is typically discarded for conventional structural imaging. The existence of noise in any OCT
system implies that the phase stability is limited by the signal-to-noise ratio. The analysis of the
phase stability of Fourier domain OCT is provided in multiple references®"°.

I5(z) at a given depth can be decomposed into the signal and noise components. This can be
visualized as the sum of a signal phasor and a random noise phasor as shown in Figure 1.3. The
noise phasor is random and can have an arbitrary angle with respect to the signal phasor. The

variance of the resulting angle & characterizes the phase stability.

Im‘

ISiQ,\( : [S€e
/ -~
Ip(2)
7]

Figure 1.3. The phasor representation of the OCT signal and noise. The signal phasor is

not random, but the noise phasor is, and it can have an arbitrary angle, ¢,..., with respect

to the angle of the signal phasor. The variance of the resulting angle & characterizes the

phase stability of Fourier domain OCT.
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Mathematically, the phase stability can be expressed as:
£{(o-E[6])’ } = E[ (a6)'] (1.16)

Assuming |Z,e| >> |Inns|, the following approximation can be made:

E[(A0)2:| o E[{tan" (fm—'ﬁ%q’”"—”))}z} = E[(%‘f’m‘l)z} (1.17)

Since Inus and sin(@.. ) are statistically independent, Equation (1.17) can be rewritten as:

E[(46) ] - [ Bsin ()= 1 E[ £ s ()]

1E[Bw] 1
"2 I3  28NR

(1.18)

Note that the phase stability 60 is commonly reported as the standard deviation of the phase

difference between consecutive phase measurements, and therefore can be written as’:
2 1
59 = /2E[(Ao) JERE (1.19)

1.6 Speckle in Fourier domain OCT

Because OCT is a coherent imaging technique, OCT images contain speckle due to constructive
and destructive interference. Speckle phenomena are ubiquitous in OCT imaging. For example,
when performing Doppler OCT where the phase difference between neighboring A-scans are
taken, the effective phase noise in biological tissue, which is different from the phase stability of
the system, depends heavily on how well-correlated the speckle patterns are between the
neighboring A-scans. In OCT angiography, the speckle decorrelation caused by erythrocyte
movements between sequentially acquired B-scans is used to generate motion contrast images.

Since almost all OCT applications get affected by speckle directly or indirectly, understanding
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the origin of speckle in Fourier domain OCT can be helpful to optimize the image quality and to
refine image processing techniques.

Speckle in Fourier domain OCT can be understood in two different ways. One way is to
analyze the effect of constructive and destructive interference in the wavenumber domain. In this
case, speckle can be understood as an effect similar to the beating in sound waves. The
interference signals from particles at slightly different depths can constructively or destructively
interfere, resulting in speckle in the OCT depth profile because the observable bandwidth is -
limited. The other way is to analyze speckle directly in the z-domain or image domain. In this
section, the latter will be analyzed in detail.

To undcrstand the effect of speckle, it is helpful to define & = k. + Ak where k. is the center
wavenumber of the OCT system and Ak is the deviation from k.. It is also helpful to define
Az, = Az +Jz, to analyze the situation where there are multiple scatterers at slightly different
depths centered at z =2Az. Rewriting the second term of Equation (1.2) using k =k. +Ak and

Az, = Az + 6z, , it is possible to obtain:

Ip2(Ak) = 2p(k)S(k)\[ Rz (k)Y |rs.|cos(2kAz, +6,)

(1.20)
=2(k)S(k)+ /RR(k)ZJrs,, |cos(2AkAz, +2k.Az + 2k.6z, +6,)
By taking the Fourier transform of Equation (1.20) with respect to Ak :
To(2) = F{Ip2(Ak)} = 27 L |ertostoe ity tz —242 20z, 1.21
= =2melt* " .
oGz ba(AK) + rs,| e/ @kt 8 i (7 4 2Az +267,) (1.21)

Evaluating Equation (1.21) at z =2Az and focusing only on the positive side of the zero delay:

E;) m( z=2Az)= 2”{2,,"3"- | y(_252")e-10. g~ J2k0z } (1 .22)

20



Equation (1.22) can be understood as the sum of phasors with magnitudes 27r|r5ﬂ|}f(—2§z,,) and

angles 6, +2k.5z,. As an extreme example, consider a case with two identical scatterers that are

quarter wavelength apart. In this case, & =6, rs|=|rs| » and 8z -dz1=4 /4. If the axial

resolution of the system is much larger than A./4, which is typically the case for a standard
resolution OCT system, y(—20z)=p(-28z;) . In this case, the OCT signal IND‘,,,,,.(z=2Az)

becomes nearly zero since it is the sum of two phasors with similar magnitudes but opposite
orientations. This can be understood as destructive interference. On the contrary, if the two
identical particles are half a center wavelength apart, then the two phasors add in phase and

result in constructive interference.

Im

Con:structive

interference

i Re
Destructive
interference

Figure 1.4. (A) A schematic showing multiple scatterers in the sample. The dotted
Gaussian curves show point spread functions centered at the scatterers. Only the
scatterers colored in blue contribute to the OCT signal at depth z =2Az. Other scatterers
colored in gray are either outside the Gaussian beam or too far away from z =2Az axially.
(B) Phasors can add constructively (red) or destructively (blue) depending on the exact

distribution of the scatterers. The angles of the phasors depend on the axial deviations of
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the scatterer positions from z =2Az and the magnitudes depend on the height of the point

spread functions evaluated at z =2Az.

Equation (1.22) can also be used when there are more than two particles that are not
necessarily identical to one another. This is pictorially depicted in Figure 1.4 where each
scatterer can be represented as a phasor in the complex plane. The dotted Gaussian curves

centered at the scatterers show the point spread functions 27r|rs,,|y(—26‘z,,) . Only the scatterers

that have their point spread function tails intercepting the z=2Az line can contribute to the
signal. Only the scatterers colored in blue contribute to the OCT signal at depth z =2Az. Other
scatterers colored in gray are either outside the Gaussian beam or too far away from z =2Az
axially. Note that the height of the point spread function at z =2Az depends on several factors

including the transverse scatterer position with respect to the Gaussian beam, |rs,|, axial

resolution, and axial deviation of the scatterer position from z=2Az. The height of the point
spread function determines phasor the magnitude. The angles of the phasors depend on the axial
deviation of the scatterer positions from z =2Az according to e~/?#%» , The resulting phasors can
add constructively or destructively depending on the exact distribution of the scatterers.

In biological tissue, the scatterers are randomly distributed, and therefore the sum of the
phasors is also random, which results in speckle pattern in OCT image. An example of speckle in
an OCT image of the human retina is shown in Figure 1.5. Note that the outer limiting membrane
(OLM) indicated by the yellow arrow in 1.5(B) on average is spanned by one constructive
speckle in the axial direction unlike the brighter RPE/photoreceptor layers. This implies that the
OLM is thinner than the axial resolution of the ultrahigh resolution OCT system, which was
~3um in tissue. Note that if OCT A-scans consisting an OCT B-scan are highly oversampled in
the transverse direction, the change in the distribution of scatterers is minimal between
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neighboring A-scans, and the speckle patterns in the neighboring A-scans are highly correlated.
This is a necessary condition for Doppler imaging since it requires comparing the phase of
neighboring A-scans'"*'2. On the other hand, if neighboring OCT A-scans are relatively far away

from each other, the speckle patterns between them are uncorrelated.

Figure 1.5. Speckle pattern in spectral domain ultrahigh resolution OCT image of the

human retina. (A) An ultrahigh resolution cross-sectional OCT image of a normal human
retina over a 6mm range. (B) A close-up view of the area indicated by the yellow
rectangle in (A) clearly shows a speckle pattern due to constructive (bright) and
destructive (dark) interference of scatterers in the retina. Note that the outer limiting
membrane (OLM) indicated by the yellow arrow in (B) on average is spanned by one
constructive speckle in the axial direction unlike the brighter RPE/photoreceptor layers.
This implies that the OLM is thinner than the axial resolution of the ultrahigh resolution

OCT system, which was ~3um in tissue. Scale bar: Imm.

In OCT angiography, A-scans are usually not as highly oversampled as in Doppler OCT.
Therefore, the existence of speckle in OCT angiography implies that the galvanometer trajectory
used to acquire B-scans need to be highly repeatable. Otherwise, two sequentially acquired B-

scans will not be sufficiently correlated to each other, resulting in spurious motion contrast signal
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due to scan instability. Note that speckle cannot be suppressed by simply averaging multiple B-
scans acquired from the same location because the scatterers in biological tissue other than

erythrocytes are usually stationary over a typical image acquisition time.

1.7 Scope of thesis

In this thesis, advances in structural and functional ophthalmic imaging techniques for the human
and small animal posterior eyes will be investigated using ultrahigh speed Fourier domain OCT
with standard or ultrahigh resolution. This thesis has the following aims. Aim 1: Develop next
generation ultrahigh speed spectral and swept source OCT systems for integrated structural and
functional imaging of the human and small animal eyes. Aim 2: Develop functional imaging
techniques for retinal blood flow measurements and capillary visualization, and perform
structural and functional ophthalmic imaging in normal humans and small animals. Aim 3:
Apply functional imaging techniques to investigate retinal neurovascular coupling in humans and
small animals. Aim 4: Deploy a clinical ultrahigh speed OCT prototype to an ophthalmology
clinic and perform clinical studies.

The following chapters will discuss various aspects of these aims. Chapter 2 will discuss
ultrahigh resolution spectral domain OCT imaging in human subjects. Unlike standard resolution
OCT, ultrahigh resolution OCT requires a careful numerical dispersion compensation to optimize
the image resolution. Chapter 3 presents small animal Doppler imaging for measuring pulsatile
total retinal blood flow using ultrahigh speed spectral domain OCT. It is also demonstrated that a
similar technique can be used for human retinal blood flow measurement. Chapter 4 describes
the development of an ultrahigh speed phase stable swept source OCT prototype for human
retinal imaging. It is demonstrated that this system can be used for measuring pulsatile total

retinal blood flow in human subjects. Chapter 5 discusses OCT angiography imaging of the
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human choriocapillaris microvasculature using the ultrahigh speed swept source OCT prototype
described in Chapter 4. Chapter 6 presents OCT angiography results in patients with age-related
macular degeneration. An ultrahigh speed swept source OCT system similar to that described in
Chapter 4 was deployed to the New England Eye Center, Tufts Medical Center, to perform
clinical studies. Chapter 7 describes OCT angiography in diabetic patients using the same
ultrahigh speed swept source OCT system. Chapter 8 discusses anesthesia protocols for
meaéuring retinal blood flow in small animal models using ultrahigh speed spectral domain OCT.
Chapter 9 presents measurement of neurovascular coupling induced by visual flicker stimulus in

small animal models using ultrahigh speed spectral domain OCT.
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Chapter 2

Extracting and compensating dispersion mismatch in ultrahigh resolution

Fourier domain OCT imaging of the retina

2.1 Overview

This chapter presents a numerical approach to extract the dispersion mismatch in ultréhigh
resolution Fourier domain optical coherence tomography (OCT) imaging of the retina. The
method draws upon an analogy with a Shack-Hartmann wavefront sensor. By exploiting
mathematical similarities between the expressions for aberration in optical imaging and
dispersion mismatch in spectral / Fourier domain OCT, Shack-Hartmann principles can be
extended from the two-dimensional paraxial wavevector space to the one-dimensional
wavenumber space. For OCT imaging of the retina, different retinal layers, such as the retinal
nerve fiber layer, the photoreceptor inner and outer segment junction, or all the retinal layers
near the retinal pigment epithelium can be used as point source beacons in the axial direction,
analogous to point source beacons used in conventional two-dimensional Shack-Hartman
wavefront sensors for aberration characterization. Using this approach and carefully suppressing
speckle, the dispersion mismatch in spectral / Fourier domain OCT retinal imaging can be
successfully extracted numerically and used for numerical dispersion compensation to generate
sharper, ultrahigh-resolution OCT images. Dr. Bernhard Baumann contributed significantly in
building the OCT system and performing the theoretical analysis. Mr. Eric A. Swanson and Prof.

Fujimoto provided supervision and guidance.
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2.2 Introduction

After the development and first demonstration of optical coherence tomography (OCT) imaging
of the human retina" 2, OCT has become a clinical standard in ophthalmic diagnosis and
research®. Since then, there have been significant efforts in increasing the imaging speed and
resolution of OCT. While the axial resolution of standard clinical ophthalmic OCT systems is 5-
7 pm, ultrahigh resolution OCT images of the retina with an axial resolution approaching 3 pm
or less have been demonstrated using broadband light sources*”. Ultrahigh-resolution imaging is
important because it can contribute to better understanding of pathogenesis and enable earlier
diagnosis of retinal diseases®°.

For ultrahigh resolution OCT, dispersion mismatch between the sample and reference arms
can cause a significant broadening of the axial point spread function'® ', Therefore, to achieve
the best possible axial resolution, it is important to compensate for dispersion mismatch
accurately. While it is possible to closely match the dispersion of optical components between
sample and reference paths and match ocular dispersion by inserting an appropriate length water
cell in the OCT reference arm, it is difficult to account for variability in axial eye lengths
between different individuals. Therefore, numerical dispersion compensation is typically
employed to correct residual dispersion mismatch® " 12,

Fourier domain OCT is particularly well-suited for numerical dispersion compensation
because it provides direct access to the spectral interferogram. However, the exact dispersion
mismatch is typically unknown and needs to be found by post processing the OCT data. There
are two widely used types of approaches for numerical dispersion compensation in retinal |
imaging. The first is to use bright specular reflections at the foveal surface’. The specular

reflection is isolated in depth, shifted to the zero-depth position, and inverse Fourier transformed
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to calculate the dispersion mismatch. The limitation of this approach is that it requires a
dominant specular reflection which is not always available. The second type of approach is to
assume a third order polynomial for the dispersion mismatch and vary the polynomial
coefficients to maximize an image sharpness metric® '%. The limitation of this approach is that it
assumes a specific polynomial order for the dispersion mismatch and/or the resultant coefficients
could be stationary at a local maximum rather than the global maximum. Regardless of these
limitations, all of these approaches are widely used, and in principle, should all converge to a
single answer. Another recently reported approach, different from the two references above,
utilizes the cross-correlation of sub-bandwidth reconstructions'’.

Fourier domain OCT and holography are closely related in that they are both coherent
interferometric techniques that utilize both intensity and phase information, although the
implementations of the two techniques are considerably different'®. On the other hand, the
Shack-Hartmann wavefront sensor is also related to holography in that it is capable of detecting
the sample waveﬁ‘ont. Therefore, there are mathematical similarities between Fourier domain
OCT and Shack-Hartmann wavefront sensing which may allow the application of similar
analytical tools between the two techniques.

In this chapter, we present a numerical approach to extract the dispersion mismatch in
ultrahigh-resolution spectral / Fourier domain OCT retinal imaging using a Shack-Hartmann
wavefront sensor analogy. It is demonstrated that by using this approach and carefully
suppressing speckle, the dispersion mismatch in spectral / Fourier domain OCT can be
successfully extracted numerically, which can then be used for numerical dispersion

compensation to generate sharper ultrahigh-resolution OCT images.
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2.3 Theory and simulation

2.3.1 Dispersion mismatch in spectral / Fourier domain OCT
In OCT, the spectral interferogram detected by the spectrometer as a function of wavenumber

can be expressed as™ >7:

I, (k)= % PEIS(E)R (k)| rs(Az)cos{2kAz + AB(AZ) + Ag,,, () }d Az 2.1)

where p(k), S(k), Rr(k), rs(Az), AG(Az), and A@u,(k) are the detector responsivity, optical
power spectrum of the light source, power reflectivity of the reference arm, magnitude of the
sample field reflectivity, phase of the sample field reflectivity, and dispersion mismatch between
the sample and reference arms, respectively. It is important to note that in retinal imaging
A@usp (k) is commonly approximated to be depth-independent, and therefore is a common term
for signals at all depths.

2.3.2 Aberration in optical imaging

A paraxial plane wave exp{j[k.x+k,y+{k —(k? +k2)/2k}z]} that travels through an optical
element with small aberration exp{j@us.- (x,y)} can be expressed as:

u(x,y)=exp{f[kxx+kyy +{k—("32+"”}z+¢m(x,y)]} 22)

where k, k. and k, is the wavenumber, x component and y component component of the

propagation vector, respectively.
To develop an explicit analogy between aberration in optical imaging and dispersion
mismatch in Fourier domain OCT, an arbitrary superposition of aberrated planar wavefronts can

be interfered with an ideal reference plane wave as in holography:
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2

o 2.3)

. . (k2 +K2)
I(x, y) =|e’ + [ dkedkyr, (ks by Yexpd j| kux + K,y +4 k=22 24+ G (%, )

where 7 (k,,k,) is the weight of superposition for the planar waves. The interference term of
Equation (2.3) can be calculated as:

(k2 +k2)

Im(x,y) = j dk,dkyrg(kx,ky)cos{k,x+ky Y-

z+ ¢aber (xa y)} (2'4)

The mathematical similarities between Equations (2.1) and (2.4) are now apparent where
Equation (2.4) is simply a two-dimensional extension of Equation (2.1). This implies dispersion
mismatch in spectral / Fourier domain OCT and aberration in optical imaging are mathematically
analogous.

2.3.3 Finding dispersion mismatch using Shack-Hartmann wavefront sensor analogy

In optical imaging, a Shack-Hartmann wavefront sensor can be used to find the wavefront
distortion induced by an aberration term @, (x,y). The Shack-Hartmann typically contains a
lenslet array which divides the input wave into multiple subapertures. The local slope of the
wavefront at the center of each of the lenslets can be found by the following equations'®:

0uer (x,¥)/ Ox=Ax/ f (2.5)

0wer (x,¥)/ y=Ay/ f (2.6)
where f is the focal length of the lenslets, and Ax and Ay are the deviations of the focal spots

in the x and y directions in relative to the center of the lenslet. These discrete local slopes can be
used to reconstruct the input wavefront using integration, characterizing the aberration

introduced by the optical element. In imaging the eye using adaptive optics, the optical element

is the eye itself, and the aberration of the eye @u..(x,y) can be defined as the deviation of the
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exiting wavefront after the cornea from an ideal planar wavefront that is assumed to be generated
by an ideal optics of the eye with a point source on the retina.

A Shack-Hartmann wavefront sensor can be considered as a local wavefront sampling device.
Therefore, utilizing the mathematical analogy developed in the previous sections, it should be
possible to perform local phase slope sampling on the spectral / Fourier domain OCT
interferogram in order to extract the dispersion mismatch between sample and reference arms. In
order to extract dispersion mismatch in spectral / Fourier domain OCT, the lenslet array can be
replaced with windowing the interferogram with narrow windows centered at different
wavenumbers in the wavenumber space followed by Fourier transformation, which is analogous
to the lenslets forming images at the focal plane in a Shack-Hartmann wavefront sensor. In a
manner analogous to the way that the lenslets in the Shack-Hartmann wavefront sensor provide
local slopes of the incoming wavefront, multiple narrow windows at different center
wavenumbers provide local slopes of the phase of the spectral interferogram. Therefore, the
dispersion mismatch can be calculated by integrating the phase slope in the wavenumber space in
spectral / Fourier domain OCT, just as the wavefront can be calculated by integrating the
wavefront slope in the x-y space in Shack-Hartmann wavefront sensing. This analogy is

illustrated in Figure 2.1 using an example of parabolic wavefront and phase.
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Figure 2.1. Finding dispersion mismatch using a Shack-Hartmann wavefront sensor
analogy. (A) A lenslet array samples a spatially non-planar parabolic wavefront. (B) The
positions of the focused spots on the focal plane are proportional to the local slopes of the
wavefront. (C) The wavefront can be reconstructed by integrating the local slope in space.
(D) Using multiple spectral windows for STFT, a nonlinear parabolic phase
corresponding to a dispersion mismatch can be sampled in wavenumber. (E) The position
of the Fourier transform for a given window is proportional to local slope of nonlinear

phase. (F) The nonlinear phase can be reconstructed by integrating the local slope in

wavenumber. STFT: short-time Fourier transform.

2.3.4 Simulation
In order to demonstrate that the dispersion mismatch in spectral / Fourier domain OCT can be

found using the analogy described above, a numerical simulation was performed to extract a
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known amount of dispersion mismatch introduced between the sample and reference arms. The
spectral interferogram from three scatterers at slightly different depths and its Fourier transform
are shown in Figures 2.2(A) and (B). When a dispersion mismatch added, the A-scan becomes
distorted as shown in Figure. 2.2(C). Figure 2.2(D) shows an example of the effect of short-time
Fourier transform using a narrow window centered at a particular wavenumber. The first panel of
Figure 2.2(D) shows the effect of windowing on the spectral interferogram. The second panel
shows the Fourier transform of the windowed interferogram. Since the window is narrow, it
appears as a point or single scatterer, which is analogous to the Shack-Hartmann wavefront
sensor, where it is conventionally assumed that the wavefront emerges from a point source. It
should also be noted that beyond a certain threshold where it starts to appear as a point scatterer,
reducing the window size further does not affect the results significantly. The third panel shows
the unwrapped phase of the Hilbert transform of the windowed interferogram shown in the first
panel. Note that the location of the peak of the A-scan in the second panel can be defined as the
instantaneous slope of this unwrapped phase at the center of the window. This results in a more
accurate, sub-pixel location of the peak because of the discrete samples. By sliding the center
wavenumber of the window over the entire wavenumber range and integrating the resultant slope
in wavenumber, the dispersion mismatch can be extracted as shown in Figure 2.2(E). Note that
there is a slight difference between the simulated dispersion mismatch and dispersion mismatch

extracted by the algorithm because there is more than one scatterer in the A-scan.
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Figure 2.2. Simulation for extracting the dispersion mismatch using Shack-Hartmann
wavefront sensor analogy. (A) A spectral interferogram with three scatterers and a
Gaussian light source. (B) The Fourier transform of (A) without any dispersion mismatch.
(C) The Fourier transform of the interferogram with an arbitrary simulated dispersion
mismatch introduced. (D) An example of the short-time Fourier transform for a given
window location. (E) A comparison of the simulated and extracted dispersion mismatches.
(F) A comparison of the extracted dispersion mismatch calculated with short-time Fourier

transform with a sweeping window and that calculated with Hilbert transforming the

entire spectral interferogram.

This result is expected for a single scatterer, but for multiple scatterers, it is not obvious
whether this approach remains valid. However, as will be shown in the next section, by carefully
considering the analogy between this approach and the Shack-Hartmann wavefront sensor, it is
possible to infer that this approach should still be valid for multiple scatterers when speckles are

appropriately managed.
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Figure 2.2(F) shows that the entire operation of the sliding window short-time Fourier
transform can be simply replaced by Hilbert transformation of the entire interferogram without
short-time Fourier transformation. Since the operation described above essentially calculates the
integral of the instantaneous slope of the phase, while the Hilbert transform of the entire
interferogram calculates the phase, they are equivalent. This fact is highly advantageous
computationally because of the high computational cost of short-time Fourier transformation
with multiple windows. Therefore, short-time Fourier transformation is used here only for
developing the analogy between this approach and the Shack-Hartmann. Note that there is a
slight difference between the two curves in Figure 2.2(F) because the instantaneous slope was
calculated using a finite window width with a finite wavenumber interval.

2.3.5 Effect of speckle

For A-scans with a single scatterer or specular reflections, variations of the approach outlined
previously have already been widely used for finding the dispersion mismatch in Fourier domain
OCT” °. However, the validity of this approach for A-scans with multiple scatterers is not
obvious without the analogy developed previously.

In Shack-Hartmann wavefront sensing for imaging the eye, it is typically assumed that the
wavefront coming from the beacon on the retina is a point source. Although this is true in terms
of the resolution of the small lenses in the lenslet array, there are still multiple scatterers that act
as the beacon on the retina. Therefore, speckle can be a problem for accurate aberration
characterization with a typical Shack-Hartmann wavefront sensor”’. Similarly, in finding the
dispersion mismatch in spectral / Fourier domain OCT using the analogy developed here, speckle
can be a severe problem when there are multiple scatterers in a single A-scan. The effect of

speckle on the approach described here is shown in Fig. 3. Figure 2.3(A) shows a spectral
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interferogram with three scatterers as in Figure 2.2, but with the relative locations shifted to
cause severe constructive and destructive interferences. This constructive and destructive
interference results in speckle patterns when narrow windows are used for short-time Fourier
transform. Note that an analogous problem can occur in Shack-Hartmann wavefront sensors.
Figure 2.3(B) shows the dispersion mismatch extracted with the approach described above. Note
that an abrupt jump occurs where there is destructive interference. These abrupt jumps can cause
a splitting of the OCT point spread function when the dispersion mismatch is used for numerical

dispersion compensation.

exdracied mismatch
simulated mismatch

Interferogram (a.u.)

400 600
Sample Number

400 600
Sample Number

Figure 2.3. (A) A spectral interferogram with three scatterers. The wavenumbers where
destructive interference occurs are indicated with red arrows. (B) A comparison of the
extracted dispersion mismatch and the simulated dispersion mismatch. The red arrows
indicate the same wavenumbers as in (A). Note that the abrupt changes in the extracted

dispersion mismatch occur at the wavenumbers indicated with the arrows.

One obvious way of suppressing speckle and other noise for the Shack-Hartmann wavefront
sensor is to average multiple images assuming small sample movement between acquisitions?’,
In typical OCT imaging, multiple A-scans are acquired while the galvanometer is scanning.
Therefore, in order to suppress speckle for extracting the dispersion mismatch in spectral /
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Fourier domain OCT, multiple neighboring A-scans with different speckle patterns can be
averaged. Note that averaging is not performed on the interferograms, but on the extracted
dispersion mismatches from the A-scans. The effect of speckle suppression by averaging the

dispersion mismatch will be shown in the results section.

2.4 Methodology

2.4.1 Ultrahigh-resolution spectral / Fourier domain OCT system

Two different OCT systems were used in these experiments. A schematic of the OCT systems
used is shown in Figure 2.4. For the first system, a commercial broadband superluminescent
diode (SLD) light source (Exalos) and a line scan camera (Basler Sprint spL.4096-140 km) were
used to develop an ultrahigh-resolution spectral domain OCT system at 825 nm with an imaging
speed of 70,000 A-scans per second. The full width at half maximum (FWHM) bandwidth of the
broadband light source was 161 nm. The spectrometer had a collimating lens with an effective
focal length of 76 mm, a 1200 lines/mm transmission holographic grating, and a 160 mm scan
lens. The line scan camera had 10 pm square pixels in two rows and was 4096 pixels wide. The
camera was read at a 70 kHz line rate using the full 4096 pixels with a 13.1 ps exposure time.
The total imaging range was 3.1 mm in tissue with a measured axial resolution of 2.9 pm in
tissue after spectral shaping. Using a 70/30 fiber coupler, the power of the OCT beam at the
cornea was 750 pW, consistent with American National Standards Institute (ANSI) standards
safe exposure limits, and gave a sensitivity of 97 dB. The imaging interface had galvanometer
scanners with 5 mm mirrors (Cambridge Technology 6215H), an 80 mm scan lens, and a
compound 30 mm effective focal length ocular lens, resulting in a beam diameter of 1.8 mm
incident on the cornea. The theoretical retinal spot size calculated with ZEMAX and a standard

eye model was ~20 pm.
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For the second system, a different broadband SLD. (Superlum) centered at 860 nm with a
FWHM bandwidth of 137 nm was used in order to increase the imaging speed as well as the
system efficiency. For this configuration, the camera was read at a line rate of 91 kHz using the
center 3072 pixels with an exposure time of 9.8 ps. An 80/20 fiber coupler used for this
configuration to limit the incident power of the OCT beam to 750 uW. Otherwise, the second
system was similar to the first. The second system was designed with emphasis on optimizing
efficiency and sensitivity, and sensitivity was improved to 98 dB despite the faster imaging
speed. The total imaging range remained the same at 3.1 mm in tissue with a measured axial

resolution of 3.2 um in tissue after spectral shaping.

PC DC  RM
Broadband
SLD 70/30 or
80/20
CMOS Camera
Spectrometer PC
Computer

Figure 2.4. Schematic of the spectral / Fourier domain ultrahigh-resolution OCT systems.
PC: polarization controller, DC: dispersion compensation glass, RM: reference mirror,
GS: galvanometer scanner pair, DG: diffraction grating, SLD: superluminescent diode,
CMOS: line scan camera. Fiber couplers of 70/30 and 80/20 were used for the first and

second systems, respectively.
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2.4.2 System calibration and data processing

In order to achieve best possible resolution allowed by the spectrometer and light source at all
depths, it is critical to decouple the dispersion mismatch from wavelength-to-camera pixel
mapping during spectrometer recalibration. For that purpose, the spectrometer was calibrated
using an approach similar to that described by Makita et al'’. Interferometric fringes were
recorded by placing a mirror at two different delay positions in the sample arm. The two
interferometric fringes were Hilbert transformed to generate phase curves as a function of pixel
number. By subtracting the two phase curves, the phase as a function of pixel number, but
without dispersion mismatch, was generated. The new sampling positions to linearize the
interferometric fringe in wavenumber could be generated by dividing the total phase range by the
final number of samples and interpolating the sample positions corresponding to the i)hase values
with uniform intervals. It should be noted that the approach by Makita et al.'”” can also be used
for finding the dispersion mismatch in the OCT system. However, unlike our approach discussed
here, it is .not intended for sample-dependent dispersion mismatch because it requires a
calibration mirror.

For all data acquired in this study, the spectrometer output was processed by cubic spline
interpolation to linearize the interference signal in wavenumber. The recalibrated interferometric
signals were Fourier transformed after numerically compensating for the dispersion mismatch.
Zero padding was sometimes performed before Fourier transformation in order to improve layer

visualization.

2.5 Results and discussion

The approach to extract the dispersion mismatch described above was applied to spectral /

Fourier domain OCT images. In OCT images of the retina, there are always multiple scatterers in
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a given A-scan, and the effect of speckle should be considered carefully in order to apply this
method successfully. The first ultrahigh resolution OCT system was used to acquire the B-scan
with 2048 A-scans as shown in Figure 2.5(A). No water cell was used in the reference arm in
order to intentionally demonstrate that the approach is capable of extracting a relatively large
dispersion mismatch. The method was applied to the A-scans near the center of the fovea. Before
implementing the method, the A-scans were zeroed everywhere except at the bright layers near
the retinal pigment epithelium (RPE), and inverse Fourier transformed to increase the signal-to-
noise ratio of the spectral interferograms and remove signals from undesired layers. The depth
range where the A-scan was used is approximately indicated by the yellow dotted lines in Figure

2.5(A). The resulting spectral interferograms were used as the starting point for the approach.
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Figure 2.5. (A) An original OCT B-scan image of a normal human retina. (B, C, D) OCT
B-scans numerically dispersion compensated with the mismatches shown in (E, I, J). The
white arrow in (D) indicates the external limiting membrane (ELM). (E-I) Dispersion
mismatches extracted from different numbers of A-scans. (J) was obtained by filtering (I)
with a Savatzky-Golay filter. For (E-J), the y-axis indicates phase in radian and the x-axis

sample number.
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Figure 2.5(E) shows the extracted dispersion mismatch from a single A-scan. Note that there
are several abrupt jumps in the extracted dispersion mismatch due to noise and speckle, which
can be understood in terms of the short-time Fourier transforms described earlier. When this
mismatch is used for numerical dispersion compensation, the OCT point spread function splits,
as can be seen in Figure 2.5(B). Note that the image became sharper compared to Figure 2.5(A),
although image feature appear split multiple times in depth. This is not surprising considering the
effect shown earlier in Figure 2.3(B). Figures 2.5(F-I) show the averages of dispersion
mismatches extracted from different numbers of A-scans in order to reduce speckle. The
extracted dispe;sion mismatch is averaged according to the number of A-scans indicated. Note
that as larger numbers of A-scans are used for averaging, the abrupt jumps in the extracted phase
are reduced. Figure 2.5(J) was obtained by filtering Figure 2.5(I) with a Savitzky-Golay filter
(polynomial order: 1, window size: 401, number of samples per A-scan: 4096) in order to further
suppress the effect of speckle. Figures 2.5(C) and (D) show the numerically dispersion
compensated B-scans using the extracted dispersion mismatches shown in Figures 2.5(I) and (J),
respectively. Both Figures 2.5(C) and (D) became noticeably sharper than the original image.
However, Figure 2.5(D) resulted in a cleaner image as can be seen by examining the area below
the external limiting membrane (ELM). It is important to emphasize that the extracted dispersion
mismatches are averaged for speckle reduction, while the spectral interferograms are not
averaged before extracting the mismatch. It should also be noted that the purpose of averaging is

not to increase signal-to-noise ratio, but to reduce the effects of speckle.
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Figure 2.6. (A) An original OCT B-scan image of a normal human retina. Dispersion
was approximately matched with a water cell in the OCT reference arm. (B) An OCT B-
scan numerically dispersion compensated with the dispersion mismatch extracted from a
single A-scan near the position indicated by the blue box in (A). Only the IS/OS was used
for dispersion mismatch extraction. (C) An OCT B-scan numerically dispersion
compensated with the dispersion mismatch extracted from a single A-scan near the
position indicated by the red box in (A). The entire NFL was used for dispersion
mismatch extraction. (D) The dispersion mismatch was extracted from 20 A-scans near

the position indicated by the red box in (A) and averaged and filtered to reduce speckle.

In practice, a water cell is typically used in the reference arm for retinal imaging in order to
match dispersion from the vitreous of the eye. Therefore, it is important to test whether this
approach can be also used to find a smaller amount of dispersion mismatch. Figure 2.6(A) is an
OCT B-scan image of a normal human retina consisting of 2048 A-scans, acquired with the first

ultrahigh resolution system, but with a water cell inserted in the reference arm to approximately
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match dispersion. Figure 2.6(B) shows a B-scan numerically dispersion compensated with the
dispersion mismatch extracted from a single A-scan near the position indicated by the blue box
in Figure 2.6(A). Only the inner segment / outer segment junction (IS/OS) was used for
extracting the dispersion mismatch. Averaging multiple A-scans did not help in this case because
IS/OS acted as a good single scatterer with minimal speckle. Figure 2.6(C) shows a B-scan
numerically dispersion compensated with the mismatch extracted from a single A-scan near the
position indicated by the red box in Figure 2.6(A). In this case, the entire nerve fiber layer (NFL)
was used to extract dispersion mismatch. Because the NFL is thick, there are multiple scatterers
in a given A-scan. Therefore, the extracted dispersion mismatch has artifacts due to speckle.
Figure 2.6(D) shows a numerically dispersion compensated image with an averaged dispersion
mismatch extracted from 20 A-scans near the position indicated by the same red box in Figure
2.6(A). The extracted dispersion mismatch was filtered with a Savatzky-Golay filter (polynomial
order: 1, window size: 401, number of samples per A-scan: 3072) before it was used for
numerical dispersion compensation. As can be seen, averaging and filtering the extracted phase
reduces speckle and achieves more accurate extraction of the dispersion mismatch. This result
demonstrates that this approach can be applied to diffuse multiple scatterers as long as the

speckle is appropriately managed.
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Figure 2.7. (A) An original OCT B-scan image of a patient with dry AMD. Dispersion
was approximately matcched with a water cell inserted in the OCT reference arm. (B) An
OCT B-scan numerically dispersion compensated with the averaged and filtered

mismatch extracted from 200 A-scan near the position indicated by the yellow box in (A).

Finally, the approach was applied to images with retinal pathology. Figure 2.7 shows an

OCT retinal image acquired from a patient with dry age-related macular degeneration (AMD)
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obtained with the second ultrahighl resolution OCT system used at the New England Eye Center.
The B-scan image consisted of 16,000 A-scans over 6 mm. A water cell was used in the
reference arm for approximate dispersion matching. For this scan pattern, 200 A-scans near the
yellow square in Figure 2.7(A) were used to extract the dispersion mismatch. Because of the
pathology, it was not possible to separate the IS/OS and the retinal pigment epithelium (RPE),
and the entire diffuse bright band near the RPE was used, as indicated by the yellow box.
Therefore, a relatively large number of A-scans were required to extract the dispersion mismatch.
Another reason that a larger number of A-scans were required is that the scan pattern was very
dense and the relative difference between neighboring A-scans was proportionally smaller in
terms of speckle. Figure 2.7(B) is a B-scan that is numerically dispersion compensated with the
extracted dispersion mismatch averaged over 200 A-scans and filtered with a Savatzky-Golay
filter. As can be seen from the zoomed views of Figures 2.7(A) and (B), the image became
sharper using numerical dispersion compensation. The effect of dispersion compensation can be
seen by examining the thickness of Bruch’s membrane near the center of the fovea as indicated
by arrows.

There is a very recently published approach that uses the cross-correlation of sub-bandwidth
images to characterize and compensate for dispersion as well as sample axial motion artifacts'>.
Although this approach is more closely related to the approach reported here than other
approaches mentioned in the introduction in that it uses short-time Fourier transforms, there are
still important differences. The approach described in this manuscript does not use cross-
correlation of images which can be time consuming especially if it is necessary to achieve sub-
pixel accuracy. We also demonstrated that short-time Fourier transforms at multiple

wavenumbers can be replaced by single Hilbert transformation, which dramatically reduces
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computational time. Finally this chapter demonstrates that speckle in short-time Fourier
transforms can pose additional challenges and proposed an approach to reduce its effects and

obtain high quality dispersion compensation.

2.6 Conclusion

Using a mathematical analogy between the Shack-Hartmann wavefront sensor and Fourier
domain OCT, we present an approach to extract the dispersion mismatch between the sample and
reference in spectral / Fourier domain OCT. By carefully considering the effect of speckle, which
is a common phenomenon occurring in both wavefront sensing and dispersion measurement, the
dispersion mismatch was successfully extracted in A-scans with diffuse multiple scatterers as
well as a single scatterer. In principle, different approaches for dispersion compensation,
including the approach described in this manuscript should converge to a single equivalent
solution, which should enable effective compensation of dispersion mismatch. However, the
approach described here attempts to extract the dispersion mismatch in a more physically
intuitive way, rather than optimizing a metric function. Although this manuscript applies the
Shack-Hartmann wavefront sensor analogy to OCT dispersion measurement and compensation,
the mathematical analogy also suggests analogs in other applications. For example, it may be
possible to extend the approach introduced here to two-dimensions and apply it for

characterizing and numerically compensating optical aberration in holography or OCT.
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Chapter 3
Measurement of pulsatile total blood flow in the human and rat retina

using ultrahigh speed spectral / Fourier domain OCT

3.1 Overview

This chapter presents an approach to measure pulsatile total retinal arterial blood flow in humans
and rats using ultrahigh speed Doppler OCT. The axial blood velocity is measured in an en face
plane by raster scanning and the flow is calculated by integrating over the vessel area, without
the need to measure the Doppler angle. By measuring flow at the central retinal artery, the scan
area can be very small. Combined with ultrahigh speed, this approach enables high volume
" acquisition rates necessary for pulsatile total flow measurement without modification in the OCT
system optics. A spectral domain OCT system at 840nm with an axial scan rate of 244kHz was
used for this study. Real-time Doppler C-scan preview is proposed as a guidance tool to enable
quick and easy alignment necessary for large scale studies. Data processing for flow calculation
can be entirely automatic using this approach because of the simple and robust algorithm. Due to
the rapid volume acquisition rate and the fact that the measurement is independent of Doppler
angle, this approach is inherently less sensitive to involuntary eye motion. This method should be
useful for investigation of small animal models of ocular diseases as well as total blood flow
measurements in human patients in the clinic. Dr. Bernhard Baumann contributed significantly in
building the OCT system and performing measurements. Jonathan J. Liu developed the initial
version of the acquisition software. Dr. Allen C. Clermont, Dr. Edward P. Feener, Dr. Jay S.

Duker, and Prof. James G. Fujimoto provided supervision and guidance.
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3.2 Introduction

Assessing ocular blood flow in vivo is an important research area because many ocular diseases,
such as diabetic retinopathy, glaucoma and age-related macular degeneration, are associated with
alterations in retinal blood flow. Therefore, the measurement of total retinal blood flow and
pulsatility is important for investigating pathophysiology in small animal models of ocular
diseases and may also be useful for the diagnosis of these diseases in humans'®.

Conventionally, techniques such as color Doppler imaging, scanning laser Doppler
flowmetry, retinal vessel analyzer, laser speckle flowgraphy, digital scanning laser
ophthalmoscope angiography and laser Doppler velocimetry have been used to characterize
hemodynamics in the normal and diseased eyes®°. However, many of these techniques measure
only velocity and not total flow, as in color Doppler imaging and laser Doppler velocimetry, or
vessel diameter as. in retinal vessel analyzer. One of the main limitations of scanning laser
Doppler flowmetry is that it does not provide depth-resolved measurements, thereby making
quantitative comparison among different subjects challenging. Other techniques, such as laser
speckle flowgraphy or scanning laser ophthalmoscope angiography, also have the limitation that
they require intravenous dye injection and/or are difficult to convert into actual flow. Therefore,
there has been a considerable demand for new techniques that can reliably assess retinal blood
flow in vivo™®,

Since structural optical coherence tomography (OCT) imaging has become a clinical
standard in many areas of ophthalmic cliniéal diagnosis and medical research’, it is desirable to
use OCT fof functional measurement of total retinal blood flow. Fourier-dor'nain Doppler OCT
methods enable direct access to phase and can measure tﬁe speed of moving scatterers, such as

red blood cells and also enables a dramatic increase in sensitivity and speed compared with time-
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domain OCT® 1> ! However, since Doppler OCT measures only the axial component of velocity
that is parallel to the probe beam direction, conventional Doppler techniques require information
on blood vessel angles in addition to speed for quantitative assessment of retinal blood flow” >,
Another method is to detect Doppler shifis in two different directions using two beams
impinging at different angles without explicit extraction of blood vessel angles, but this requires
hardware scan modifications and is therefore more difficult to implement with standard
commercial OCT patient interfaces'®. While blood flow has been measured in both humans and
small animals using these conventional methods, flow measurement was usually based on an
individual arterial or venous branch, rather than the total retina'’.

Total retinal blood flow can be measured using a novel technique which acquires multiple
concentric circumpapillary scans with different diameters centered at the optic nerve to intercept
all of the retinal vessels while also measuring the vessel angles” '°. However, angle measurement
is sensitive to eye motion and errors in detected angle can cause flow measurement error. In
order to overcome this limitation, a software approach to register circumpapillary scans, which is
used to extract speed information, to motion-corrected two-dimensional raster scan, which is
used to extract blood vessel angles, has been developed to reduce measurement variability'®. It
has been recently shown that total retinal flow measurements using circumpapillary scans
generated by Fourier-domain Doppler OCT exhibit statistically significant differences between
normal and diseased eyes'®.

Recently, an en face Doppler OCT approach which does not require blood vessel angle

information, became feasible due to an increase in OCT imaging speed”® !

. This en face Doppler
technique simplifies total blood flow measurement by using the fact that total flow in a vessel is

given by the integral of the product of a differential area and velocity component perpendicular
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to vthe area over the cross-section of the blood vessel. In Doppler OCT, total blood flow can be
calculated simply by summing all axial velocity components in an en face plane generated from
an OCT raster scan centered at the optic nerve at a given depth location and multiplying the sum
with an area calibration factor, which is readily measurable. Our group demonstrated that at a
high enough imaging speed, this en face Doppler can be applied to the retina to calculate total
retinal blood flow?. This method combined with swept source technology has several
advantages including negligible fringe washout compared with spectral-domain OCT?* %, simple
flow calculation without the need for vessel angle information, and compatibility with existing
standard OCT patient interface. However, pulsatility still remained a challenge as in all other
retinal blood flow measurement techniques, potentially causing up to 50% or higher variation in
measured flow values® %,

In this chapter, we present a novel approach to measure total retinal arterial blood flow and
pulsatility in rats as well as in humans. As demonstrated previously, the axial blood velocity is
measured in an en face plane by scanning a raster pattern to avoid the need to measure the
Doppler angle and to achieve a simple and robust measurement technique. In addition, total
blood flow is measured at or near the central retinal artery in this approach, and therefore, the
scan area can be extremely small. Combined with ultrahigh speed Fourier domain OCT, this
acquisition scheme enables high repeated volume acquisition rates necessary for pulsatile total
blood flow characterization. The total acquisition time required for pulsatile blood flow
measurement with this approach is only a few seconds for both humans and small animals
because blood flow is continuously recorded in time without gating. Moreover, because of the
short acquisition time required per volume, this approach is inheréntly less sensitive to

involuntary patient eye motion, which is highly advantageous for implementation in the clinic.
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Due to the simplicity and robustness of data processing algorithm, completely automatic total

blood flow calculation was achieved in this study.

3.3 Methodology

3.3.1 Ultrahigh speed spectral / Fourier domain OCT system

A sketch of the OCT system used in this experiment is shown in Figure 3.1. A commercially
available superluminescent diode (Superlum) and line scan camera (Basler Sprint spL4096-140
km) were used to develop an ultrahigh speed spectral / Fourier domain OCT system at 840nm
with an imaging speed of 244,000 A-scans per second. The full width at half maximum (FWHM)
bandwidth of the superluminescent diode light source was 55nm. The spectrometer used a
collimating lens with an effective focal length of 100mm, a 1200 lines/mm transmission
holographic grating and an 80mm scan lens. The line scan camera had 10 um square pixels in
two rows and was 4096 pixels wide. However for this design only 832 pixels were illuminated
and the camera was read at a line rate of 244 kHz where the exposure time was 2.8us, accounting
for the reading time. The spectrometer was calibrated by using an approach similar to that
described by Makita et al’®. The output was processed by spline interpolation followed with

numerical dispersion compensation and Fourier transformation.
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Figure 3.1. Schematic of the ultrahigh speed spectral domain OCT system. PC:
polarization controller, DC: dispersion compensation glass, RM: reference mirror, GS:
galvanometer scanner pair, DG: diffraction grating, SLD: superluminescent diode,
CMOS: line scan camera. A similar OCT system with reduced power at the cornea was

used for human imaging.

The total imaging range was 1.5mm in tissue with a measured axial resolution of 5.7um in
tissue. The power of the OCT beam at the cornea was 2.5mW for rat imaging, and the system
sensitivity was 99dB. A non-contact scanning configuration was used to avoid pressure on the
cornea which may change intraocular pressure and retinal blood flow. The scan interface for rat
imaging consisted of a pair of galvanometer scanners (Cambridge Technology 6210H, 3mm
mirrors), a 50mm scan lens, and an ocular lens with an effective focal length of 12.5mm. The
incident beam diameter on the cornea was 0.5mm. A similar system was used for human eye
imaging, but the output power at the cornea was reduced to 750uW, consistent with American

National Standards Institute (ANSI) standards safe exposure limits, resulting in a sensitivity of
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94dB. The human imaging interface consisted of a pair of galvanometer scanners (Cambridge
Technology 6215H, Smm mirrors), a 80mm scan lens, and an ocular lens with an effective focal
length of 30mm, resulting in a beam diameter of 1.8mm incident on the cornea. Theoretical spot
sizes on the retina calculated with ZEMAX using standard eye models were ~15um for the small
animal interface and ~20um for the human imaging interface. The phase stability of the
spectrometer measured with a common path cover slip interferometer was 1.1mrad (standard
deviation of measured phase). The superior phase stability of spectral / Fourier domain OCT
enabled robustness necessary for large scale studies without the need for sophisticated trigger
fluctuation compensation algorithms as required in swept source OCT. However, the approach
proposed here is in principle compatible with any high speed Fourier domain OCT system,
including swept source OCT.

3.3.2 Assessment of Doppler flow velocities

Doppler flow velocities were calculated using the following equation®:

| _Ano
' 4xnTn

3.1)

where A is the light source center wavelength, A® is the phase difference between two

consecutive A-scans, T is the time between two A-scans and » is the effective refractive index
of the tissue.

Using an acquisition rate of 244,000 A-scans per second, the maximum axial velocity range
that could be measured without phase wrapping was +£37.7mm/s in tissue. However, the
maximum axial velocity that could be practically unwrapped without ambiguity was ~75.4mm/s
in tissue, since only arteries near the central retinal artery were summed in the en face plane for

the Doppler OCT flow measurement. No software bulk motion correction was necessary for this
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study because the velocity of typical bulk motion of the retina encountered during imaging was
negligible compared to the axial velocity of blood near the central retinal artery.

3.3.3 Total retinal blood flow measurement using en face Doppler OCT

Total retinal blood flow measurement was based on a method demonstrated by Srinivasan et al.
in the small animal brain®. This method was later applied by Jenkins et al. for measuring total
flow in developmental biology specimens and by Baumann et al. for measuring total flow in the

human retina®" 2, Flow may be calculated using the following equation:
F=jsv-¢4=jsvcos9d4 (3.2)

where v is the velocity vector of a moving scatterer and d4 is the differential area with the
vector normal to the surface area. This concept is illustrated in Figure 3.2.

In Doppler OCT, the axial velocity component of a moving scatter can be readily measured
without information on the vessel angle. However, using conventional Doppler methods (Figure
3.2(A)), blood vessel angles are needed in addition to the axial velocity in order to calculate flow
because the measurement is performed in a cross-sectional plane which is along the direction of
the OCT beam. Raster scanning over an en face plane intercepting the blood vessel (Figure
3.2(B)) requires a higher imaging speed because of the larger number of A-scans necessary
compared with scanning a cross-sectional plane. On the other hand, the z-component or axial

component of the velocity is vcos@=v, and blood flow in a vessel can also be calculated by

simply integrating the axial velocity components in an OCT en face plane that intercepts the
vessel (Figure 3.2(B)). Therefore, total retinal blood flow can be measured by scanning an area

that intercepts all retinal vessels.
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Figure 3.2. (A) In conventional Doppler methods, calculation of blood flow involves
extraction of the Doppler angle , which is the angle between the probe beam and blood
vessel. (B) In en face Doppler, simply integrating the axial velocity components over an

en face cross-section that intercepts the vessel provides blood flow.

3.3.4 Pulsatile total blood flow measurement in the human and rat retina

One method to intercept all retinal vessels with an en face plane is to scan a large area around the
optic nerve head, as in reference®. Although this approach measured all retinal vessels, it was
not possible to characterize pulsatility in blood flow with this approach because of the limited
OCT acquisition speed. Another method to measure pulsatile blood flow with en face Doppler
OCT is to use gating to reconstruct pulsatile blood flow as demonstrated by Jenkins et al. in the
quail embryo heart tube’’. However, gating requires additional hardware and software for
synchronization as well as a longer total measurement time, which limits its use for large scale
studies in humans or rodent models. This paper describes an approach which specifically
measures the central retinal artery to rapidly and repeatedly scan a small area, thereby achieving

sufficient volume acquisition rate to characterize blood flow pulsatility.
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In the rat retina, the central retinal artery is readily accessible by the OCT probe beam, and
rapid, repeated scanning of a small area is possible to achieve rapid volume acquisition rate. In
the human retina, the central retinal artery cannot always reliably be imaged at 840nm
wavelengths due to limited image penetration depth. However, by choosing an en face plane
which intercepts all retinal arteries just after they branch from the central retinal artery, the scan
area can still be small enough for rapid, repeated volume acquisition necessary for pulsatile
blood flow imaging in humans.

By using en face Doppler OCT, knowledge of the angle between the blood vessel and OCT
beam, i.e. the Doppler angle, is not required, which dramatically simplifies total retinal blood
flow measurement. Moreover, because the scanned area is very small and has high sampling
density, blood vessel detection and segmentation becomes highly robust and simple, thereby
enabling entirely automatic processing algorithms for pulsatile blood flow calculation.
Completely automatic processing is especially useful for large scale studies, which are necessary
in the investigation of small animal models of ocular diseases as well as in clinical retinal blood
flow measurements in human patients with ocular disease. The fact that Doppler angle
information is not required also implies that this approach is highly robust to segmentation error
which might otherwise lead to large variations in calculated flow from inaccurate Doppler angle
measurement.

3.3.5 Real-time Doppler C-scan preview

Because of variations in the three-dimensional retinal anatomy in both humans and rats, it is not
always obvious which scan area will intercept all the blood vessels necessary to measure total
retinal blood flow. One approach is to scan a large area near the optic nerve head as shown in

reference?. However, a rapid volume acquisition rate is required to characterize pulsatility in
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blood flow so it is necessary to limit the scan area in order to achieve rapid scan rates. Because
of the vessel geometry and lack of contrast, conventiohal intensity B-scan previews are not
sufficient to reliably locate the central retinal artery or blood vessels of interest. Although OCT
intensity fundus projection can sometimes provide a rough location of the central retinal artery, it
is still insufficient for defining a small scan area because fundus projection images do not
preserve depth-resolved information. This depth-resolved information is critical since blood
vessels are not necessarily parallel to the OCT probe beam. An OCT intensity en face cross-
section, or C-scan, preserves this depth-resolved information, but the inherent lack of contrast
between blood vessels and neighboring tissue limits its practical use for locating blood vessels.

Since reliability and ease of alignment are of key importance for large scale studies involving
small animals and humans, we developed a real-time en face Doppler cross-sectional preview, or
Doppler C-scan preview. The Doppler C-scan preview can provide an accurate location of the
blood vessels of interest as well as preview the quality of the Doppler images that will be
acquired.

Because Doppler processing requires oversampling in at least one scan direction and Doppler
C-scan preview is useful only if it scans an area larger than the actual area of interest, it requires
a large number of A-scans per en face frame. However, it is important to note that the full
discrete Fourier transform (DFT) is not required for Doppler C-scan preview because only the
phase at a single depth is required from the A-scan. For small animal Doppler imaging, the
Doppler C-scan preview consisted of 400 100 A-scans over a 0.5mmx0.5mm area, which
resulted in a 12x oversampling in the fast scan direction and 3x oversampling in the slow scan
direction. Althoﬁgh the number of A-scans is 100 times larger than that is typically required for

an intensity B-scan preview consisting of 400 A-scans, the total number of computations
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required for DFT in the preview is even smaller for the Doppler C-scan preview, as long as the
number of samples per A-scan is larger than the number of B-scans.

Although fast Fourier transform (FFT) algorithms cannot be used for Doppler C-scan
preview because only the Fourier transform at a single depth is computed for a given A-scan, it is
still possible to reduce the number of multiplications required by a factor of roughly two by
using complex conjugate symmetry (e ") = g#N-m2x/N) where k and n are integers) as

following?’:

" N1

X[k]= ) x[nle "™ = If x[n){cos(27kn | N) - jsin(2zwkn/ N)}
n=0 n=0 (3.3)

N/2-1

= " [{x[n]+x[N —n]}cos(2kn | N) - j{x[n] - x[N — nl}sinQzkn /N)]

Without further optimization, a Doppler C-scan preview frame rate of >1fps was achieved,
which was fast enough for small animal imaging. Although this frame rate was still useful for
human imaging, further optimization in computer hardware and the use of recursive algorithms,
such as the Goertzel algorithm?’, should improve the frame rate. These increases in preview
speed would be important for imaging patients in the clinic. Figure 3.3 shows a flow chart of
how Doppler C-scan preview can be used for alignment and an example of a Doppler C-scan

preview image.
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Figure 3.3. (A) Flow chart for alignment / acquisition procedure for pulsatile total retinal
blood flow imaging. (B) An example of a Doppler C-scan preview image. The red
square denotes the scan area of interest, which can be adjusted by moving the crosshair.
Velocity wrapping can be observed at the center of the central retinal artery, which can be

unwrapped for flow calculation during post-processing.

3.3.6 Automatic flow calculation
Flow calculation could be performed entirely automatically for both humans and small animals

because of the robustness of the algorithm. The flow chart for the automatic flow calculation

scheme is illustrated in Figure 3.4.
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Figure 3.4. Flow chart for automatic flow calculation. Because of the robustness of the
algorithm, essentially no user input is necessary and entirely automatic processing
becomes feasible. The plot which shows flow as a function of depth is generated from a

data set acquired from a normal male Sprague Dawley rat.
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In situations where the maximum velocity produces one phase wrap, unwrapping can be
performed reliably by adding = when phase differences cross a negative threshold value. If the
velocity is high and produces multiple phase wrapping, unwrapping is more difficult. The first
volume from a repeated volumetric data set is used to calculate flow as a function of depth of the
en face plane by detecting the central retinal artery by velocity thresholding median-fileterd en
face Doppler images. For the rat data sets, because the central retinal artery is accessible with the
OCT probe beam, only the largest connected area above a velocity threshold was summed for
flow calculation. At shallow depths, an initial rise in flow occurs as multiple retinal arteries enter
the field of view. Analyzing progressively deeper depths, eventually the OCT signal is lost due
to limited imaging depth and the measured flow decreases. Between these two depth limits, there
is a ~30pum depth range in case of the rodent retina, where measurements are free of these two
counteracting effects and the measured flow is independent of depth as expected. The flow
measured within this depth range corresponds to the true total retinal arterial flow value at the
time the volume was acquired. Since repeated volumes are rapidly acquired, for the next volume
in the data set it is only necessary to analyze a depth window near the depth where flow was
maximal in the previous volume. By iterating this process through the entire data set, a pulsatile
total retinal arterial blood flow waveform can be obtained. The length of this depth range where
measured flow is constant depends on the scanned area because image penetration depth is
usually fixed for a given wavelength. This depth range where constant flow is measured can vary
between animals depending on the window size, and must be chosen so that it can intercept all
retinal arteries in most animals. Similar effects can also be observed in the human retina where
the depth range for measuring constant flow was ~70um. One major difference between the

automatic flow calculation algorithms for the human and rat data comes from the fact that the
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central retinal artery cannot always be reliably imaged by the OCT probe beam. Therefore, for
the human data, several connected areas above a velocity threshold as well as above a certain
area threshold were summed together for flow calculation. Area thresholding was employed in
order to exclude small random high velocity regions arising from Doppler noise. It should be
noted that shadowing from blood vessels may make Doppler images noisy at deeper depths due
to high scattering as in other Doppler OCT methods, and care must be taken in determining the
correct depth where flow is calculated.

3.3.7 Animal protocol

Animal procedures were performed under an approved protocol by the Committee on Animal
Care (CAC) at MIT. For all experiments involving animals, male Sprague Dawley rats weighing
250-500g were used. Immediately before OCT imaging, animals were anesthetized with
ketamine/xylazine (ketamine 80mg/kg, xylazine 8mg/kg) or isoflurane (2%) and xylazine
(8mg/kg), and dilated with 1% tropicamide. Hypothermia in animals was prevented by using
heat pads. The animals were then imaged with the ultrahigh speed OCT system. During imaging,
the animals were closely monitored for their heart rate, breathing rate, and oxygen saturation to

assess depth of anesthesia and check for signs of distress.

3.4 Results and discussion

3.4.1 Structural and functional blood flow imaging in the rat retina

Imaging at a rate of 244,000 A-scans per second, a volumetric data set of 700x700 A-scans over
1.5mmx1.5mm can be acquired in only 2.4 seconds. Figure 3.5(A) shows an example of a cross-
sectional image from the volumetric data set. Properly anesthetized rats have very stable eyes
with minimal eye movement. Therefore, at this speed, 10 neighboring B-scans spanning a lateral

distance of only ~20um can be averaged without requiring registration and have negligible
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motion artifacts. This enables high quality structural imaging with suppressed speckle as well as

Doppler imaging with a single system.

Axial velocity [mm/s]

Figure 3.5. (A) An OCT cross-sectional image acquired at 244,000 A-scans per second
centered at the optic nerve head (ONH). An average of 10 neighboring B- scans from a
volumetric data of 700x700 A-scans over 1.5mmx1.5mm is shown. (B) Visualization of
the capillary network. (C) An OCT fundus projection view over an area of
0.5mmx0.5mm at ONH. (D) A Doppler B-scan image showing the vasculature located at
the red dotted line in the fundus projection view. (E) A Doppler B-scan image showing
the vasculature located at the blue dotted line in the fundus projection view. The blue

arrow indicates the central retinal artery cross-section. Scale bar: 100um in all images.
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The availability of high-quality volumetric imaging and functional blood flow imaging with a
single system makes OCT a powerful tool for studies of disease progression in small animal
models. For example, high speed volumetric imaging can enable visualization of capillary
network as shown in Figure 3.5(B). This image was generated from a densely scanned
volumetric data set using a method similar to speckle correlation mapping approach
demonstrated in®. Volumetric structural imaging with minimum motion artifact is also useful for
accurate measurements of thickness maps. Therefore, combined with pulsatile total retinal blood
flow imaging, high speed OCT is capable of both functional and structural imaging and promises
to be a powerful tool for investigation of small animal models of retinal diseases. |

Figure 3.5(C) shows an OCT fundus view over a 0.5mmx0.5mm area. Figures 3.5(D) and (E)
show Doppler B-scan images of the vasculature located at the red and blue dotted lines,
respectively, in the fundus projection view. As shown by the blue arrow in Figure 3.5(E), the
central retinal artery for this eye is approximately located near the center of the optic nerve.
However, the location of an appropriate cross-section for central retinal artery does not
necessarily coincide with the center of the optic nerve head in many eyes. Moreover, in many
cases, it is not straightforward to define where the center of the optic nerve head is, which
necessitates real-time Doppler C-scan preview for pulsatile total retinal blood flow imaging as

described previously.
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A Pulsatile Total Arterial Flow
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Figure 3.6. (A) Pulsatile total retinal arterial blood flow measured at the central retinal
artery of a Sprague Dawley rat anesthetized with isoflurane/xylazine. (B) Simultaneously
acquired plethysmographic pulse waveform from a pulse oximeter. (C) En face Doppler
images at time points indicated by the red arrows in (A). The arrows from left to right in

(A) correspond to Doppler images 1 to 4 in (C). 200umx200um.

Total Doppler flow measurements in the small animal eye are challenging because the rapid
heartbeat requires high speed volumetric imaging. By scanning a smaller area of 200um=200um
centered at the central retinal artery repeatedly, a volume acquisition rate of up to 140Hz was
achieved. At 244kHz axial scan rates, increasing the volume acquisition rate requires smaller
Doppler oversampling, which eventually results in loss of phase correlation. In principle, this
limit could be overcome with higher imaging speed. For small animal imaging at an A-scan rate
of 244kHz, a volume acquisition rate of ~55Hz (150%25 A-scans in each volume with a fast axis
scan duty cycle of 85%) provided the most stable pulsatile total blood flow waveform without
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compromising the number of volume samples per cardiac cycle. Figures 3.6(A) and (B) show the
pulsatile total blood flow measured in the central artery of a Sprague Dawley rat anesthetized
with isoflurane/xylazine at a volume acquisition rate of 55Hz and a simultaneously acquired
plethysmographic pulse waveform from a pulse oximeter. The heart rate was ~300 beats per
minute. Figure 3.6(C) shows en face Doppler images at 4 different time points indicated by the
arrows in Figure 3.6(A). Pulsatile changes in axial velocity can be clearly seen. However,
parabolic flow profile is not clearly observed because the en face cross-section chosen by the
automatic processing software for the calculation of total blood flow was located where the
central retinal artery branched into multiple retinal arteries. The black vessel boundaries,
determined by the automatic processing software, in Figure 3.6(C) look slightly different from
each other because of the vessel segmentation algorithm. With improved automatic blood flow
computation software, variations in the segmentation of the vessel cross sections should be
reduced. Waveforms in Figures 3.6(A) and (B) do not coincide perfectly in phase due to
imperfect synchronization between the two acquisition channels and/or phase delay between the
paw measured by the pulse oximeter and the retina.

The flow characteristics of the pulsatile total retinal blood flow shown in Figure 3.6 are
summarized in Table 3.1, where the coefficients of variation are indicated in parentheses. The
systolic, diastolic and mean flow values were calculated from the 9 pulse cycles shown in Figure
3.6(A). Pulsatility (PI) and resistivity (RI) indices were defined as:

PI=(F, ~F,,)/F,

ean

(3.4)

RI=(F

sys

_Fdias)/F;

34

(3.5
where F,, is total systolic flow, F,, is total diastolic flow, and F,,,, is mean total flow. Note

that the PI and RI indices used here are different from similar indices conventionally defined in
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terms of velocities. The coefficients of variation for all flow characteristics were less than 10%,
and it was only 2% for mean flow, demonstrating excellent short-term stability of the

measurement technique.

Table 3.1. Pulsatile total blood flow characteristics in a normal rat.

Systolic flow Diastolic flow Mean flow Pulsatility Resistivity

[pl/min] [nl/min] [ul/min] index index
9.42+0.2 4.44+0.3 6.40+0.1  0.78+0.06  0.53+0.03
(0.02) (0.06) (0.02) (0.08) (0.06)

It is important to point out that shadowing of the blood vessels by other ocular structures in
front of the vessels can occur and may result in an underestimate in the measured blood flow.
However, if present, this shadowing can usually be significantly reduced by carefully tilting the
retina to avoid the ocular structures that cast shadows. This alignment can be performed in real-
time with the Doppler C-scan preview.

3.4.2 Effect of anesthesia on retinal blood flow

Total retinal blood flow is dependent on anesthesia. Figure 3.7 shows an example of pulsatile
total retinal blood flow of a Sprague Dawley rat anesthetized with ketamine/xylazine. As seen
from Figures 3.6 and 3.7, the mean total retinal flow value is higher by a factor of ~2 for the rat
anesthetized with isoflurane/xylazine compared to that with ketamine/xylazine. This is not
surprising since isoflurane is a known vasodilator when used at a high concentration. Although
the rats imaged in Figures 3.6 and 3.7 are different animals, similar differences in blood flow
were consistently measured in other rats. This indicates that a careful choice ‘of anesthesia is
required for total retinal blood flow measurement in small animals, depending on the study

objectives.
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Pulsatile Total Arterial Flow
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Figure 3.7. (A) Pulsatile total flow measured at the central artery of a Sprague Dawley
rat anesthetized with ketamine/xylazine and simultaneous acquisition of
plethysmographic pulse waveform from a pulse oximeter. (B) En face Doppler images at
time points indicated by the red arrows in (A). The arrows from left to right in (A)
correspond to Doppler images 1 to 4 in (B). 150umx150um. (C) Systolic, diastolic and
mean total flow values. PI: pulsatility index, RI: resistance index. Numbers in

parentheses are coefficients of variation.

3.4.3 Pulsatile total retinal blood flow measurement in humans

Pulsatile retinal blood flow imaging was also performed in the human retina to demonstrate

that the technique can be extended to human retinal imaging. In many cases, the human central
retinal artery is located too deep in the optic nerve head for OCT to image. Therefore, it was
necessary to scan a relatively larger area of 0.8mmx0.8mm in order to intercept all retinal
arteries necessary and measure total retinal blood flow. The Doppler C-scan preview was again a
useful tool for locating the blood vessels. However, since the scan area was larger for human

imaging, it was less important to determine the exact location of the blood vessels. To maintain a
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high enough oversampling factor for Doppler processing, a 400x50 A-scan pattern was used.
Although this scan pattern contains significantly larger number of A-scans per en face frame,
which makes the frame rate slower than in small animal imaging, the human heart rate is also
significantly lower and the resultant number of samples per cardiac cycle is roughly the same.
For this experiment, at 244kHz axial scan rate, a scan pattern of 400x50 A-scans provided an en
face frame rate of ~10Hz. This frame rate corresponds to ~10 sampling points per cardiac cycle
assuming a resting heart rate of 60 beats per minute. A total data acquisition time of ~2 seconds
will capture at least one continuous cardiac cycle in most subjects. Aside from the differences
mentioned above, en face Doppler OCT successfully measured pulsatile total blood flow in the
human retina as well as in the rodent retina.

Figure 3.8 shows OCT images of the optic nerve head of a normal subject. The yellow square
in the wide-field en face projection image in Figure 3.8(A) indicates the size and approximate
location of the scanned area used for repeated volumetric data acquisition for pulsatile total
arterial blood flow measurements. Although a 0.8mmx0.8mm area was chosen in this study with
the spectral OCT system, increased imaging speeds provided by future camera and swept source
technologies will enable the scanned area to be increased without sacrificing volume acquisition
rate, which will facilitate alignment in patients as well as in normal subjects. Figures 3.8(B) and
(C) demonstrate the quality of structural images that can be obtained with the high speed spectral

domain OCT system used in this study.
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Figure 3.8. (A) An intensity en face projection image of the human optic nerve head of a
normal subject. The yellow square indicates the size and approximate location of the area
of scanning used for repeated volumetric acquisition for pulsatile total blood flow
measurements. 600x600 A-scans over 6mmx6mm acquired within 1.7 seconds. Scale bar:
500um. (B, C) Intensity B-scan images extracted from the locations indicated by the blue
and tan dotted lines in (A). Averages of 4 neighboring B-scans displayed in logarithmic

scale. Scale bar: 250um.

Figure 3.9 and Table 2 summarizes pulsatile total arterial blood flow measurements in the
same normal subject. Figures 3.9(A) and (B) show examples of an intensity B-scan and
corresponding Doppler B-scan from one of the volumetric data sets used for pulsatile blood flow
measurement. Figure 3.9(C) shows the pulsatile total arterial blood flow measured in the subject.
The heart rate measured by a pulse oximeter was 57 beats per minute. Over the cardiac cycle
centered in Figure 3.9(C), the mean total arterial blood flow was 43.2pl/min. The resistivity and
pulsatility indices were calculated as 0.48 and 0.69, respectively. The resistivity and pulsatility

indices of the subject may appear lower than similarly defined indices based on velocity
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measurements due to the low pass filtering effect of the technique, which arises from the limited
volﬁme sampling rate of ~10Hz and Doppler velocity noise suppression effects, which result
from summing multiple pixels to calculate total flow. Therefore, care is required in interpreting
pulsatility and resistivity indices when comparing values measured by different devices. Figure
3.9(D) shows an example of an OCT intensity fundus projection of a volumetric data set. Figure
3.9(E) shows en face Doppler images at time points indicated by the red arrows in Figure 3.9(C).
The black boundaries around the blood vessel are found by the automatic blood flow
computation software. The vessel cross;sections in Figure 3.9(E) look slightiy different from
each other because slightly different depth locations were chosen by the software for flow
measurement. Variations in the segmentation of the vessel cross sections could result in
differences in flow measurement. However with improved automatic blood flow computation
software, the boundaries should become smoother and more reproducible. Regardless of these
effects, pulsatile variation of flow speed can be clearly seen. It may appear that in Figure 3.9(C),
the pulsatile total flow trace is not as consistent as in Figure 3.6(A) due to the limited number of
cardiac cycles displayed in Figure 3.9(C). However, the actual relative variations between
cardiac cycles for the two cases are not significantly different. These variations probably arise

from the limited sampling rate.
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Figure 3.9. (A) An intensity B-scan image of the human retina of a normal subject. (B) A

Doppler B-scan image corresponding to (A) showing the vasculature. (C) Pulsatile total
retinal arterial blood flow measured at near the center of the optic nerve head. (D) An
example of intensity fundus projection of a volumetric scan. (E) En face Doppler images
at time points indicated by red the arrows in (C). The arrows from left to right in (C)

correspond to Doppler images 1 to 4 in (E). 800pm>800um.



. Table 3.2. Pulsatile total blood flow characteristics in a normal human subject.

Systolic flow Diastolic flow Mean flow Pulsatility  Resistivity
[uV/min] [uV/min] [ul/min] index index
61.5 31.7 43.2 0.69 0.48

Another advantage of the technique presented in this paper is that it is inherently less
sensitive to involuntary eye motion compared with other Doppler measurements. This is
particularly attractive for human retinal imaging. Although a total acquisition time on the order
of a few seconds is required for imaging over at least one cardiac cycle, each volumetric data set
takes less than 0.1 second to acquire, which makes each volume virtually motion artifact free. In
principle, involuntary eye motion in the axial direction does not affect the flow measurement, as
long as the movement speed is negligible compared to the axial speed of blood flow and the
retina remains within the OCT imaging range. Involuntary eye motion in the lateral direction
does not affect the flow measurement either, as long as all the blood vessels are intercepted by
the scan area. This scan area can be increased using future OCT instruments with higher imaging
speed. This point is important because this approach scales significantly better with OCT
imaging speed, compared to conventional approaches used for total blood flow measurement,

which may not benefit from increased imaging speeds.

3.5 Conclusion

These results demonstrate the ability of en face Doppler OCT to characterize the pulsatile total
arterial blood flow in small animals as well as humans. The advantages. of en face Doppler
include: (1) no hardware modification in OCT hardware is required, so that both structural and
functional blood flow imaging can be performed with a single device, (2) knowledge of Doppler

angle is not required for flow calculation, resulting in improved accuracy and robustness, (3)
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high speed enables detection of velocities of up to 7Smm/s and rapid volume acquisition rates
necessary to characterize pulsatility, (4) alignment can be easy and simple due to real-time
Doppler C-scan preview, (5) measurements can be entirely automatic without requiring user
input, and (6) repeated rapid volume acquisition is inherently less sensitive to involuntary eye
motion. This method promises to be useful for investigation of small animal models of ocular

diseases and can be extended to clinical pulsatile total retinal blood flow measurement in patients.
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Chapter 4
Phase-sensitive swept source OCT imaging of the

human retina with a VCSEL light source

4.1 Overview

In Chapter 3, pulsatile total retinal blood flow measurement in a human subject was
demonstrated. However, due to the limitation in OCT imaging range and relatively low detection
efficiency, spectral domain OCT is not ideal for performing high speed Doppler OCT
measurements of total retinal blood flow in human subjects. Despite the challenges in achieving
high phase stability, Doppler swept source / Fourier domain OCT has advantages of less fringe
washout and faster imaging speeds compared to spectral / Fourier domain detection. This chapter
demonstrates swept source OCT with a vertical cavity surface emitting laser (VCSEL) light
source at 400kHz sweep rate for phase-sensitive Doppler OCT imaging, measuring pulsatile total
retinal blood flow with high sensitivity and phase stability. A robust, simple, and
computationally efficient phase stabilization approach for phase-sensitive swept source imaging
is also presented. Dr. Benjamin Potsaid was instrumental in developing the optically clocked
swept source OCT system using a VCSEL light source. Dr. Vijaysekhar Jayaraman developed
the VCSEL swept light source technology used in this study. Dr. Bernhard Baumann contributed
significantly in developing the method to phase stabilize the swept source OCT system. Dr.
Ireneusz Grulkowski and Jonathan J Liu developed the initial version of the OCT system

together with Dr. Benjamin Potsaid. Chen D. Lu contributed in developing the OCT system.
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Alex E. Cable, Dr. David Huang, Dr. Jay S. Duker, and Dr. James G. Fujimoto provided

supervision and guidance.

4.2 Introduction

Optical coherence tomography (OCT) is gaining increased acceptance as a tool for functional
imaging of retinal blood flow using Doppler and phase variance techniques. In Fourier domain
OCT, the axial velocity components of moving particles, such as red blood cells, can be
extracted from spectral interference phase information'. However, phase-sensitive OCT imaging '
requires high phase stability in the system. For spectral / Fourier domain OCT, phase stability
sufficient for Doppler imaging can be easily achieved using a mechanically stable spectrometer
and reference arm. However, swept source / Fourier domain OCT suffers from sampling and A-
scan trigger jitter, which makes phase-sensitive measurement more challenging. Several different
approaches have been proposed to perform phase-sensitive Doppler imaging with swept source
OCT. Vakoc et al. and Baumann et al. used an external phase reference to numerically subtract
the phase ramp artifact induced by A-scan trigger and sampling fluctuations™>. However, this
approach requires careful adjustment of the reference signal level to avoid autocorrelation noise,
while at the same time the phase reference should dominate the signal from the sample. It is also
possible to digitize Mach-Zehnder traces simultaneously with OCT interferometric fringes to
stabilize the phase, but this requires two A/D channels and increased processing®.

Despite the challenges in achieving high phase stability, swept source OCT Doppler imaging
has many advantages. Swept source OCT is less prone to fringe washout effects than spectral
domain OCT’. In addition, the ultrahigh speeds provided by Fourier domain detection can enable
a simpler and more robust algorithm for total retinal blood flow measurements using en face

flow measurement methods™ °. Previous studies with spectral domain OCT showed that retinal
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blood flow pulsatility can be resolved by repeatedly scanning the central retinal artery at a high
volume acquisition rate, reducing measurement variability’. It is difficult to achieve acquisition
speeds greater than 300kHz for human retinal imaging using spectral domain OCT®. Swept
source OCT uses high quantum efficiency photodiodes, avoids spectrometer losses and enables
dual balanced detection to increase dynamic range and cancel excess noise. Therefore, if light
source relative intensity noise is not excessive, it can achieve higher imaging speeds at equal
signal-to-noise ratio than spectral domain OCT.

In this chapter, we demonstrate swept source OCT with a vertical cavity surface emitting
laser (VCSEL) light source at a sweep rate of 400kHz for performing phase-sensitive Doppler
imaging and measuring pulsatile total retinal blood flow with high system sensitivity and phase
stability. A robust, simple, and computationally efficient approach for phase stabilization

necessary for phase-sensitive swept source imaging is also presented.

4.3 Methodology

The human study protocol was approved by the institutional review board at MIT. Measurements
were perforrhed with an ultrahigh speed, swept source OCT system using a VCSEL swept light
source™ ' centered at 1080nm with an A-scan rate of 400kHz as shown in F igure 4.1(A). The
total imaging range was 1.72mm with an axial resolution of 14.8um in tissue after numerical
Kaiser-window spectral shaping. Because of the limited sampling rate of the A/D card
(Innovative Integration, X5-400M) used in this experiment, in order to achieve a sufficient
imaging range for human retinal imaging, the laser sweep range had to be limited to ~50nm,
which in turn limited the axial resolution. However, the maximum sweep range of the VCSEL
was >90nm. The VCSEL was swept at 400kHz repetition rate, close to the resonant frequency of

the MEMS scanner in the VCSEL, and data was acquired with a unidirectional frequency sweep,
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resulting in a 400kHz A-scan rate with a duty cycle of ~50%. The backward sweep of the
| VCSEL was suppressed by synchronously modulating the semiconductor optical amplifier. The
OCT beam power at the cornea was 1.9mW and the system sensitivity measured with a
calibrated neutral density filter in the patient interface was 97.1dB (ratio of peak to standard
deviation of noise). At 400kHz A-scan rate, the axial velocity range measurable with Doppler
OCT without phase wrapping was +80.0mm/s in tissue, which is sufficient for measuring the
velocity of blood in the central retinal arteries. The 3dB sensitivity roll-off range was 1.26mm in
tissue, which was limited by the 200MHz bandwidth balanced detector (Thorlabs, PDB460C)
and 400MHz A/D card rather than the coherence length of the VCSEL light source. VCSELs
have very long coherence lengths and OCT imaging depths of 5 cm were recently reported’®.

In order to achieve high phase stability Doppler OCT imaging, the A/D card was externally
clocked using a Mach-Zehnder interferometer (MZI) as shown in Figures 4.1(A) and (B).
Because the VCSEL has a long coherence length, the MZI could be set to twice the OCT
imaging range and achieve Nyquist sampling without the need to electronically frequency double
the optical clock signal. The A/D card was slightly overclocked with a maximum optical clock
frequency at ~500MHz. Optical clocking can significantly reduce wavenumber calibration errors
compared to fixed rate internal clocking. The A-scan trigger signals were generated by the

arbitrary waveform generator that actuated the MEMS VCSEL.
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Figure 4.1. (A) A schematic of swept source OCT system. (B) A Mach-Zehnder
interferometer is used for optical clocking. SOA: semiconductor optical amplifier, PC:
polarization controller, FBG: fiber Bragg grating. (C, D) Fiber Bragg grating traces in the

OCT interferogram before and after numerical trigger jitter correction.

A-scan trigger fluctuations were numerically compensated using a fixed wavenumber
reference signal from a fiber Bragg grating (FBG, OE Land, A;=1057.6nm, Reflectivity=99.9%,
AX=0.376nm) in transmission mode in one of the balanced detection arms, as shown in Figure
4.1(A). It is important to match the optical path lengths in the arms in order to avoid a relative
time delay between the two channels of the balanced detector. Because the FBG transmits all

wavelengths except its design wavelengths, which are reflected, it can create a wavenumber

85



reference signal in the balanced detection output. An insertion loss of less than 10% was
measured for the FBG and the loss is expected to be even lower if the fibers were spliced rather
than connected using an FC/APC connector. The trigger fluctuation in the OCT interferograms
can be numerically compensated during post-processing by shifting the individual interferogram
by an integer number of samples as shown in Figures 4.1(C) and (D). This is possible because
both the optical clock and the FBG signal are generated at fixed wavenumbers, and therefore any
A-line trigger fluctuation can only result in an integer number sample shift. This operation is
computationally efficient because the number of samples to be shifted can be determined simply
by using a threshold on a small number of samples around the FBG signal as shown in Figures
4.1(C) and (D).

It is important to choose the correct FBG in order to avoid ambiguity of the FBG signal
position caused by the overlapping OCT interferometric signal. The FBG FWHM bandwidth
should be chosen narrow enough so the slope of the rising (or falling) edge is as fast as possible
relative to the A/D sampling frequency, while at the same time the bandwidth should be wide
enough so the grating signal can be reliably sampled. This can be realized by choosing an FBG
reflectivity of up to ~99%, and allowing the balanced detector circuit to transiently saturate,
which does not interfere with the OCT signal if the FBG signal is at the end of the frequency
sweep. The system phase stability, defined as the standard deviation of the phase differences
between sequential A-scans, measured from a mirror in the patient interface at a signal-to-noise
ratio of 53dB 57.5dB (ratio of peak to mean noise) and a depth of 0.3mm was 1.5mrad, which
approaches the theoretical limit'!. The effect of numerical trigger fluctuation compensation on
OCT intensity and Doppler images can be seen in Figures 4.2(A-D). This allows the suppression

of fixed-pattern noise after background subtraction and removes Doppler line artifacts caused by
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phase errors from trigger fluctuations, as demonstrated previously using different approaches™ *.
The standard deviation of the phase differences in retinal tissue near the optic nerve head
calculated from a B-scan with 3000 A-scans over 3mm range, was 0.32 radians. Figure 4.2(E)
shows a typical B-scan with 500 A-scans over a 12mm range on the retina with phase
stabilization.

It should be noted that it is possible to use signals from an external fiber Bragg grating to
" directly trigger the A/D card'2. However, this method does not always solve the trigger
fluctuation problem completely, due to trigger jitter which occurs in many commercial A/D cards.
In a different experiment, we observed relative sample shifts between two interferometric signals
simultaneously acquired by the two channels of a single A/D card clocked and triggered by a
single light source, which is problematic for applications such as polarization-sensitive OCT.

However, the approach used here can solve both of these synchronization problems.
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Figure 4.2. (A, B) OCT images of optic nerve head before and after the numerical trigger
jitter correction. 3000 A-scans over 3mm. (C, D) OCT Doppler images of the optic nerve
head before and after the numerical trigger jitter correction. 3000 A-scans over 3mm. (E)

A typical OCT B-scan consisting of 500 A-scans over 12mm. All scale bars: 1mm.

4.4 Results and discussion

Using the phase-stabilized swept source / Fourier domain OCT system described above, it is
possible to perform en face Doppler blood flow measurement in the human retina> ® 7. The
ultrahigh speed enabled a 1.5mmx1.5mm scan area for repeated volume acquisition with 60 B-

scans consisting of 750 A-scans each. The estimated spot size on the retina was 20pm and the
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2um A-scan spacing had sufficient oversampling necessary for Doppler processing. The
1.5Smmx1.5mm scan area is almost 4 times larger than that used in previous measurements
performed with a slower 244kHz spectral OCT system’, without sacrificing volume acquisition
rate. The large scan area makes measurements more robust to involuntary transverse eye motion.
The 750%60 A-scans per volume were acquired at a volume acquisition rate of 7.6Hz with a
galvanometer scanner duty cycle of 85%. An example of time-resolved pulsatile total arterial
blood flow measured from a healthy normal subject is shown in Figure 4.3(A). Total retinal
arterial blood flow waveforms repeatable over multiple cardiac cycles can be clearly observed.
Although the total acquisition time of 6 seconds was chosen for this measurement, it is possible
to reduce the acquisition time to ~2 seconds, which is consistent with times used clinically and is
sufficient to capture at least one complete cardiac cycle. Figure 4.3(B) shows an en face
projection image of one OCT volume used for the measurement. Figures 4.3(C-F) show en face
Doppler images at different time points as indicated by the black arrows in Figure 4.3(A).
Pulsatile changes in the velocity profile can be clearly seen in the en face planes. The mean total
retinal arterial blood flow calculated over the first five cardiac cycles was ~46.5ul/min. Total
blood flow measurements could be performed automatically due to the simplicity and robustness

of the algorithm.
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Figure 4.3. (A) Time-resolved pulsatile total arterial blood flow. (B) An en face intensity
projection image. 1.5mm x 1.5mm. (C-F) En face Doppler images at different time

points indicated by the black arrows in (A). 1.5mm x 1.5mm. All scale bars: 500um.

4.5 Conclusion

These results demonstrate the potential of ultrahigh-speed swept source / Fourier domain OCT
using a VCSEL light source for phase-sensitive imaging applications, such as Doppler imaging

of the human retina for blood flow measurements.
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Chapter S
Choriocapillaris and choroidal microvasculature

imaging with ultrahigh speed OCT angiography

5.1 Overview

This chapter demonstrates in vivo choriocapillaris and choroidal microvasculature imaging in
normal human subjects using optical coherence tomography (OCT). An ultrahigh speed swept
source OCT prototype at 1060nm wavelengths with a 400kHz A-scan rate is developed for three-
dimensional ultrahigh speed imaging of the posterior eye. OCT angiography is used to image
three-dimensional vascular structure without the need for exogenous fluorophores by detecting
erythrocyte motion contrast between OCT intensity cross-sectional images acquired rapidly and
repeatedly from the same location on the retina. En face OCT angiograms of the choriocapillaris
and choroidal vasculature are visualized by acquiring cross-sectional OCT angiograms
volumetrically via raster scanning and segmenting the three-dimensional angiographic data at
multiple depths below the retinal pigment epithelium (RPE). Fine microvasculature of the
choriocapillaris, as well as tightly packed networks of feeding arterioles and draining venules,
can be visualized at different en face depths. Panoramic ultra-wide field stitched OCT
angiograms of the choriocapillaris spanning ~32mm on the retina show distinct vascular
structures at different fundus locations. Isolated smaller fields at the central fovea and ~6mm
nasal to the fovea at the depths of the choriocapillaris and Sattler’s layer show vasculature
structures consistent with established architectural morphology from histological and electron

micrograph corrosion casting studies. Choriocapillaris imaging was performed in eight healthy
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volunteers with OCT angiograms successfully acquired from all subjects. These results
demonstrate the feasibility of ultrahigh speed OCT for in vivo dye-free choriocapillaris and
choroidal vasculature imaging, in addition to conventional structural imaging. Kathrin J. Mohler
contributed significantly in image acquisition and data analysis for this study. Dr. Benjamin
Potsaid, Chen D. Lu, Jonathan J. Liu contributed in developing the ultrahigh speed OCT system.
Dr. Vijaysekhar Jame developed the vertical cavity surface emitting laser (VCSEL) light
source used for this study. Alex E. Cable, Dr. Jay S. Duker, Dr. Robert Huber, and Prof. James G.

Fujimoto provided supervision and guidance.

5.2 Introduction

While retinal vasculature supplies oxygen and nutrients to the inner retinal layers, choroidal
vasculature is responsible for nourishing the outer retinal layers. Choroidal circulation, the
largest source of the blood supply to the posterior eye, is also responsible for transporting
metabolic waste from the retinal pigment epithelium (RPE), and hence it plays a key role in
normal retinal function'. Choroidal circulation is known to be associated with retinal diseases
such as age-related macular degeneration (AMD) and diabetic retinopathy (DR)2’ 3 which are
major causes of vision loss or impairment. Therefore, visualization of the microvasculature and
blood flow in the choriocapillaris, the capillary layer of the choroid, is of great interest.

Imaging the choriocapillaris in vivo is challenging because of highly pigmented choroidal
melanocytes and its location below the RPE. Furthermore, unlike retinal blood vessels,
capillaries in the choriocapillaris are fenestrated®, which makes high resolution choriocapillaris
imaging with fluorescein and indocyanine green (ICG) angiography more challenging due to dye
leakage. As a result, most studies of the choriocapillaris have been limited to postmortem

histology or indirect observations such as dye perfusion pattern or time measurement.
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Multiple histological studies have investigated the interrelation between photoreceptors, RPE,
Bruch’s membrane, and choriocapillaris in AMD. By analyzing donor eyes with geographic
atrophy (GA), Sarks et al. found that RPE loss is associated with atrophy of the choriocapillaris
and choroid °. A smaller study by McLeod et al. suggested a linear relationship between the loss
of RPE and choriocapillaris in non-exudative AMD patients with GA®. A later study by Mullins
et al. reported that choriocapillaris density decreases in association with sub-RPE deposit
formation’. These and other histological‘ studies suggest that choriocapillaris atrophy is
associated with RPE atrophy. Although alterations in the choriocapillaris are expected to be
secondary to changes in the RPE in non-exudative AMD according to histological studies™?, it is
still possible that one of the earliest changes detectable in the retina in vivo could be alterations
in choriocapillaris circulation and/or structure. Furthermore, a number of studies report that the
location of drusen formation is associated with the underlying choriocapillaris and choroidal
vessel structure, thus suggesting that drusen are more likely to form where choroidal perfusion is
insufficient” *''. In addition, in exudative AMD, changes in the choriocapillaris may occur
before changes in the RPE, and could be the primary cause of sub-retinal neovascularization®. A
number of histological and electron micrograph corrosion casting studies also show
choriocapillaris degeneration associated with diabetes™ '>'°, Therefore, the ability to image
choriocapillaris and larger choroidal vessels in vivo may be useful for the better understanding of
pathophysiology, early diagnosis, treatment response monitoring, and pharmaceutical
development.

Optical coherence tomography (OCT) can provide depth-resolved information on the
posterior eye and is gaining acceptance as a tool for in vivo choroidal imaging. However, the

majority of studies on the choroid using OCT have focused on choroidal thickness measurements
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or imaging larger choroidal vessels, and to date, only a few studies have demonstrated
choriocapillaris imaging consistent with histological and electron micrograph corrosion casts
findings, in terms of capillary density. Using OCT phase information, Kurokawa et al.
demonstrated choriocapillaris imaging in normal subjects with adaptive optics OCT near the
fovea over a very limited field of view, due to limited imaging speed and constraints imposed by
adaptive optics'®. Using OCT phase variance and hardware eye tracking with a second scanning
laser ophthalmoscope channel in an OCT system, Braaf et al. demonstrated OCT choriocapillaris
angiography of the central fovea from a single normal subject, although the acquisition time per
volume was relatively long compared to clinical standards, and multiple volumes were used for
averaging'’. In general, choriocapillaris imaging in vivo using OCT is a relatively unexplored
area, and it requires extensive further investigation to relate it to known histological findings in
normal and pathological eyes.

In the present study, we investigate in vivo choriocapillaris imaging using ultrahigh speed,
speckle variance (decorrelation) OC'f angiography. We image different fundus locations and
depths to compare results with known histological and electron micrograph corrosion casting
studies. OCT angiography enables the investigation of choriocapillaris vascular structure in vivo.
Combined with conventional depth-resolved structural imaging capabilities of OCT, OCT
angiography promises to be a powerful tool to visualize and investigate the outer retinal layers

and choriocapillaris comprehensively in retinal diseases.

5.3 Materials and Methods

5.3.1 Study Population
The human study protocol was approved by the Committee on the Use of Humans as

Experimental Subjects at the Massachusetts Institute of Technology (MIT) and was in
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accordance with the Declaration of Helsinki. Written informed consent forms were obtained
from all subjects after explaining the study. Eight normal volunteers (mean age 33.0 + 11.1 years,
range 24 to 54 years) without any known history of retinal diseases participated in the study. All
imaging was performed at MIT.
| 5.3.2 Ultrahigh Speed Swept Source OCT System

The ultrahigh speed swept source OCT (SSOCT) prototype used in this experiment is similar to
one recently developed by our group'®. Therefore, only key characteristics or differences in the
system are described here. The prototype SSOCT instrument uses a vertical cavity surface
emitting laser (VCSEL) swept light source, which generates 400,000 unidirectional wavelength
sweeps per second, resulting in an ultrahigh speed OCT A-scan rate of 400kHz. The wavelength
tuning range was ~80nm centered at ~1060nm, which provides a 9.6um full width at half
maximum (FWHM) axial resolution in tissue. OCT signals are acquired with an analog-to-digital
acquisition card (Alazar Technologies, ATS9360), which is externally clocked at uniform
wavenumber intervals using a Mach-Zehnder interferometer output. The maximum clock
frequency generated by the interferometer is set at 1.2GHz, resulting in a total imagiﬁg range of
~2.44mm in tissue, which is sufficient for posterior eye imaging. The incident optical power at
the cornea is ~1.85mW and the system sensitivity measured with a calibrated neutral density
filter is ~98.2dB. The measured 3dB sensitivity roll-off (~70% in linear scale) range is >2mm.
Low sensitivity roll-off combined with deeper light penetration at 1060nm wavelength, when
compared to standard 850nm, is important for deep choroidal imaging. Although OCT phase
information was not used in this study, the system was still phase-stabilized by using a fiber
Bragg grating to remove undesired fixed pattern noise'®. The incident beam size on the cornea

was ~Ilmm FWHM, thus yielding an estimated ~10um FWHM spot size on the retina,
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corresponding to a ~24um Airy disk diameter. However, diffraction from aberrations in the eye
is expected to yield a larger spot size.

5.3.3 Data Acquisition

Ultrahigh speed SSOCT imaging was performed in one eye of each subject. Imaging was
performed with room lights off, without pupil dilation. Two different fundus locations were
imaged in all subjects, the central fovea and ~6mm temporal to the fovea. An internal fixation
target could be used for imaging these two fundus locations. For one subject, multiple fundus
locations spanning +16mm from the central fovea was imaged to obtain a panoramic montage
visualization of the choriocapillaris layer. The internal fixation target could not be used for
fundus locations outside of +6.5mm from the central fovea. In those cases, a small light emitting
diode (LED) was used as an external fixation target. For each fundus location, two different
retinal field sizes were imaged, 1.5mmx1.5mm and 3mmx3mm. For both field sizes, 4 B-scans
were acquired from the same position repeatedly, from 400 B-scan positions in order to generate
blood flow contrast, thereby resulting in a total of 1600 B-scans per data set. Each B-scan
consisted of 800 A-scans. The time interval between sequential B-scans was ~2.4milliseconds.
The total acquisition time was ~3.8seconds per volumetric data set. The 1.5mm field size
provides higher sampling density, and thus better image quality, while the 3mm field provides
larger coverage on the retina.

5.3.4 Swept Source OCT Data Processing

Each OCT signal acquisition consisted of 928 samples, which yielded 464 pixels per A-scan in
the axial direction after Fourier transformation. The sample spacing was ~Sum per pixel in depth,

which was ~2x smaller than the axial resolution of the system.
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5.3.5 Choriocapillaris OCT Angiography

OCT angiograms that display contrast from blood flow were generated by calculating cross-
sectional images of the speckle decorrelation between the 4 B-scans repeatedly acquired from the
same position with a 2.4millisecond time interval. If the imaged tissue is locally stationary (in
the axial and transverse directions), all 4 B-scans will be locally identical. However blood
vessels will have erythrocyte motion. Because the 4 B-scans are acquired at slightly different
times, this motion generates a locally fluctuating back-scattered intensity within the blood
vessels in the B-scans. This fluctuation in back-scattered intensity is calculated by comparing the
4 B-scans on a pixel-by-pixel basis (Figure 5.1A). We did not correct for bulk-motion due to
involuntary patient eye motion, assuming that the erythrocyte travel speeds are much faster than
the patient bulk motion. However, it is possible to correct for the effects of axial bulk motion and
to suppress spurious decorrelations from transverse motion, if necessary. By performing this
operation for all transverse positions, a volumetric OCT angiographic data set can be obtained
from the volumetric intensity data set. In this study, we used OCT intensity information to
calculate motion contrast. Similar techniques for generating motion contrast images based on

OCT intensity and/or phase information have been described by several research groups'>?’.
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Figure 5.1. Generating OCT angiography data from OCT intensity data. (A) Multiple
OCT intensity B-scans are acquired from the same location on the retina and compared
with each other pixel-by-pixel to detect motion contrast. The resultant OCT cross-
sectional angiogram is segmented with respect to the RPE using one of the corresponding
intensity images. (B) By performing the steps in (A) volumetrically and displaying the
OCT angiography data in an en face plane below the RPE, the choriocapillaris
microvasculature can be visualized. Yellow arrows indicate shadowing artifact from thick

retinal vessels.

Because the choriocapillaris layer is extremely thin, it is necessary to visualize the three-
dimensional angiographic data set in an en face plane in order to resolve choriocapillaris features.
The RPE was segmented by using the OCT intensity cross-sectional images in the volumetric
data set. Because the angiographic and intensity volumes are from the same data set and are co-

registered, the same RPE location can be used to segment the angiographic volume. En face
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OCT angiograms of the choriocapillaris at different depths, with respect to the RPE, were

generated from the OCT angiographic volume (Figure 5.1B).

5.4 Results and Discussion

Figures 5.2A and 5.2B show a panoramic ultra-wide field of view (~32mm) OCT intensity
projection image and an OCT angiogram of the choriocapillaris generated by stitching multiple
smaller 3mmx3mm fields acquired from a healthy normal subject. The OCT en face angiograms
were extracted from a depth immediately below the RPE. Previous histological and electron
micrograph corrosion casting studies show that the capillary density and pattern in the
choriocapillaris changes depending on the fundus location, with a densely packed honeycomb
structure at the central fovea, and a more lobular and less dense structure towards the equator and
periphery'***°, The wide field in vivo choriocapillaris angiogram in Figure 5.2B demonstrates
a spatial variation of the microvasculature consistent with these ex vivo postmortem studies.
Figures 5.2C-E are close-up views of OCT angiograms taken from the different regions shown in
Figure 5.2B that are used to visualize structural details better.

As seen in the cross-sectional speckle decorrelation angiogram in Figure 5.1A and in the
choriocapillaris en face angiogram in Figure 5.1B, large retinal vessels (marked with yellow
arrows) tend to cast shadow-like artifacts in the axial direction. Since blood is highly scattering,
large retinal blood vessels result in lower signal level below the vessels and more rapidly
fluctuating speckle pattern below them, which cause the shadow-like artifacts in the
angiographic data. Therefore, it is important to remember that large retinal vessels can produce

shadow artifacts in choriocapillaris angiograms and are not part of choroidal vasculature.
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Figure 5.2. Panoramic wide field of view OCT angiogram of the choriocapillaris
spanning ~32mm on the retina. (A) Stitched OCT intensity en face projection images. (B)
Stitched OCT angiograms of the choriocapillaris. Different microvasculature patterns and
densities can be observed at different fundus locations. (C-E) Close-up views of the OCT

angiograms of the choriocapillaris in (B) for better visualization. Scale bars: 1.5mm.

Because the choriocapillaris has fine features in the en face plane, high A-scan sampling
density and high speed are essential to visualize the microvasculature clearly. The current scan
pattern of 800(horizontal)x400(vertical)x4(repeats) A-scans over 3mmx3mm corresponds to a
7.5um sample spacing in the vertical direction and 3.25um in the horizontal direction. Since the
FWHM spot size on the retina is ~10um, this corresponds to a moderate oversampling of ~1.33x
in the vertical direction and ~2.66x in the horizontal direction, relative to the estimated spot size
on the retina. The A-scan rate of the current prototype is 400kHz. Slower speeds would result in
lower image quality due to undersampling or would require trading off the field of view and
acquisition time. This emphasizes the importance of imaging speed for en face imaging in
general, and in particular motion contrast imaging, since it requires scanning the same location
repeatedly.

Figures 5.3A-C show 1.5Smmx1.5mm en face choriocapillaris angiograms at three different
fundus locations from the same normal subject in Figure 5.2. The smaller field size provides
better image quality due to higher sampling density. The differences in capillary density and
pattern between different fundus locations are clearly visualized. At the central fovea, the
capillaries have a honeycomb structure with tightly packed vessel density (Figure 5.3A). At
~6mm temporal to the central fovea, a more lobular and less dense capillary structure can be

identified (Figure 5.3B). At ~12mm nasal to the central fovea, the capillary structure becomes
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even less dense and with larger lobules (Figure 5.3C). Figures 5.3D-F are en face angiograms
extracted from the same volumetric data sets but at ~25-30pum below the choriocapillaris, where
feeding arterioles and draining venules in the Sattler’s layer are clearly visualized. As in the
choriocapillaris, the density of feeding and draining vessels tend to decrease and the vessel
diameter increase at fundus locations away from the central fovea. Figures 5.3 and 5.3K,
adapted from Olver et al? show electron micrograph corrosion casts of the human
choriocapillaris at the posterior pole and equator, respectively, which are displayed in the same
scale as in the OCT angiograms for comparison. There is an excellent correspondence of
structural features between the OCT angiograms in Figures 5.3A and 5.3C and the electron
micrograph corrosion casts in Figures 5.3 and 5.3K, thus suggesting that OCT angiography

enables in vivo visualization of the choriocapillaris.
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Figure 5.3. 1.5mmx1.5mm en face OCT angiograms at three different fundus locations.
(A,D,G) OCT angiogram of the choriocapillaris, OCT angiogram of the Sattler’s layer,
and en face OCT intensity image (slice) corresponding to the choriocapillaris layer,
respectively, at the central fovea. (B,E,H) OCT angiogram of the choriocapillaris, OCT
aﬁgiogram of the Sattler’s layer, and en face OCT intensity image (slice) corresponding
to the choriocapillaris layer, respectively, at ~6mm temporal to the central fovea. The
arrowhead indicates venules and arrow arteriole in (E). (C,F,I) OCT angiogram of the
choriocapillaris, OCT angiogram of the Sattler’s layer, and en face OCT intensity image
(slice) corresponding to the choriocapillaris layer, respectively, at ~12mm nasal to the
central fovea. (J,K) Electron micrographs of corrosion casts reproduced from Olver et al.

with permission. Scale bars: 250pm.

Figure 5.3 shows false color images with varying degrees of speckle decorrelation. Although
Figure 5.2 can also be displayed in false color, we chose to display only Figure 5.3 in false color
to illustrate that it is particularly useful for identifying feeding arterioles and draining venules.
Since speckle decorrelation imaging is based on motion contrast, the degree of speckle
decorrelation increases if the erythrocyte speed is faster. Therefore, the feeding and draining
vessels tend to have higher speckle decorrelation than capillaries, as seen in Figure 5.3. It is less
clear how to differentiate feeding arterioles from draining venules when using only OCT
angiography. However, previous morphology studies show that venules are centrally located and
arterioles are located at the periphery of lobules'® %, Using this information, some venules and
arterioles can be identiﬁed from the lobular structure of the choriocapillaris, as shown in Figure

5.3E.
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Figures 5.3G-I also show en face intensity images corresponding to the en face angiograms
in Figures 5.3A-C. Because OCT intensity and angiography volumes are from the same data set,
they are co-registered, and it is possible to extract en face angiograms and intensity images from
precisely the same depth. As can be seen, the en face intensity images do not exhibit the
choriocapillaris pattern seen in the OCT angiograms, which suggests that the intensity image
alone cannot easily visualize the vessel lumen and stroma in the choriocapillaris. Intensity
images have speckle noise that makes visualization of fine features difficult. However, OCT
angiograms can visualize microvasculature in the choriocapillaris by displaying motion contrast
from the fluctuation in intensity versus time. This points out that motion-contrast OCT
angiography, whether it is using intensity or phase fluctuation information, is necessary to
visualize the choriocapillaris structure. However, it should be noted that larger choroidal vessels
below the choriocapillaris layer can still be visualized with en face OCT intensity images
because their larger size and high flow rates generate contrast from light scattering and fringe
washout effects. This is a different type of contrast mechanism from OCT angiography using
speckle decorrelation.

Several previous studies have investigated the choriocapillaris using en face OCT intensity
images. Motaghiannezam et al. visualize the choriocapillaris and larger choroidal vessels in the
Sattler’s and Haller’s layers in three normal subjects using SSOCT at the 57kHz A-scan rate’'.
Sohrab et al. also studied the choriocépillaris and larger choroidal vessel patterns with
commercial SDOCT in patients with early AMD or reticular pseudo-drusen’2. It should be noted
that, while the methods and results in these studies could be clinically useful, OCT angiograms
can be more sensitive than en face OCT intensity images for visualizing the choriocapillaris

vascular structure. However, it should also be emphasized that the intensity images at greater
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depths showing larger choroidal vessels probably still reflect the vasculature, since they can be

visualized with both OCT intensity and motion contrast angiography imaging.

Figure 5.4. Three-dimensional rendering of a volumetric angiography data set covering a
1.5mmx1.5mm field on the retina. The locations where feeding arterioles and draining
venules branch out to the choriocapillaris can be visualized more easily in three-
dimensional rendering. One side of the rendering shows only depths below the

choriocapillaris to emphasize the depth-resolving capability of OCT angiography.

Figure 5.4 is a three-dimensional rendering of volumetric OCT angiographic data acquired
from a 1.5mmx1.5mm field of view at ~12mm nasal to the central fovea in order to emphasize
that OCT angiography is indeed depth-resolved. One side of the volumetric angiogram rendering
shows only structures below the choriocapillaris, while the other side shows the choriocapillaris
and deeper structures. The rendering below the choriocapillaris layer shows the large feeding and

draining vessels, while the rendering at the choriocapillaris layer shows the fine
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microvasculature in the choriocapillaris. The locations where the larger choroidal vessels in the

Sattler’s layer branch out to the choriocapillaris can also be identified in the rendering.

Figure 5.5. 1.5mmx1.5mm en face OCT angiograms at the central fovea for eight normal
subjects. The choriocapillaris can be visualized in all subjects. Some variation between
individuals can be noticed. The angiogram in (A) is the same image as in Figure 3(A) but

in grayscale. Scale bars: 250pm.

Figures 5.5 and 5.6 are OCT angiograms of the choriocapillaris from the eight normal
subjects at the central fovea and at ~6mm temporal to the fovea. Both 3mmx3mm and
1.5mmx1.5mm field sizes were scanned, but only 1.5mmx1.5mm images are shown for better
visualization. In some of the angiograms, sporadic, bright horizontal line artifacts can be seen,
resulting from occasional rapid saccadic eye motion. Although there is some variation in the
choriocapillaris pattern between individuals, the observed vascular structure agrees well with
known architectural morphology, and OCT angiography appears to work in all eight subjects

imaged. The observed variations in choriocapillaris structure in the OCT angiograms are likely
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caused by actual variation in structure between individuals and not the measurement artifacts.

This emphasizes that care should be taken when comparing the choriocapillaris structure

between different subjects.

Figure 5.6. 1.5mmx1.5mm en face OCT angiograms at ~6mm temporal to the fovea for
eight normal subjects. The choriocapillaris can be visualized in all subjects. Some
variation between individuals can be noticed. The angiogram in (A) is the same image as
in Figure 3(B) but in grayscale. The order of the subjects is the same as in Figure 5. Scale

bars: 250pm.

No subject had severe astigmatism (no subject had more than 2.5D of refractive astigmatism),
and it appears that mild to moderate levels of astigmatism do not severely affect the angiogram
image quality. It should be noted, however, that severe astigmatism would likely reduce the
transverse resolution and signal in OCT angiography. This problem could potentially be
corrected by using corrective cylindrical lenses in the patient interface or by using adaptive

optics. For imaging patients with poor fixation, hardware eye tracking or software motion
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correction may be necessary. Furthermore, in AMD patients with irregular RPE contours, a more
sophisticated segmentation algorithm would be required to segment the choriocapillaris
boundary accurately. It is also possible to make the spot size on the retina smaller by increasing
the OCT beam diameter at the cornea, which may improve the transverse resolution of the en
face OCT angiogram, but ocular aberrations will limit the effective resolution unless adaptive
optics is used.

The major difference between this technique and fluorescein or ICG angiography is that OCT
angiography is based on motion contrast. This has several advantages for clinical applicationé.
Since OCT angiography does not require exogenous contrast agents, imaging measurements can
be safely and frequently repeated. OCT angiography also images three-dimensional vascular
structure and can image fine vascuiar structure in the choriocapillaris below the RPE. In addition,
if the capillary erythrocyte speeds are too slow, OCT angiography would show lower speckle
decorrelation values, which can be identified in the en face and cross-sectional OCT angiograms.
This is an interesting property, since it suggests that OCT angiography may detect abnormalities
in local perfusion before structural abnormalities such as vessel atrophy occur, which could be
useful for early diagnosis. Unlike fluorescein or ICG angiography, OCT angiography does not
detect dye leakage, which is beneficial for imaging the fenestrated choriocapillaris, but is limited
in applications where alterations in vascular permeability are markers of disease.

The ultrahigh speed SSOCT prototype at the long 1060nm wavelength has advantages over
commercial spectral domain OCT (SDOCT) systems at 850nm for choroidal imaging. Because
of the normal curvature of the retina, OCT imaging away from the macula tends to result in a
severe tilt of the retina. This in turn implies that it is difficult to avoid signal loss at all transverse

locations, even with enhanced depth imaging (EDI)*>. Compared with SDOCT, SSOCT has low
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sensitivity roll off with range and, combined with the deeper light penetration into tissue at
longer wavelengths, it enables choroidal imaging with high signal-to-noise ratio (SNR) at all
ranges. Good quality images can be achieved even with a severe retinal tilt (See the intensity
image in Figure 5.1A as an example). Due to higher blood flow speed in the choroid than in the
retina, SDOCT suffers from fringe washout artifacts that result in a significantly lower signal in
blood vessels with fast blood flow speed. These artifacts are virtually absent in SSOCT*,
Ultrahigh speed imaging with state-of-the-art SSOCT technology enables larger area coverage
on the retina for a given total image acquisition time.

Because repeated B-scans are required for OCT angiography, the imaging area is smaller
than en face ihtensity imaging at a given imaging speed. Next-generation commercial OCT
systems are expected to have imaging speeds between 70kHz and 100kHz A-scan rates. At a
100kHz A-scan rate, it should be possible to image 1.5mmx1.5mm fields with
400(horizontal)x200(vertical)x4(repeats) A-scans per volume, while maintaining the same
transverse sampling density and total acquisition time as in this study, which imaged a
3mmx3mm field at 400kHz with 800(horizontal)x400(vertical)x4(repeats) A-scans per volume.
It should be also possible to extend the field size up to 2mm by critical sampling, instead of
oversampling by 1.33x as seen in the present study. Field sizes between 1.5mmx1.5mm and
2mmx2mm are relatively small, but it could still enable clinical studies with next-generation
commercial OCT systems if the desired scan position is known. In general, further advances in
OCT technology and imaging speed are expected to provide progressively larger retinal coverage
in the future.

The current study was limited in that only relatively younger normal subjects were imaged.

Normal subjects have better ocular stability and reduced ocular opacities when compared with
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typical retinal patients. Since only younger subjects were imaged, normal changes in the
choriocapillaris associated with aging were not investigated. Further engineering is required to
develop an ultrahigh speed SSOCT prototype for use in the ophthalmology clinic. Clinical
imaging studies on patients with retinal disease as well as age-matched normal subjects are

required in order to assess the ultimate clinical utility of OCT angiography of the choriocapillaris.

5.5 Conclusions

The study demonstrated in vivo OCT angiography of the choriocapillaris in healthy volunteers
by using long wavelength, ultrahigh speed SSOCT. Fine vascular structure could be imaged
using motion contrast, without the need for exogenous contrast agents. OCT angiograms at
different depths and fundus locations were consistent with known architectural morphology from
early histological and electron micrograph corrosion casting findings. More extensive clinical
imaging studies on patients with retinal disease and age-matched normal subjects are required in
order to assess the ultimate utility of OCT angiographic imaging of the choriocapillaris. However,
OCT and OCT angiography have the advantage in that they enable integrated imaging of both
retinal and choroidal structure and vasculature. Since alterations in choriocapillaris structure are
implicated in many retinal diseases, OCT angiography promises to enable cross-sectional as well
as longitudinal studies in patients for a better understanding of pathogenesis, early diagnosis of
diseases, treatment response monitoring, and improved efficiency of pharmaceutical

development.
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Chapter 6
Ultrahigh Speed OCT Angiography in Age-Related Macular Degeneration

Using Swept Source Optical Coherence Tomography

6.1 Overview

There was a major collaborative effort in deploying a vertical cavity surface emitting laser
(VCSEL) swept source optical coherence tomography (OCT) system to the New England Eye
Center to perform clinical studies. ByunKun Lee, Chen D. Lu, Martin F. Kraus, Jonathan J. Liu,
Dr. Benjamin Potsaid, Dr. Zhao Wang, Dr. Vijaysekhar Jayaraman, Alex E. Cable, and Prof.
James Fujimoto contributed to the development of the clinical prototype, which was deployed in
November, 2013. The purpose of this chapter is to assess the potential of ultrahigh speed swept
source OCT angiography in visualizing and investigating microvascular changes in patients with
age-related macular degeneration (AMD) using the OCT system deployed to the clinic. 69 eyes
of 35 normal volunteers and 65 eyes of 41 patients with AMD were imaged. Dye-free OCT
angiograms of the retinal and choriocapillaris microvasculature were obtained in normal
volunteers and patients with geographic atrophy (GA), exudative AMD, and early and
intermediate dry AMD. Imaging was performed with an ultrahigh speed swept source OCT
(SSOCT) prototype at 1pm wavelengths with an A-scan rate of 400kHz. Multiple volumetric
OCT scans were acquired with repeated B-scan protocols (500 A-scans x 500 cross-sections x 5
repeated B-scans per cross-section over 6mm x 6mm and 3mm x3mm). OCT angiography was
performed by calculating the speckle decorrelation between B-scans acquired from the same

location. The resulting volumetric OCT angiograms were segmented to generate en face
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angiograms at multiple depths. Choriocapillaris circulation was almost completely impaired in
all 11 eyes with GA in the region of atrophy. 4 out of 5 eyes with GA showing foveal sparing
had noticeable choriocapillaris circulation in the region of foveal sparing. In 9 out of 11 eyes
with GA, marked reductions in choriocapillaris circulation were observed even beyond the
margins of GA. In 16 out of 19 eyes with exudative AMD, the choroidal neovascular membrane
(CNVM) could be clearly visualized above the Bruch’s membrane. CNVMs were always
surrounded by the region with severely impaired choriocapillaris circulation. In dry AMD
patients without GA, varying degrees of reduction in choriocapillaris circulation were observed.
Impaired choriocapillaris circulation was not always associated with drusen locations. However,
impaired choriocapillaris circulation was correlated with RPE/photoreceptor integrity. The
results in this chapter clearly demonstrates that the ability of ultrahigh speed OCT angiography
to noninvasively visualize retinal and choriocapillaris microvascular abnormalities promises to
be an important tool for better understanding of pathogenesis, disease progression assessment,
and early diagnosis in AMD. Dr. Nadia K. Waheed contributed significantly to clinical data
analysis and recruitment of the subjects. Eric Moult contributed significantly to OCT image
processing, OCT data analysis, and OCT data management. Dr. Mehreen Adhi imaged all the
patients and recruited normal volunteers for the study. ByungKun Lee contributed to developing
and managing the clinical ultrahigh speed swept source OCT system. Dr. Vijaysekhar Jayaraman
developed the VCSEL light source used in the OCT system. Dr. Philip J. Rosenfeld, Dr. Jay S.

Duker, and Prof. James G. Fujimoto provided supervision and guidance.

6.2 Introduction

Age-related macular degeneration (AMD) is a leading cause of vision loss or impairment in

developed countries. Although the current clinical practice for monitoring AMD depends mostly
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on structural information, choroidal blood circulation is believed to be altered in AMD. The
choroid is a highly vascular tissue that is responsible for nourishing the outer retinal layers.
Multiple histological studies have investigated the choriocapillaris, the capillary layer of the
choroid, in dry AMD'*, In geographic atrophy (GA), loss of the retinal pigment epithelium (RPE)
is associated with atrophy of the choriocapillaris and choroid" 2, A study in 2011 found that
choriocapillaris density decreases with sub-RPE deposit formation’. Exudative AMD results
from abnormal vessel growth originating from the choroid into the Bruch’s membrane, causing
fibrovascular scar formation and retinal detachment due to leakage of fluid. The standard therapy
for exudative AMD is intravitreal injection of anti-vascular endothelial growth factors (anti-
VEGF)*°. Although the abnormal vessels, called choroidal neovascular membranes (CNVM),
are inherently vascular in nature, treatment response monitoring is generally performed using
optical coherence tomography (OCT) structural images''4.

Despite the vascular abnormalities associated with AMD, the majority of current clinical
routines are based on monitoring structural alterations using fundus photography and/or OCT
instead of directly visualizing vascular abnormalities, a fact which may be partly attributed to a
lack of medical technology capable of noninvasively visualizing the retinal and choroidal
microvasculature. OCT angiography is a relatively new OCT imaging technique that generates
microvascular angiograms in vivo without the injection of exogenous dyes'>?. Unlike dye-based
angiography methods, such as FA or indocyanine green angiography (ICGA), OCT angiography
uses inter-scan motion to generaté contrast. Motion contrast imaging requires rapidly and
repeatedly acquiring multiple B-scans from the same location, which necessitates high OCT
imaging speeds compared to standard structural imaging. By tracking changes in the OCT

intensity and/or phase signal induced by erythrocyte motion in the B-scan, depth-resolved three-
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dimensional angiograms can be generated. As OCT is already a clinical standard, OCT
angiography is well positioned to be widely useful for therapeutic response monitoring and
pharmaceutical development as well as monitoring for disease progression.

OCT angiography is advantageous in that it enables independent visualization of the
choriocapillaris and retinal microvasculature. Dye-based angiography techniques such as FA and
ICGA usually fail to image the choriocapillaris because of the pigmented choroidal melanocytes
and retinal pigment epithelium (RPE). Moreover, vessel fenestration in the choriocapillaris®*
causes dye leakage, obscuring small features of the choriocapillaris in the FA/ICGA images.
OCT angiography, however, is based on motion contrast, and therefore avoids this problem.
Combined with deeper light tissue penetration at lum wavelengths compared to standard 800nm
wavelengths, OCT angiography can visualize the three-dimensional microvasculature of the
choriocapillaris as well as the retina. Since both structural and microvascular information are
acquired using the same volumetric OCT data set, the two types of information are necessarily
co-registered, making volumetric OCT angiographic imaging a powerful tool for comprehensive
assessment of retinal diseases. However, because the retina and choriocapillaris microvasculature
lies predominantly along the en face planes, OCT angiography requires dense volumetric
scanning of the retina in order to visualize the vasculature in en face planes. OCT angiography of
the choriocapillaris has been demonstrated only recently because the small features in the
choriocapillaris necessitate a very high sampling density, and therefore, even higher OCT
imaging speeds for given retinal coverage 2.

Due to the requirement of high imaging speeds, there has been a large gap between
technological development and clinical application of OCT angiography. Only recently, OCT

angiography was applied in small numbers of patients with AMD. A 2013 study by Kim et al.
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demonstrated OCT angiography in 1 normal subject and 1 AMD patient with GA?. In 2014,
Schwartz et al. reported imaging results from 1 normal subject, 1 dry AMD, 1 exudative AMD,
and 1 NPDR patient”. In 2014, Jia et al. demonstrated OCT angiography in the retina of 5
normal subjects and 5 exudative AMD patients*’. Most of the studies above were performed on
very small numbers of patients with small OCT fields of view only, and clinical implications of
the results were difficult to interpret. All of these studies above were performed at OCT A-scan
rates of ~100kHz or less, making clinical practice of the technology challenging due to limited
the field sizes and image quality.

The purpose of this study is to assess the potential of OCT angiography using ultrahigh speed
SSOCT as well as to use OCT angiography to visualize the microvascular changes in the retina
and choriocapillaris in patients with AMD. As the OCT imaging speed increases, OCT
angiography is expected to generate higher quality images with larger retinal coverage. The
recent development of OCT swept light sources enabled a dramatic improvement in ophthalmic
OCT imaging speeds. Our group recently demonstrated ophthalmic SSOCT using a vertical
cavity surface emitting laser (VCSEL) swept light source®, and later developed a phase stable
ultrahigh speed SSOCT prototype with an A-scan rate of 400kHz and high phase stability*?,
suitable for OCT angiography imaging. This instrument is ~5-10 times faster than standard
commercial ophthalmic OCT systems. Two different field sizes were used in this study. The
3mm x 3mm field size is used to obtain superior angiogram image quality. The 6mm x 6mm
field size is used to enable large volumetric retinal coverage. These complementary field sizes

are used to visualize retinal and choriocapillaris abnormalities in patients with AMD.

121



6.3 Methods

35 normal volunteers and 41 AMD patients (7 patients had GA, 15 patients exudative AMD, and
26 patients had dry AMD without GA in at least one eye) were imaged for this study. The study
was approved by the Institutional Review Boards at tﬁe Massachusétts Institute of Technology
(MIT) and the New England Eye Center (NEEC). All participants including healthy normal
volunteers and patients were imaged in the ophthalmology clinic at NEEC, and signed written
informed consent was obtained from all subj ects‘before OCT angiography imaging. The research
adhered to the Declaration of Helsinki and the Health Insurance Portability and Accountability
Act. The AMD patients were classified using on the Age-Related Eye Disease Study (AREDS)®.
In selected patients, FA and fundus autofluorescence (FAF) was performed in addition to OCT
imaging to correlate the image with the OCT angiogram.

OCT angiography was performed with an ultrahigh speed SSOCT research prototype
developed at MIT and deployed to NEEC in November, 2013. A similar OCT system was

132, and therefore only key characteristics are summarized here. The

described previously in detai
prototype system used a VCSEL swept light source with an A-scan rate of 400kHz. The light
source was centered at 1um wavelengths, allowing deeper light penetration into pigmented tissue,
such as RPE and choroid, when compared to current commercial standard wavelengths at
~850nm. The full-width at half-maximum (FWHM) axial and transverse resolutions were ~8-
9um and ~10pum (~24pm diffraction-limited Airy disk diameter), respectively, in tissue. OCT
signals were sampled with an analog-to-digital acquisition card (Alazar Technologies, ATS9360),
externally clocked at a maximum frequency of ~1.1GHz using the signal generated by an

external Mach-Zehnder interferometer. The resulting imaging range was ~2.1mm in tissue. The

OCT system was phase stabilized using a fiber Bragg grating to suppress undesired fixed pattern
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noise in OCT intensity and angiography images, yielding a phase stability of ~1.5mrad at a
signal-to-noise ratio of 57dB. The optical power incident on the cornea was ~1.8mW, and the
measured system sensitivity was ~98dB.

Two different field sizes were used for OCT angiography in this study: 6mm X 6mm and
3mm x 3mm. For all field sizes, 2500 B-scans were acquired from 500 uniformly sampled
locations, which provided 5 repeated B-scans per location for motion contrast imaging. Each B-
scan consisted of 500 A-scans, and therefore the total number of A-scans per OCT volume was
500 x 500 x 5 A-scans. With the OCT A-scan rate of 400kHz and a galvanometer duty cycle of
80-85%, the total image acquisition time was ~3.9 seconds per volume. For the 6mm x 6mm
field size, the volumetric scan pattern of 500 x 500 x 5 A-scans correspond to an isotropic
sampling of the retina at a 12pum interval in the transverse direction, which provides an
oversampling of ~2x compared to the ~24pm Airy disk diameter of the OCT beam on the retina.
Smaller field sizes yield proportionally denser transverse oversampling, providing higher OCT
angiogram quality. The time interval between sequential B-scans is ~1.5ms, and the line dwell
time is ~7.5ms (~1.5ms x 5) per line, for all field sizes.

OCT angiography was performed by comparing sequential intensity B-scans (12, 263,
34, and 45) acquired from the same location. The four resulting motion contrast images
from a given location were averaged to enhance angiogram image quality. For stationary tissue,
the OCT intensity images acquired from the same location should look identical to one another.
However, at the locations of blood vessels including capillaries, erythrocyte movements result in
local fluctuations in the intensity images. By tracking the locations where the OCT signal
fluctuates in time, it is possible to generate a cross-sectional motion contrast image. This

operation is performed at all B-scan locations in order to obtain a three-dimensional volumetric
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OCT angiogram. For selected cases, every other B-scan was compared (13, 24, 35) to
increase the time interval for comparison by 2x, thereby achieving a time interval of ~3ms
instead of ~1.5ms without sacrificing the transverse sampling density on the retina. As in the
sequential comparison case, the three resulting motion contrast images from a given location
were averaged to enhance angiogram image quality. All B-scans were motion-corrected before
comparison, using a previously described algorithm®. It should be noted that large retinal and
choroidal vessels often cast angiographic shadow below the vessels because blood is highly
scattering and causes more rapidly fluctuating speckle pattern below.

The three dimensional volumetric angiogram contains both the retinal and choroidal
vasculature at different depths. To visualize the choriocapillaris and retinal microvasculature
separately, the Bruch’s membrane and internal limiting membrane (ILM) were segmented semi-
automatically using intensity B-scans in the volumetric data set. Because the intensity B-scans
are necessarily co-registered to the cross-sectional OCT angiograms, the segmented Bruch’s
membrane and ILM locations can be applied directly to the volumetric OCT angiogram. To
generate en face retinal OCT angiograms, all depths between the ILM and the Bruch’s
membrane were projected using maximum projection. Choriocapillaris OCT angiograms were
generated by choosing a single en face plane below the RPE. To visualize CNVM in exudative
AMD patients, multiple en face planes right above the Bruch’s membrane were projected in

depth, depending on the exact depth and thickness of the CNVM.

6.4 Results

6.4.1 Healthy Normal Volunteers
Normal volunteers recruited for the study were 39.7 + 13.8 years old (range 19 to 70 years, 69

eyes from 35 subjects). Among the 69 eyes imaged, 33 eyes were from subjects older than 40
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years and 7 from older than 60 years. Figure 6.1 shows representative retinal and choriocapillaris
angiogram from a 49 year old normal volunteer. All images were centered roughly at the fovea.
The image quality for the 3mm x 3mm field size is better than the 6mm x 6mm field size due to
the higher sampling density. The 6mm x 6mm field size provides larger retinal coverage while
the 3mm x 3mm field size enables the visualization of detailed microvasculature with higher
angiogram quality. The eye shown in Figure 6.1 was one of the few with the sparsest
choriocapillaris density among the 69 normal eyes. Most of the other eyes had markedly denser
choriocapillaris as shown in Figure 6.2. Figure 6.2 shows representative choriocapillaris
angiograms from different age groups over 3mm x 3mm and 6mm x 6mm field sizes. In this
study, capillary density was not explicitly quantified but inspected qualitatively. Although a
slight variation in the choriocapillaris density could be observed, the choriocapillaris of normal
subjects was generally dense and homogeneous in the macula. Isolated inter-capillary spots in
the choriocapillaris with well-defined boundaries and diameters smaller than ~100um were not
considered abnormal in this study since they were commonly observed in normal subjects as
shown in Figure 6.2. These inter-capillary spots appear dark in the OCT angiogram display used
in this manuscript where brighter pixels correspond to higher blood flow. Although the number
of subjects older than 60 was limited, obvious age dependency in choriocapillaris density was
not observed in normal eyes. However, there was a tendency that the choroidal thickness was
thinner for eyes with more frequent appearances of dark spots in the choriocapillaris, although

this was not explicitly quantified in the current study.
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Figure 6.1. OCT retinal and choriocapillaris angiograms from a 49 year old normal
volunteer. (A) OCT retinal angiogram over a 3mm x 3mm area centered at the fovea. (B)
OCT choriocapillaris angiogram over the same 3mm x 3mm extracted from the same
volumetric scan as used in (A). Note that the thick retinal arterioles and venules cast
angiographic shadow in the choriocapillaris angiogram. (C) OCT retinal angiogram over
a 6mm x 6mm area from the same eye as in (A). (D) OCT choriocapillaris angiogram
over the same 6mm x 6mm area, extracted from the same volumetric scan as used in (C).
This was one of the few eyes with the sparsest choriocapillaris density among the 69
normal eyes. Most of the eyes had significantly denser choriocapillaris. Scale bars:
500pm.
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Figure 6.2. OCT angiograms of the choriocapillaris from (A) 35, (B) 53, (C) 58, (D) 68,

(E) 65, and (F) 70 year old normal volunteers. The angiograms on the left are over 3mm
x 3mm and on the right 6mm x 6mm, both centered at the fovea. Choriocapillaris
circulation is generally dense and homogeneous over the field of view in normal eyes.
Note that thick retinal arterioles and venules cast angiographic shadows on the
choriocapillaris angiograms. Vertical or horizontal lines, depending on the orientation of

the OCT fast scan axis, are artifacts due to eye motion. Scale bars: 500um.

6.4.2 Dry AMD with GA
11 eyes from 7 dry AMD patients with GA (75.9 + 6.1 years old, range 65 to 82 years) were
imaged with ultrahigh speed OCT angiography. Figure 6.3 shows FAF and OCT data of a 75

year old dry AMD patient with GA centered at the fovea. The intensity en face projection image
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in Figure 6.3B clearly delineates the region of GA, which agrees well with the FAF in Figure 3A.
Figures 6.3C and 6.3D show the corresponding retinal and choriocapillaris angiograms processed
from the same volumetric data set. Note that Figures 6.3B-D are generated from a single OCT
volumetric scan, and therefore are necessarily co-registered to one another. The margin of the
GA identified from Figure 6.3B is shown in Figure 6.3D as the white dotted bouhdary for
comparison. In general, the choriocapillaris circulation is nearly éompletely compromised in the
region of GA with only large choroidal vessels remaining. However, it can be noticed that there
is foveal sparing that appears as a dark island at the central fovea in Figure 6.3B, and that there is
corresponding choriocapillaris circulation in the corresponding area as shown in Figure 6.3D.
Due to the foveal sparing, the patient had a visual acuity of 20/20. Foveal sparing was observed
in 5 of the 11 eyes. 4 of these 5 eyes had some noticeable choriocapillafis circulation in the
region of foveal sparing. The retinal microvasculature in Figure 6.3C does not show marked
abnormality compared with healthy normal subjects.

Another noteworthy feature is that choriocapillaris circulation is significantly reduced even
outside the region of GA, a feature manifested as more frequent appearances of sparser and
darker regions in the choriocapillaris angiogram. Figure 6.4 shows three representative cross-
sections indicated by white dotted lines in Figure 6.3D, only one of which going through the
region of GA. Cross-sectional angiograms need to be interpreted carefully below the RPE
because the choriocapillaris as well as large retinal and choroidal vessels often cast angiographic
shadow below the vessels. However, by noting that the choriocapillaris is located immediately
underneath the Bruch’s membrane, the existence of choriocapillaris circulation can be identified

unambiguously in cross-sectional angiograms as well in most cases. Although only the cross-
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section in Figure 6.4B shows a complete atrophy of the RPE and photoreceptors, choriocapillaris

circulation reduction can be identified in all three cross-sections.

Figure 6.3. FAF and OCT images from a 75 year old GA patient with a visual acuity of
20/20. (A) FAF was acquired from a commercial system (Topcon). (B) OCT en face
intensity projection image shows the area of GA clearly. The GA margin is delineated
with a white dotted contour. The dark region at the fovea indicated by the white arrow
corresponds to foveal sparing. (C) OCT angiogram of the retinal microvasculature. The
retinal capillary network does not look too abnormal compared to that of normal
volunteers. (D) OCT angiogram of the choriocapillaris. Choriocapillaris circulation is

almost completely impaired in the region of GA delineated by the white dotted contour.
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The area of foveal sparing has residual choriocapillaris circulation as indicated by the
white arrow. Note that choriocapillaris circulation is severely compromised even outside
the G'A margin. The OCT images (B-D) are acquired from a 6mm x 6mm area centered

at the fovea. All scale bars: 1mm.

Figure 6.4. OCT intensity images and corresponding cross-sectional angiograms. Cross-

sectional image pairs (A, D), (B, E), and (C, F) extracted from the three dashed white
lines (top, middle, and bottom, respectively) shown in Figure 3D. Only the cross-
sectional image pair (B, E) goes through the region of GA, as clearly shown in the
intensity image. The choriocapillaris circulation is nearly completely compromised in the
region of GA, except for the angiographic shadows due to large choroidal vessels.
Although the cross-sectional image pairs (A, D) and (C, F) do not go through the GA,
choriocapillaris circulation is noticeably impaired as clearly shown in (D) and (F).

Transverse dimensions: 6mm.



There was also a general tendency that RPE/photoreceptor layer integrity was worse when
the choriocapillaris circulation underneath was reduced. As shown in Figure 6.4, the region
RPE/photoreceptor layer appears more diffuse in the intensity image is loosely correlated with
more severely reduced choriocapillaris circulation. The association between impaired
choriocapillaris circulation and compromised RPE/photoreceptor integrity was observed in all 11
eyes. Although compromised RPE/photoreceptor layer integrity usually entailed reduced
choriocapillaris circulation, the opposite was often not true. It should be noted that impaired
choriocapillaris circulation would not necessarily imply a complete degeneration of the
choriocapillaris layer because OCT angiography is based on motion contrast, which is described
further in the DiScussion. Additional representative examples are shown in Figure 6.5 with the
GA regions identified from co-registered structural intensity en face projection images delineated
as white dotted boundaries. Markedly impaired choriocapillaris circulation extending beyond the
margin of GA was found in 9 out of 11 AMD eyes with GA. However, it should be noted that in
the 2 eyes that this was not observed, the RPE/photoreceptor layer outside the region of GA
appeared nearly perfectly normal and the transition between the normal and GA regions was very
abrupt. Both of these eyes were from a single patient. An example is shown in Figures 6.5(D),
(H), (I), and (J). On the contrary, the other 9 eyes often exhibited compromised

RPE/photoreceptor integrity well outside the region of GA.
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Figure 6.5. OCT en face intensity projections (A-D) and corresponding OCT

choriocapillaris angiograms (E-H). The GA regions are delineated by white dotted
contours. For the cases (A, E), (B, F), and (C, G), choriocapillaris circulation is
noticeably impaired in areas outside the GA margin. For (H), choriocapillaris circulation
immediately outside the region of GA appears relatively normal. (I, J) OCT intensity and
angiographic cross-section pair extracted from the white dashed line in (H). Note that in
(I) the RPE/photoreceptor integrity immediately outside the GA region appears nearly
normal, and the corresponding choriocapillaris circulation in (J) appears normal
immediately outside the GA region as well. (K-N) FAF images from the eyes shown in

(A-D). 6mm x 6mm field of view for (A-H).

6.4.3 Exudative AMD
19 eyes from 15 exudative AMD patients were imaged (79.7 = 8.3 years old, range 61 to 92
years). Figure 6 shows an OCT intensity projection, en face OCT angiogram at the level of

CNVM, OCT retinal angiogram, OCT choriocapillaris angiogram, and retinal thickness map
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from an 87 year old exudative AMD patient all extracted from a single volumetric scan. FA and
ICGA acquired from the same patient are also shown for comparison. While FA and ICGA in
Figures 6.6E and 6.6F show an area of diffuse dye leakage, OCT angiography shows a detailed
CNVM vasculature as shown in Figure 6.6B. Note that FA and ICGA highlight different portions
of the CNVM. The retinal angiogram in Figure 6.6C does not look too abnormal. On the contrary,
as can be seen in Figure 6.6D, the choriocapillaris circulation is severely compromised
particularly in the region where subretinal fluid is formed, as shown in the retinal thickness map
in Figure 6.6G. Note that the CNVM casts angiographic shadows, similarly to thick retinal
vessels, and therefore the region directly underneath the CNVM vasculature appears to have
spurious circulation at the level of choriocapillaris. However, it is possible to visualize clearly
that the CNVM area is surrounded by the area of impaired choriocapillaris circulation. The OCT
intensity and angiographic cross-sectional images in Figures 6.6H and I extracted from the white
dashed lines in Figures 6.6A and B clearly show that the abnormal CNVM vasculature is located
above the Bruch’s membrane.

Additional OCT angiograms from five exudative AMD cases are shown in Figure 6.7. Note
that all CNVMs look different from each other. Out of 19 eyes with exudative AMD, CNVM
was clearly visualized with OCT angiography in 16 eyes. Among the 3 eyes that OCT
angiography failed to visualize CNVM, one was due to severe subretinal hemorrhage that
attenuated OCT signal completely. The other two eyes were confirmed to have inactive CNVM
due to anti-VEGF treatment. Considering that CNVM did not actually exist in these two eyes,
OCT angiography yielded a high success rate of 94% for visualization of CNVM. In two of the
eyes, CNVM was diagnosed after OCT angiography was performed. Choriocapillaris circulation

abnormalities were not always correlated with retinal detachment due to subretinal fluid
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formation. Retinal angiograms were excluded from the analysis because the retina was severely
damaged due to subretinal fluid formation in many eyes with exudative AMD. In all 16 eyes that
CNVM was visible with OCT angiography, CNVM was originating from regions with severely

compromised choriocapillaris circulation, consistent with a previous OCT angiography finding

in 5 exudative AMD eyes with CNVM™,

Figure 6.6. OCT, FA, and ICGA from an 87 year old exudative AMD patient. (A) OCT
intensity projection, (B) en face OCT angiogram at the level of CNVM, (C) OCT retinal
angiogram, (D) OCT choriocapillaris angiogram, (E) FA, (F) ICGA, and (G) OCT retinal
thickness map. All OCT images are generated from a single volumetric scan. (H) and (1)
are OCT intensity and angiographic cross-sections are extracted from the white dashed

lines in (A) and (B). All OCT images are from a 6mm x 6mm area. All scale bars: 1mm.
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Figure 6.7. OCT angiograms of CNVM, OCT angiograms of choriocapillaris, and OCT
retinal thickness maps from five exudative AMD patients. In general, CNVMs are
surrounded by regions of impaired choriocapillaris circulation, which was observed for
CNVM sizes from smaller than 500pm to larger than Smm in the longest dimensions.
Because of angiographic shadowing due to the CNVM vasculature, impaired
choriocapillaris circulation underneath the CNVM appears as a halo of reduced
choriocapillaris circulation in the choriocapillaris angiograms. All images acquired from

6mm % 6mm areas.

In addition, we also observed that in general the CNVM was surrounded by the area of
severely impaired choriocapillaris circulation in 14 eyes out of the 16 eyes (Figure 6.7). This was
true for CNVMs of longest dimensions from less than 500um to greater than Smm. This

observation was possible because of the wide field size of 6mm x 6mm enabled by ultrahigh
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speed OCT angiography. It should be noted that the CNVM casts angiographic shadow on
choriocapillaris angiograms, and therefore, it is sometimes difficult to visualize impaired
choriocapillaris circulation directly underneath the CNVM. However, it can be observed that the
CNVM shadow results in a halo of impaired choriocapillaris circulation around the location of
CNVM in the choriocapillaris angiograms. This was carefully confirmed in OCT intensity and
angiographic B-scans manually as well. In the 2 eyes where CNVM was not proportional to the

size of impaired choriocapillaris circulation, CNVM originated from the margin of GA or

peripapillary atrophy and grew away from the atrophic region.

Figure 6.8. An example of CNV located next to GA from a 75 year old AMD patient. (A)
OCT intensity projection shows the area of geographic atrophy clearly, as indicated by
the white dotted contour. (B) OCT choriocapillaris angiogram. The GA area is delineated
by a white dotted contour. (C) OCT angiography at the level above Bruch’s membrane.

The vasculature near the GA margin is from the normal choroid vasculature and appears
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in (C) due to segmentation error in the region of GA. (D) FAF shows the region of GA.
(E) and (F) show intensity and angiographic cross-sections extracted from the white
dashed line in (A). The eye was originally diagnosed to have dry AMD with GA.
However, OCT angiography could detect abnormal vasculature above the Bruch’s
membrane as indicated by white dotted circle in (C). The cross-sections (E) and (F)
clearly show that the abnormal vasculature is located above the Bruch’s membrane as
indicated by the white arrows, but the intensity cross-section does not show significant

subretinal fluid. All scale bars: 1mm.

The 17 eyes with active CNVM described above were clinically confirmed to have CNVM.
However, it is interesting to note that even among the 11 dry AMD eyes with GA, the authors
were able to detect neovascularization above the Bruch’s membrane in 2 of the eyes using OCT
angiography only without é priori knowledge (these two eyes were not counted as part of the 19
exudative AMD eyes because CNVM was not clinically confirmed using alternative techniques).
Neither of the two eyes had significant subretinal fluid formation in OCT or hemorrhage in
fundus photographs on the day of examination, and hence FA was never performed. Although it
was not explicitly confirmed that these eyes had CNVM using FA, OCT angiography clearly
showed abnormal vasculature above the Bruch’s membrane in both en face and cross-sectional
planes. An example is shown in Figure 6.8. Note that the OCT intensity image does not show
significant subretinal fluid. However, the cross-sectional angiogram clearly shows abnormal
vasculature above the Bruch’s membrane. The CNVM is located close to the region of GA, and
as observed in other CNVM examples in this study, is originating from a region with severely

impaired choriocapillaris circulation, which in this particular case, extends from the area of GA.
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6.4.4 Early and Intermediate Dry AMD

35 eyes from 26 early or intermediate dry AMD patients (77.5 + 9.0 years old, range 59 to 92
years) were imaged. Figure 6.9 shows a fundus photo and OCT data from a 64 year old early dry
AMD patient. The OCT angiogram of the retinal microvasculature in Figure 6.9D looks normal.
However, the choriocapillaris exhibited a marked reduction and inhomogeneity in vascular
density as shown in Figure 6.9G. Note that unlike in normal choriocapillaris, small feeder and
draining choroidal vessels are visible in the angiogram because of the reduction in
choriocapillaris circulation. It was not immediately clear whether the choriocapillaris
abnormalities have direct association with retinal structural abnormalities above when visualized
in en face planes as shown in Figures 6.9C and 6.9G. Figures 6.9E and 6.9F show OCT intensity
and angiography cross-sections extracted from the dotted lines in Figure 6.9C. As shown in
Figures 6.9E and 6.9F, it was possible to identify choriocapillaris abnormalities underneath some
drusen as indicated by the yellow arrows. However, drusen locations were also often not
correlated with choriocapillaris abnormalities as indicated by the red arrow. Very often, the outer
retinal layers directly above focal reductions in choriocapillaris circulation did not appear worse

than the neighboring regions.
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Figure 6.9: (A, B) Fundus photo and (C-G) OCT data from a 64 year old dry AMD

patient. Fundus photo in (B) is a close up image over a 3mm X 3mm area indicated by
blue dotted square in (A). OCT retinal angiogram in (D) looks normal. Abnormalities in
(C) the OCT intensity projection and (G) the OCT choriocapillaris angiogram are not
clearly associated spatially with one another. (E) OCT intensity cross-section and (F)
angiographic cross-section extracted from the yellow dashed line in (C). Some drusen
have focal reduction in choriocapillaris circulation underneath as indicated by yellow
arrows in (E) and (F). However, drusen with normal choriocapillaris circulation
underneath are also visible as indicated a red arrow. The OCT images acquired are from a

3mm x 3mm area. All scale bars: 1mm.

Compromised choriocapillaris circulation was commonly observed in early and intermediate
dry AMD without GA as well as in advanced AMD with GA and/or CNV. In some cases,
choriocapillaris abnormalities were localized to small areas with the longest dimension of ~Imm

while in other cases abnormalities could be observed diffusely spread throughout the entire field
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of view. In one eye, there was a large isolated well-defined area of impaired choriocapillaris -
circulation with the fongest dimension ~1mm, with the choriocapillaris elsewhere in the field of
view relatively normal. In this particular eye, there were drusen above the choriocapillaris
abnorniality. The degree of choriocapillaris circulation reduction varied widely between AMD
subjects.

There was a general trend that more severe choriocapillaris circulation impairment, diffusely
over the field of view, being associated with reduced overall RPE/photoreceptor integrity. In
order to assess the relationship between choriocapillaris circulation and RPE/photoreceptor
integrity, the choriocapillaris and the RPE/photoreceptor layer integrity were graded according to
three categories: normal / mildly impaired, moderately impaired, and severely impaired. For the
current analysis, only the average integrity over the 3mm x 3mm field of view was used to grade
both the RPE/photoreceptor complex and choriocapillaris. Therefore, small isolated focal
abnormalities were ignored if they occupied less than ~10% of the entire field of view.

For choriocapillaris, the abnormal features were defined as regions with at least one of the
following: (1) inhomogeneous angiographic signal in the angiogram, (2) patches of reduced
circulation with diffuse boundaries, (3) spots of non-perfusion with well-defined boundaries and
with maximum dimension greater than ~200um, (4) spots of reduced perfusion of any size, in
between feeder/draining choroidal vessels, (5) any choroidal vessels larger than the
choriocapillaris, such as feeder/draining vessels or larger choroidal vessels. Because it was
occasionally observed in normal eyes in all age groups, all inter-capillary spots with well-defined
boundaries and with maximum dimension less than ~150pm was considered normal. The three

categories were defined as the following:
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(A) Severely impaired: if the abnormal areas corresponding to non-perfusion, which appears
completely black in the angiogram color map used in this manuscript (ignoring the
normal inter-capillary spots that also appears black) and the area of visible larger
choroidal vessels constitute more than 50% of the total area.

(B) Moderately impaired: if the sum of all abnormal areas satisfying the conditions (1-5),
which are not necessarily completely black as is required to be severely impaired,
constitute ~ 50% or more of the total area.

(C) Normal / mildly impaired otherwise

Using the grading criteria above, Figure 9G is considered moderately impaired because patches
of reduced choriocapillaris circulation between feeder/draining vessels are clearly visible and
they constitute more than 50% of the total area.

The RPE/photoreceptor layer was graded according to the following criteria.

(A) Normal / mildly impaired: the IS/OS ellipsoid and RPE look sharp and well-defined. The
IS/OS signal comparable to the RPE signal.

(B) Moderately impaired: (1) the IS/OS signal somewhat lower than RPE signal and/or (2)
the RPE appears noticeably diffuse and thickened.

(C) Severely impaired: the IS/OS severely disrupted. IS/OS signal is significantly lower than
RPE signal. IS/OS band appears so irregular, diffuse, and faint that the entire

RPE/photoreceptor band frequently appear as a single diffuse hyper-reflective band.
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Figure 6.10. Choriocapillaris and RPE/photoreceptor showing varying degrees of

integrity in dry AMD patients. (A-C) Normal / mildly impaired, moderately impaired,
and severely impaired choriocapillaris circulation, respectively. Note that in (A), small
isolated inter-capillary spots are not considered abnormal because they can also be found
in young normal volunteers. On the contrary, the angiogram in (B) shows patches of
inhomogeneous angiographic signal with diffuse boundaries throughout the field of view,
which means the circulation is diffusely reduced. (D-F) Normal / mildly impaired,
moderately impaired, and severely impaired RPE/photoreceptor layer, respectively. All

scale bars: 1mm.

Figures 6.10A-C shows choriocapillaris: angiograms from three representative dry AMD

cases exhibiting varying degrees of compromised choriocapillaris circulation. Figures 6.10D-F
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show the RPE/photoreceptor layers. with varying degrees of integrity. Because
RPE/photoreceptor integrity varied over the field of view, all 500 cross-sections per volume were
used to evaluate the average integrity over the 3mm x 3mm field of view. Three graders
independently graded the 35 randomized RPE and 35 randomized choriocapillaris data sets
separately, and Spearman’s rank correlation coefficient was calculated using the median grades.
There was a statistically significant moderate correlation between choriocapillaris circulation and
RPE/photoreceptor integrity (r = 0.57, p < 0.001). Figure 6.10G shows a bar plot of

RPE/photoreceptor integrity as a function of choriocapillaris circulation.

6.5 Discussion

The fact that OCT angiography generates motion contrast offers several advantages over
conventional dye-based angiography techniques. Because OCT angiography does not require the
injection of exogenous dyes, it is completely noninvasive. Moreover, since OCT angiography
can be performed at any time, unlike dye-based angiography which has a limited time window
for imaging, OCT angiography greatly facilitates longitudinal studies as well as the investigation
of transient functional response. Noninvasive longitudinal monitoring of nonexudative AMD
patients may be useful for disease progression studies and treatment response monitoring.
Visualizing different layers of vasculature in depth is challenging with dye-based OCT
angiography because it generates two dimensional images. Furthermore, because the
choriocapillaris is fenestrated, visualizing the choriocapillaris microvasculature with dye-based
angiography is challenging due to dye leakage as well as signal scattering and attenuation from
the RPE.

OCT angiograms of the choriocapillaris must be interpreted carefully because of the variation

between normal subjects as shown in Figure 6.1. Therefore, in this study the choriocapillaris was
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considered abnormal only if there was a significant reduction in choriocapillaris circulation
compared to typical normal subjects or a marked inhomogeneity in the microvascular density
over the field of view. Small isolated inter-capillary spots (longest dimension <150pum) showing
no angiographic signal with well-defined boundaries were not necessarily considered abnormal
because these were occasionally observed in healthy normal volunteers as well. However, this
study is limited by the lack of older normal subjects which would be a more appropriate control
group for AMD patients. In this study, varying degrees of choriocapillaris circulation
abnormalities were frequently detected in AMD patients at all stages of the disease, including
GA, CNV, and dry AMD.

Impaired choriocapillaris circulation in AMD patients outside the region of GA is surprising
because previous histological findings suggest that choriocapillaris degeneration is secondary to
RPE loss™ *. Although the results in this study show that the choriocapillaris circulation in the
region of GA is nearly completely reduced or there is choriocapillaris atrophy, many of the eyes
with GA exhibited impaired choriocapillaris circulation even outside the margin of GA. This is
not inconsistent with previous histological findings because OCT angiography and post mortem
analyses measure fundamentally different characteristics of the choriocapillaris and
choriocapillaris atrophy in histology versus impaired choriocapillaris circulation in OCT
angiography should not be simply interpreted interchangeably.

When interpreting OCT angiography data, it is important to distinguish between complete
atrophy versus reduced/impaired circulation. Because OCT angiography is based on motion
contrast, care must be taken to differentiate very slow erythrocyte speeds in capillaries, or
equivalently, impaired circulation at the capillary level, versus complete vascular degeneration

and atrophy. In this study, we propose a method to distinguish these two conditions by using
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different the time intervals for measuring motion contrast. By comparing every other B-scan
(13, 24, 3+5) instead of sequential B-scans (12, 23, 34, and 4-5) for motion
contrast generation, it is possible to increase the comparison time interval by a factor of two. It
should be emphasized that this measurement does not require the acquisition of separate OCT
scans. Since the amount of motion contrast increases with increasing time interval, OCT
angiography can be made more sensitive to slower erythrocyte movements by using this
processing technique. The limitation of using longer time intervals is that faster erythrocyte
movements now saturate motion contrast, and therefore, OCT angiography loses its ability to
differentiate faster erythrocyte speeds. This essentially dictates that OCT angiography has a fixed
dynamic range for erythrocyte speeds, and the dynamic range can be shifted down to a slower
velocity range by increasing the time interval for comparison. In addition, increasing the time
interval increases sensitivity to parasitic eye movements, which increases the noise level in OCT
angiograms.

Figure 6.11 shows the effect of increasing OCT angiography flow sensitivity in a dry AMD
patient with GA. The region of GA is delineated with a white dotted boundary. Note that outside
the GA margin, the OCT angiography signal becomes denser in Figure 6.11C in the region that
appears to have impaired circulation in Figure 6.11B. The region of GA still lacks circulation
even with the increased time interval and increased flow sensitivity. This result suggests that in
the region of GA, there is effectively no choriocapillaris perfusion, implying that it is highly
likely that the choriocapillaris has atrophied. However, outside the GA margin, the
choriocapillaris is still perfused, although circulation may be significantly reduced compared to
normal eyes. Therefore the impaired choriocapillaris circulation visualized with OCT

angiography outside the region of GA does not necessarily contradict previous histological
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findings in GA. In general, impaired choriocapillaris circulation in OCT angiography does not
imply complete atrophy. Figure 6.11 clearly demonstrates the ability of ultrahigh speed OCT
angiography to assess local perfusion at the capillary level. Imaging speed is a key parameter
which governs the sensitivity of OCT angiography because B-scans must be repeated with a
short time interval in order to differentiate flow impairment. With slower OCT systems with
longer time intervals for OCT angiography motion contrast generation, both slow and fast
erythrocyte speeds appear saturated in the OCT angiogram. However, by controlling the time
interval used to measure motion contrast, ultrahigh speed OCT angiography can distinguish
impaired circulation in the retinal capillaries and choriocapillaris versus complete vascular

degeneration. This capability promises to be important for elucidated disease pathogenesis as

well as better monitoring disease progression and treatment response.

Figure 6.11. Effect of performing OCT angiography on sequential B-scans and every
other B-scan on the GA patient shown in Figure 3. (A) The OCT intensity projection
image is used to identify the margin of GA. The OCT angiogram of the choriocapillaris
using every other B-scan shown in (B) in comparison to that using sequential B-scans
shown in (A) demonstrates that lower OCT angiography signal outside the margin of GA

is not due to a complete choriocapillaris atrophy, but due to reduced choriocapillaris
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circulation. Note that in (B) the residual choriocapillaris circulation under the area of

foveal sparing also gets more emphasized.

One limitation of the current study is that the number of normal eyes was small and mean age
was younger compared to the AMD patients. In the future, a more comprehensive cohort of age-
matched normal volunteers will be recruited. This is important in order to differentiate normal
aging processes versus disease progression in AMD. However, even among dry AMD patients, a
significant variation in choriocapillaris circulation impairment was observed, which was
moderately correlated with the RPE/photoreceptor integrity. Considering that normal eyes should
not have moderately or severely impaired RPE/photoreceptor layers, it is likely that
choriocapillaris circulation impairment is involved in the pathogenesis of dry AMD.
Choriocapillaris circulation impairment was not observed in the 6 eyes from normal volunteers
older than 60 years old in this study. However further investigation is required to determine
whether an older cohort of normal volunteers may show reduction in choriocapillaris circulation.
It should also be emphasized that the causal relationship between the RPE/photoreceptor and
choriocapillaris impairment cannot be determined from the current study.

One of key advantages of ultrahigh speeds for OCT angiography is that it enables higher
image quality and larger retinal coverage. Because OCT angiography requires a repeated B-scan
protocol, the field size is more limited compared to conventional OCT structural volumetric
imaging. Small imaging fields are harder to use clinically and require cumbersome mosaicking in
order to achieve retinal coverage. In this study, 6mm x 6mm field sizes could be achieved with
high image quality in patients by using an SSOCT prototype with an A-scan rate of 400kHz.
Instruments operating at A-scan rates of 100kHz would be limited to 3mm x 3mm field sizes if

comparable image quality was desired. As shown in the Results section, many retinal pathologies,
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such as GA and CNVM, require field sizes larger than 3mm x 3mm to image the region of
interest, even when it is centered at the field of view. Moreover, vascular lesions do not
necessarily occur at the center of the macula. Although it is possible to aim the image acquisition
during imaging by adjusting the patient’s fixation, this is not clinically practical. Centering the
image acquisition on a specific retinal pathology is not only time consuming, but may be
impossible if the locations of the lesions are not immediately apparent from structural images or
fundus photographs. The data presented in this manuscript was acquired using a standardized
imaging protocol which images the macula. Although current commercial OCT systems cannot
provide retinal coverage as large as demonstrated in this manuscript, this problem will eventually
be solved as the imaging speeds of future commercial OCT increaée.

Unlike dye-based angiography, OCT angiography does not visualize show leakage. Although
this could be a limitation for the investigation of retinal pathologies involving alterations in
vascular permeability, it also has advantages. For example, leakage of CNVM in exudative AMD
is used to confirm the existence of CNVM, however leakage can produce hyper fluorescence
which impairs visibility and visualization is limited to a two dimensional image without depth
resolution. OCT angiography, however, directly visualizes abnormal vasculature in three
dimensions, and may be more sensitive for monitoring treatment response. In addition, as shown
in Figure 6.6, ICGA and FA highlight different components of CNVM vasculature, potentially
due to the difference in molecular sizes, while OCT angiography shows both of them
simultaneously. In our study, OCT angiography could visualize CNVM in most exudative AMD
patients with active CNVM. The only case OCT angiography failed to visualize CNVM was
when there was significant subretinal hemorrhage that attenuated the OCT signal. However, even‘

in this case, subretinal fluid was visible as a marker in OCT structural images.
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6.6 Conclusion

One of the most interesting clinical findings in the study is that choriocapillaris circulation
abnormalities were observed at all stages of AMD including dry AMD with and without GA and
CNV. In eyes with GA, choriocapillaris circulation was severely impaired even outside the
margin of GA. It would be clinically and scientifically interesting to investigate if the GA
progression rate is correlated with choriocapillaris circulation near the GA margin. In exudative
AMD, most CNVMs were surrounded by regions of impaired choriocapillaris circulation for all
sizes from smaller than 1mm to larger than 5Smm in their longest dimensions. Although more
comprehensive studies are required to assess the effects of anti-VEGF treatments performed on
patients prior to OCT imaging, findings from this small scale study suggest that CNVMs formed
in regions to compensate for reduced perfusion from the choroid. In fact, in two of the eyes with
GA, where choriocapillaris circulation was severely impaired outside the GA margin, abnormal
vasculature above the Bruch’s membrane was detected by OCT angiography without a priori
knowledge from ophthalmoscopic exam. In these two eyes, the CNVMs did not develop
subretinal fluid, which was the reason the CNVMs were not clinically recognized, and the
CNVMs may have acted as a blood supply to the outer retina in the nearby region. If this
hypothesis is correct, then the decision to perform anti-VEGF treatments on these eyes should be
approached with caution. In early and intermediate dry AMD, impaired choriocapillaris
circulation was commonly observed, in this finding was moderately correlated with
RPE/photoreceptor integrity. Although more comprehensive studies involving a larger number of
age-matched normal volunteers is required to differentiate the effects of normal aging and AMD
progression on choriocapillaris circulation, the current study suggests that impaired

choriocapillaris circulation is involved in the pathogenesis of AMD. The vascular abnormalities
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visualized with OCT angiography at early as well as late stages of AMD suggest that OCT
angiography may be useful for monitoring disease progression as well as treatment response. The
ability to more sensitively assess treatment response over shorter study durations is especially

important for pharmaceutical development.
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Chapter 7
Ultrahigh Speed OCT Angiography in Diabetic Eyes Using

Swept Source Optical Coherence Tomography

7.1 Overview

The purpose of this chapter is to investigate the potential of ultrahigh speed optical coherence
tomography (OCT) angiography in visualizing microvascular changes in the retina and
choriocapillaris of diabetic eyes using the ultrahigh speed vertical cavity surface emitting laser
(VCSEL) swept source OCT system deployed to the New England Eye Center. 35 normal
volunteers and 50 diabetic patients with and without retinopathy were recruited for the study.
OCT angiography was performed by scanning 3mm x 3mm and 6mm x 6mm areas centered at
the fovea in 69 normal eyes, 9 eyes with proliferative diabetic retinopathy (PDR), 29 eyes with
non-proliferative diabetic retinopathy (NPDR), and 53 diabetic eyes without retinopathy. For
both field sizes, the scan pattern used was 500 A-scans per B-scan x 500 cross-sections x 5
repeated B-scans per cross-section. Relative erythrocyte motions at a given cross-section were
mapped by comparing the sequentially acquired B-scans via intensity cross-correlation. For en
face visualization of the retinal vasculature, the Bruch’s membrane was segmented semi-
automatically and different depth ranges above were averaged to generate mean projection
images. The choriocapillaris angiogram was generated by extracting a single en face plane below
the Bruch’s membrane. Retinal and choriocapillaris vascular abnormalities were observed in all
stages of retinal disease. Retinal vascular abnormalities detectable with OCT angiography in

PDR and NPDR include clustered capillaries, dilated capillary segments, tortuous capillaries,
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capillary dropouts, reduced capillary density, abnormal capillary loops corresponding to
microaneurysms, reduced capillary perfusion, vascular remodeling near the FAZ, and FAZ
enlargement. In PDR, retinal neovascularization above the inner limiting membrane could be
visualized. Diffuse or focal abnormalities in choriocapillaris circulation could also be visualized
in PDR and NPDR. Retinal microvascular abnormalities were detected in >30% of the diabetic
eyes without retinopathy by inspecting different vascular beds separately utilizing the depth-
resolving capability of OCT angiography. Abnormalities in choriocapillaris circulation were also
detected in >40% of the diabetic eyes without retinopathy. The abilities of ultrahigh speed OCT
angiography strongly suggest that OCT angiography may be a powerful tool for understanding
pathogenesis, treatment response monitoring, pharmaceutical development, and earlier detection
of vascular abnormalities in diabetic eyes. Dr. Nadia K. Waheed contributed significantly to
clinical data analysis and recruitment of the subjects. Eric Moult contributed significantly to
OCT image processing, OCT data analysis, and OCT data management. Dr. Mehreen Adhi
imaged all the patients and recruited normal volunteers for the study. ByungKun Lee and Chen D.
Lu contributed to developing and managing the clinical ultrahigh speed swept source OCT
system. Dr. Vijaysekhar Jayaraman developed the VCSEL light source used in the OCT system.
Dr. Caroline R. Baumal contributed to patient recruitment and clinical data analysis. Dr. Jay S.

Duker, and Prof. James G. Fujimoto provided supervision and guidance.

7.2 Introduction

Both retinal and choroidal blood circulation is believed to be altered in diabetic retinopathy (DR),
a leading cause of vision loss or impairment in developed countries. There are multiple vascular
abnormalities that are potential early markers for DR. Early changes in non-proliferative diabetic

retinopathy (NPDR) include capillary pericyte loss, basement membrane thickening, smooth
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muscle cell loss and microaneurysms'”. Microaneurysms are important markers for predicting
DR progression®°. A histological study showed microaneurysms cluster upstream from capillary
non-perfusion, suggesting they contribute to capillary occlusion'®. Foveal avascular zone (FAZ)
enlargement and capillary dropout have been observed in fluorescein angiography (FA) studies'"
14_ Although DR is generally considered to be a disease of retinal vessels, several post mortem
studies suggest that vascular abnormalities occur in the choroid as well. Histological and electron
microscopy studies showed choriocapillaris degeneration as well as basal laminar deposit
formation associated with diabetes'>"”.

Although diabetic retinopathy is a disease caused by vascular abnormalities, direct
visualization of the retinal and choroidal microvasculature in diabetic eyes is not routinely
performed, especially for early diagnosis of retinopathy, partially due to the lack of technology
that can image the microvasculature noninvasively. Conventional dye-based angiography, such
as FA and indocyanine green angiography (ICGA) can visualize the retinal microvasculature by
intravenous injection of exogenous dyes. However, these techniques allow short time windows
for imaging, and imaging cannot be repeated multiple times during a single patient visit.
Furthermore, visualization of the choriocapillaris is challenging with FA because of vessel
fenestration?’, which blurs the choriocapillaris due to dye leakage. In addition, the heavily
pigmented retinal pigment epithelium (RPE) and choroid heavily attenuates and scatters the
signal at the relatively short wavelengths utilized in FA and ICGA.

Optical coherence tomography (OCT) angiography is a relatively new imaging technique that
can visualize the retinal and choroidal microvasculature without the injection of exogenous

dyes®™®. Unlike FA and ICGA, OCT angiography is based on motion contrast imaging. By

comparing OCT B-scans repeatedly acquired from a given cross-sectional position, fluctuations
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in OCT signal due to erythrocyte movements in retinal vessels and capillaries can be mapped to
generate OCT angiograms. Because OCT is a depth-resolved imaging technique, the resulting
angiograms are three-dimensional as well, which enables separate visualization of the
microvasculature at multiple depths in the retina and choroid, a unique property that
conventional dye-based angiography does not possess. Therefore, OCT angiography can
separately visualize the choriocapillaris, as demonstrated recently by multiple groups®®.
Because OCT angiography is completely non-invasive, imaging can be repeated multiple times if
necessary. Unlike FA and ICGA operating at specific wavelengths, OCT angiography can also
be performed at longer wavelenéhs near 1pm, which enables deeper penetration of light into
tissue and ocular opacities such as cataract. Since OCT angiography is an extension of standard
OCT imaging, comprehensive diagnosis based on tissue and vascular structure becomes possible.
In addition to these advantages, OCT is already a clinical standard in ophthalmology clinics,
which makes OCT angiography well-positioned to be widely applicable in the near future.

Because OCT angiography requires repeated scan protocols, higher imaging speeds are
necessary compared to standard structural imaging. Therefore, application of the technique has
only recently been demonstrated in a small number of patients with diabetes. In 2012, Kim et al.
demonstrated imaging of the FAZ of 2 healthy subjects and 8 diabetic pétients""‘. In 2014,
Schwartz et al. reported imaging results from 1 normal subject and 1 NPDR patient®. Clearly,
there is a need to investigate OCT angiography in a larger number of diabetic patients in order to
assess the potential of the technique in diabetes.

In this study, we investigate the potential of ultrahigh speed OCT angiography in visualizing
retinal and choroidal microvascular changes in patients with diabetes mellitus. Using an

ultrahigh speed swept source OCT prototype with a vertical cavity surface emitting laser
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(VCSEL) swept light source recently developed our group®® *’_ENREF 37, ultrahigh speed OCT

angiography imaging at 400kHz A-scan rate was performed in diabetic patients. The ultrahigh
imaging speed enabled higher angiography image quality with better retinal coverage. Diabetic
patients with proliferative diabetic retinopathy (PDR), nonproliferative diabetic retinopathy
(NPDR), and no retinopathy were imaged, and the angiograms at different retinal depths were

inspected to investigate vascular abnormalities that can be visualized with ultrahigh speed OCT

angiography.

7.3 Methods

35 normal volunteers, 7 PDR patients, 16 NPDR patients, and 30 diabetic patients without
retinopathy were imaged for this study. The same normal volunteers used in a separate study,
Ultrahigh Speed OCT Angiography in Age-Related Macular Degeneration, were used as controls
in this study. The study was approved by the Institutional Review Boards at the Massachusetts
Institute of Technology (MIT) and the New England Eye Center (NEEC). All participants
including healthy normal volunteers and patients were imaged in the ophthalmology clinic at
NEEC, and signed written informed consent was obtained from all subjects before OCT
angiography imaging. The research adhered to the Declaration of Helsinki and the Health
Insurance Portability and Accountability Act. The entry criteria for diabetic patients were based
on the Early Treatment Diabetic Retinopathy Study (ETDRS). Patients with Type 1 or Type 2
diabetes without any retinopathy documented on a detailed dilated ophthalmic exam were
classified as diabetic patients without retinopathy. In selected patients with DR, FA was
performed to correlate the image with the OCT angiogram.

An ultrahigh speed SSOCT system, developed at MIT, was used for OCT angiography. The

system was deployed to NEEC in November, 2013. A previous paper’’ from our group provides
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a detailed description of a similar system and as such only some of the more pertinent details are
outlined here. To achieve a 400kHz A-scan rate our prototype system employs a VCSEL swept
light source, which is centered at a 1pym wavelength. The longer wavelength, relative to the
commercial standard of ~800nm provides superior light penetration into pigmented tissues, such
as the RPE and choroid. The system uses an A-scan rate of 400kHz. Using a Mach-Zehnder
interferometer a 1.1 GHz signal was generated and was used to externally clock the analog-to-
digital acquisifion card (Alazar Technologies, ATS9360). This sampling rate allowed for s
~2.1mm in tissue. A fiber Bragg grating was used to phase stabilize the system resulting in a
phase stability of ~1.5mrad at a signal-to-noise ratio of 57dB. The system sensitivity was ~98dB
with ~1.8mW incident power and the axial and transverse resolutions in tissue were ~8-9um and
~10pm full-width at half-maximum (FWHM), respectively.

In this study two different field sizes, 6mm x 6mm and 3mm x 3mm, were used. For both
field sizes, 2500 B-scans were acquired from 500 uniformly sampled locations using 5 repeated
B-scans per location for motion contrast imaging. Each B-scan consisted of 500 A-scans yielding
a total 500x500x5 A-scans per OCT volume; the total acquisition, with a 400kHz A-scan rate
and a galvanometer duty cycle of 80-85%, was ~3.9 seconds per volume. The volumetric scan
pattern of 500 x 500 x 5 A-scans corresponds to and transverse isotropic sampling of the retina
at a 12pum interval for the 6mm x 6mm field size. This sampling rate provides ~2x oversampling
compared to the ~24um Airy disk diameter of the OCT beam on the retina. Smaller field sizes
result in transverse sampling rates that are proportionally more oversampled and that provide
higher OCT angiogram quality. For all field sizes sequential B-scans are separated by ~1.5ms

and the line dwell time is ~7.5ms (~1.5ms x 5) per line.
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To generate the OCT angiograms sequential intensity B-scans acquired from the same
location, were compared. Our scanning protocol used 5 repeats for each B-scan location, thereby
generating four OCT angiograms per B-scan location. These four angiograms were averaged to
improve the signal-to-noise. The principle of OCT angiography is that intensity images acquired
from stationary tissue will be identical, because there is no change in scattering profiles as a
function of time. Tissue that include moving scatterers, such as erythrocytes in blood vessels,
will have temporally dependent scattering profiles and will therefore produce temporally
dependent intensity B-scans. Quantitating the changes in the intensity B-scans as a function of
time allows cross-sectional motion contrast images to be formed. Tracking the temporal
dependence over different B-scan locations allows volumetric OCT angiograms to be generated.
In all cases a previously described registration algorithm®® was used to motion-correct B-scans
prior to comparison. It should be noted that angiographic shadows are often cast by large retinal
and choroidal vessels. This phenomenon is due to blood’s high scattering characteristic which
causes more rapidly changing speckle pattern below the vessel.

Both the retinal and choroidal vasculature are contained within the three dimensional
volumetric angiogram. Choriocapillaris and retinal microvasculature were imaged separately, by
automatically segmenting the Bruch’s membrane and internal limiting membrane (ILM) using
intensity B-scans in the volumetric data set. The segmented Bruch’s membrane and ILM
locations were then used for partitioning the volumetric OCT angiogram. Using the locations of
the Bruch’s membrane and the ILM in the intensity volume to partition the angiographic volume
is made possible because these two datasets are necessarily co-registered to the cross-sectional
OCT angiograms. En face retinal OCT angiograms were generated by taking the mean projection

of the angiographic data at all depths between the ILM and the Bruch’s membrane. A single en
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face plane, immediately below the Bruch’s membrane, was used to choriocapillaris OCT
angiograms. Retinal vasculatures at different depth ranges were also visualized separately for
more sensitive visualization of retinal capillary dropouts. Depth ranges corresponding to retinal
nerve fiber layer (RNFL) and ganglion cell layer (GCL), inner plexiform layer (IPL), and outer
plexiform layer (OPL) were chosen manually and projected separately in depth using mean
projection. For simplicity, fixed depth ranges above the Bruch’s membrane were used regardless

of the retinal curvature.

7.4 Results

7.4.1 Healthy Normal Volunteers

Normal volunteers 39.7 + 13.8 years old (range 19 to 70 years, 69 eyes from 35 subjects) were
recruited for the study. Among the 69 eyes imaged, 33 eyes were from subjects older than 40
years and 7 from older than 60 years. Figure 1 shows representative OCT angiograms of the
retinal and choriocapillaris microvasculature of six normal volunteers. Note that the dark patches
in the retinal angiogram in Figure 1F does not correspond to retinal capillary non-perfusion but
signal attenuation due to focal cataracts, which is the reason why the locations of the dark
patches are different for the two field sizes. This was confirmed independently from OCT
intensity images as well. In general, the 3mm x 3mm field size provides better details of the
microvasculature due to the higher sampling rate compared to the 6mm x 6mm field size.
However, the 6mm x 6mm field size enables larger retinal coverage. There was a large variation
in the mean FAZ diameter (575 £ 146um) amongst normal subjects as shown in Figure 7.1.

However, there was only a weak correlation between the FAZ size and age (r = 0.20).
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Figure 7.1. OCT angiograms of the retinal and choriocapillaris microvasculature from (A)
35, (B) 49, (C) 68, (D) 58, (E) 70, and (F) 65 year old healthy normal volunteers. For
each subject, the retinal and choriocapillaris angiograms on the left are from a 3mm x
3mm area, and on the right from a 6mm x 6mm area, both centered at the fovea. A large
variation in FAZ size can be observed even in normal subjects. In general, the retinal
capillary network is dense and uniformly distributed. The choriocapillaris is tightly
packed and homogenous, but small inter-capillary spots of ~100pm are frequently
observed. Note that the dark patches in (F) are due to focal cataracts rather than retinal

non-perfusion. All scale bars: 1Tmm.

Although most FAZs were nearly circular in shape as shown in Figure 1, 6 out of the 69 eyes
had notably noncircular or asymmetric FAZs as shown in Figure 7.2. For example, 1 eye had a

single capillary running across the center of the FAZ (Figure 7.2A). | eye had a noncircular FAZ
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contour (Figure 7.2B). 4 of the eyes had virtually no FAZ (Figure 7.2C), which may be a historic
mark of prematurity””. As reported previously, a larger FAZ was usually associated with a larger

foveal pit** *!

. In addition, the eyes with markedly small FAZs showed non-vanishing retinal
nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear
layer (INL), and outer plexiform layer (OPL) thicknesses even at center of the foveal pit (Figure

7.2D), unlike in eyes with larger FAZs.

Figure 7.2. OCT angiograms of the retinae with noncircular or asymmetric FAZ shapes.
(A) A 49 year old normal volunteer with a single capillary branch in the middle of the
FAZ. (B) A 53 year old normal volunteer with noncircular FAZ contour. (C) A 19 year
old normal volunteer with a very small noncircular FAZ. (D) The intensity cross-
sectional image through the fovea of the subject in (C) shows that the inner retinal layers

are non-vanishing even at the central fovea. All scale bars: 1mm.
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Figure 7.3. (A) OCT retinal angiogram of a 33 year old normal volunteer. OCT retinal
angiograms projected separately in depths near (B) GCL and RNFL, (C) IPL, and (D)
OPL. Retinal microvasculatures at different depths show vascular patterns distinct from
one another. At all depths, the retinal capillary network is densely distributed in an

orderly manner. All scale bars: 1mm.

In this study, retinal and choriocapillaris capillary microvasculature was not explicitly
quantified but inspected qualitatively. For investigation of retinal vascular abnormalities in
diabetes, visualizing retinal vasculature at different depths separately was often helpful. An
example from a normal subject is shown in Figure 7.3, where the retinal capillary beds located
roughly near GCL+RNFL, IPL, and OPL are projected separately. The retinal capillary network

was generally dense in all normal subjects. No eyes had as severely tortuous retinal capillary
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network as can be observed in some of the diabetic eyes. Although a slight variation in the
choriocapillaris density could be observed (Figure 7.1), the choriocapillaris of normal subjects
was generally tightly packed and homogeneous in the 3mm x 3mm area centered at the fovea.
Isolated inter-capillary spots in the choriocapillaris with well-defined boundaries and diameters
smaller than ~100um were not considered abnormal in this study since they were commonly
observed in normal subjects (Figure 7.1). The eye with the sparsest choriocapillaris density is
shown in Figure 7.1B. Most other eyes had markedly denser choriocapillaris. Although not
explicitly quantified, eyes with thinner choroids tended to have larger numbers of relatively large
inter-capillary spots of ~100pum.

7.4.2 Proliferative Diabetic Retinopathy

9 eyes from 7 PDR patients (51.4 + 16.3 years old, range 26 to 67 years) were imaged for the
study. Figure 7.4 shows an FA, fundus photograph, and OCT retinal angiogram acquired from a
55 year old PDR patient. The OCT angiogram was acquired from a 3mm X 3mm area indicated
by the dotted square in the FA image (Figure 7.4A). The close-up view of the FA is shown in
Figure 7.4C for comparison with the corresponding OCT angiogram in Figure 7.4D. The OCT
angiogram was manually motion corrected to facilitate the comparison with the FA. In general,
OCT angiography has significantly better contrast than FA for visualizing the retinal
microvasculature. Note that the retinal capillary density is significantly lower and the capillaries
more tortuous when compared to normal eyes. In addition, the FAZ contour is highly asymmetric
due to capillary dropouts near the FAZ, which agrees well with the FA. In general, the FAZ
diameter in the longest dimension in PDR (1150 + 165 pm) was significantly larger than that in
normal eyes (p << 0.001) despite the variation between subjects due to severe capillary dropouts

near the FAZ in PDR patients. Many of the microaneurysms in the FA image can also be
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identified in the OCT angiogram. For comparison, the microaneurysms are indicated by circles
in both the FA and OCT angiogram. In the FA image, microaneurysms appear as
hyperfluorescent spots, while in the OCT angiogram they usually appear as capillary loops.
Fundamentally, the source of contrast is different for FA and OCT angiography: microaneurysm
visibility in FA is due to dye leakage, while it is due to erythrocyte movement in the capillary
loops themselves. It should be noted that many of the retinal microvascular abnormalities, such
as clustered capillaries and capillary loops, are not necessarily hyperfluorescent in the FA image,
which indicates that OCT angiography can provide additional information that FA does not.
Retinal microvasculature abnormalities, including clustered capillaries, dilated capillary
segments, tortuous capillaries, capillary dropouts, reduced capillary density, capillary loops,

and/or enlarged FAZ, were readily visible in all 9 eyes with PDR.

Figure 7.4. (A) FA, (B) fundus photograph, (C) close up view of the FA, and (D) OCT
angiogram from a 55 year old diabetic patient with PDR. The close up view of the area
indicated by the orange square in (A) is shown in (C). The OCT angiogram in (D) show
high correspondence to the FA in (C). Many of the microaneurysms indicated by the

yellow circles appear as hyperfluorescent spots in the FA while they appear as abnormal
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capillary loops in the OCT angiogram. OCT angiogram acquired from a 3mm x 3mm

area.

Additional cases of PDR are shown in Figure 7.5. Sometimes retinal neovascularization
above thé inner limiting membrane could be observed in the field of view as shown in Figures
7.5A-C. Varying degrees of impaired choriocapillaris circulation were also observed in PDR
patients. The choriocapillaris angiograms in Figures 7.5E and G show that the choriocapillaris
circulation is compromised in these eyes. Although there was some variation in severity,
impaired choriocapillaris circulation was a common feature observed in many PDR patients. In
some cases, impaired choriocapillaris circulation were more pronounced in localized areas
(Figure 7.5E) while in some other cases, they were distributed diffusely throughout the field of
view (Figure 7.5G). In two of the eyes, choriocapillaris circulation was almost completely
compromised although the choroidal thickness was in the normal range. Focal or diffuse

choriocapillaris abnormalities were observed in 7 out of 9 eyes with PDR.
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Figure 7.5. (A) OCT retinal angiogram showing retinal neovascularization, acquired

from a 26 year old PDR patient. The white dotted circle indicates the location of the
abnormal vasculature. The intensity cross-section (B) and corresponding angiographic
cross-section (C) acquired from the white dashed line in (C) clearly shows that there is an
abnormal vessel above the inner limiting membrane indicated by white arrows. (D) OCT
retinal angiogram and (E) OCT choriocapillaris angiogram from a 56 year old PDR
patient. (F) OCT retinal angiogram and (G) OCT choriocapillaris angiogram from a 60
year old PDR patient. The choriocapillaris angiograms (E) and (G) show varying degrees
of impaired choriocapillaris circulation. All images from 3mm x 3mm areas. All scale

bars: Imm.
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7.4.3 Nonproliferative Diabetic Retinopathy

29 eyes from 16 NPDR patients (60.8+7.4 years old, range 45 to 73 years) were imaged for the
study. Figure 7.6 shows a fundus photograph, OCT retinal angiogram, OCT retinal thickness
map, and OCT choriocapillaris angiogram from 5 51 year old NPDR patient with diabetic
macular edema (DME). The OCT retinal thickness vmap shows the location of edema (Figure
7.6C). In the \OCT retinal angiogram, small capillary loops andk abnormally tortuous capillary
branches are ﬁ'équently visible in the regions near capillary dropouts. Note that the retinal
capillary network near the locations of edema (superotemporal to the fovea) looks slightly
different from that away from the edema (Figure 7.6B). Although capillary dropouts are visible
at multiple locations, they are more frequently visible near the FAZ and edema. Capillary
dropout near the FAZ makes the FAZ appear non-circular and asymmetric. The FAZ diameter in
the longest dimension in the NPDR patients was 813 + 208um, which was larger than in the
normal volunteers and smaller than in the PDR patients (p << 0.001 for both). The
choriocapillaris angiogram of this patient is generally dense and homogenous. However, a small
number of focal impaired choriocapillaris circulation >200um are visible over the field of view.
In two eyes with NPDR (and one PDR eye), inner retinal layer thinning was correlated with
patches of retinal capillary non-perfusion. An example from a 57 year old NPDR patient is
shown in Figure 7.7. This patient also exhibited capillary dropouts near the FAZ and severely

impaired choriocapillaris circulation.

172



Figure 7.6. (A) Fundus photograph and (B-D) OCT data from a 51 year old NPDR

patient with DME. (B) OCT retinal angiogram shows vascular remodeling, abnormally
tortuous capillary segments at multiple fundus locations, FAZ enlargement, and capillary
dropouts at several locations throughout the field of view. (C) Retinal thickness map
clearly shows the presence of edema in this eye. (D) OCT choriocapillaris angiogram
shows a few focal circulation impairment >200um, but otherwise dense and

homogeneous. OCT data acquired from a 6mm x 6mm area. All scale bars: Imm.
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Figure 7.7. OCT data acquired from a 57 year old NPDR patient. (A) OCT retinal
angiogram shows a patch of capillary non-perfusion indicated by the yellow arrow. (B)
OCT choriocapillaris angiogram shows severe choriocapillaris circulation impairment. (C)
OCT intensity cross-section extracted from the yellow dashed line in (A). The focal patch
of retinal capillary non-perfusion indicated in (A) is correlated with focal inner retinal

layer thinning in the intensity image (C) indicated by the yellow arrow.

An additional case is shown in Figure 7.8. The fundus photograph, FA, and OCT data were
acquired from a 46 year old NPDR patient with DME. For this patient, imaging was performed
longitudinally three times in total. The second imaging was performed ~6 months after the first
imaging was performed, and the third imaging was performed ~2 weeks after the second imaging.
Note that DME became markedly more severe between the first and second visit as can be seen
in the retinal thickness maps in Figures 7.8D-F. On the third visit, FA was performed as well. As
was the case in PDR, many, but not all, of the microaneurysms visible in the FA could be
identified as retinal capillary abnormalities in the corresponding OCT angiogram in Figure 7.8C.
When using mean projection, many microaneurysms in OCT angiograms appear brighter than
other normal capillary segments because the microaneurysms are often dilated, which makes the

mean signal in depth higher (Figure 7.8J). Note that the microaneurysm indicated by blue arrows
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in Figures 7.8G, 7.8H, and 7.8J-L is directly neighboring a cyst, which may be the reason why
the early and late phase FA images in Figures 7.8G and 7.8H show that fluorescein leaks from
the microaneurysm. Microaneurysms in immediate vicinity of cysts were frequently observed in
many NPDR eyes with DME. Another noteworthy finding during the second visit, a patch of
capillary non-perfusion in relative to the first visit is visible in the OCT retinal angiograms, as
indicated by the yellow arrows in Figures 7.8A-C. Note that on the third visit, the same area
became perfused again, which implies that the patch of non-perfusion during the second visit
was not due to complete capillary degeneration. Local changes in the retinal capillary network
between the two time points can be clearly observed, which demonstrates the potential of OCT

angiography for longitudinal studies.

Figure 7.8. Fundus photograph, FA, and OCT data from a 46 year old NPDR patient

with DME. (A-C) OCT angiograms acquired with 6 month and 2 week time intervals in

175



between. Note that a patch of capillary non-perfusion appeared in (B) and disappeared
back in (C). (D-F) Corresponding OCT retinal thickness maps. Note that DME became
more severe. (G) Early and (H) late phase FA images showing leakage at different time
points. (J) Close-up view of (C). (K) OCT intensity and (L) angiographic cross-sections
extracted from the yellow dotted line in (J) show a microaneurysm in immediate vicinity
of a cyst, which may be a cite of leakage, as indicated by blue arrows in (G, H, J-L). (I)
Fundus photograph. All OCT data were acquired from a 3mm x 3mm area centered at the

fovea. All scale bars: Imm.

OCT retinal angiograms from three additional NPDR patients are shown in Figure 7.9. Note
that capillary dropouts are more easily noticeable when different retinal layers are projected
separately. Commonly encountered retinal microvascular abnormalities include patches of
reduced capillary perfusion, FAZ enlargement, microaneurysms, capillary dropouts,
clustered/tortuous capillaries, significant reduction in retinal capillary density, capillary dilation,
and vascular remodeling near the FAZ. Focal and/or diffuse choriocapillaris circulation
impairment was also commonly encountered in eyes with NPDR. In 27 out of the 29 eyes with
NPDR, at least one of the above retinal vascular abnormalities was observed. Choriocapillaris

circulation abnormalities were observed in 15 out of the 29 eyes with NPDR.
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Figure 7.9. OCT retinal angiograms from (A-D) 64 year old, (E-H) 63 year old, and (I-L)

51 year old NPDR patients with DME. Projecting retinal vasculatures at different depths
separately facilitates visualization of capillary dropouts and patches of reduced retinal
capillary perfusion. Angiograms were manually motion corrected. All images acquired

from 3mm * 3mm areas. All scale bars: Imm.

7.4.4 Diabetes without Retinopathy

53 eyes from 30 diabetic patients without retinopathy (59.6 + 12.8 years old, range 26 to 83 years)
were imaged for the study. Figure 7.10 shows 4 representative cases of diabetic eyes without
retinopathy. Figures 7.10A-D show OCT retinal angiograms projected over the entire retina. In
order to visualize retinal capillary dropouts better, retinal angiograms projected over the GCL

and RNFL depths are shown in Figures 10E-H, although vascular abnormalities were observed in
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other layers as well. Figures 7.10I-L show the choriocapillaris angiograms. The retinal and
choriocapillaris abnormalities observed in PDR and NPDR patients were observed in a subset of
diabetic patients without retinopathy, albeit with a generally reduced severity. The patient shown
in Figures 7.10A, 7.10E, and 7.101 shpws abnormally tortuous retinal capillary branches, retinal
capillary dropouts, and seflere focal impairment of choriocapillaris circulation. As shown in
Figures 7.10B, 7.10F, and 7.10J, abnormalities in the retinal capillary network did not always
accompany abnormal choriocapillaris circulation. Although the retina shows many capillary
dropouts in Figures 7.10B and 7.10F, the choriocapillaris angiogram in Figure 7.10J appears
normal. In general, the severity of the choriocapillaris abnormalities was not well correlated with
the severity of the retinal capillary network abnormalities. For example, Figures 7.10K and
7.10L show similar degrees of diffusely impaired choriocapillaris circulation while the retinal
capillary networks appear markedly more abnormal in Figures 7.10C and 7.10G.

The mean FAZ diameter in the longest dimension in diabetic patients without retinopathy
was 696 + 153um, which was larger than that in normal volunteers (p << 0.001). Noticeable
retinal microvascular abnormalities, such as capillary dropouts, dilated capillary loops, tortuous
capillary branches, patches of reduced capillary perfusion, irregular FAZ contours, and/or FAZ
enlargement, were observed in 18 out of the 53 diabetic eyes without retinopathy. Focal or
diffuse choriocapillaris circulation abnormalities were observed in 24 out of the 53 diabetic eyes

without retinopathy.
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Figure 7.10.0CT retinal and choriocapillaris angiograms of 4 representative diabetic
eyes without retinopathy. OCT angiograms from (A-D) all retinal depths projected, (E-H)
the GCL and RNFL projected, and (I-L) the level of choriocapillaris. (A,E,I) 68 year old
diabetic patient. (B,F,J) 68 year old diabetic patient. (C,G,K) 64 year old diabetic patient.
(D,H,L) 68 year old diabetic patient. All images acquired from 3mm x 3mm areas and

manually motion corrected. All scale bars: Imm.

7.5 Discussion

One of the most interesting features of OCT angiography is that it enables separate visualization
of microvasculatures at different depths. OCT angiography can be used to separate vasculatures

near RNFL and GCL, IPL, and OPL. In diabetes, this enables more sensitive detection of
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capillary dropouts or reduced capillary perfusion as shown in Figures 7.9 and 7.10. In diabetic
patients with NPDR and without retinopathy, retinal microvascular abnormalities are often
localized to specific depths. Therefore, by projecting all retinal layers together, the
microvasculature may still appear too dense to readily identify capillary dropouts. In addition,
more subtle abnormalities such as tortuous capillary branches are more easily detectable when
different vascular beds are visualized separately. Using this three-dimensional visualization
capability, OCT angiography was able to identify preclinical vascular abnormalities in the retina
and choriocapillaris in more than a third of diabetic patients without retinopathy. This may play a

key role in monitoring diabetic patients for earlier detection of microvascular abnormalities.

Figure 7.11. OCT retinal angiograms and corresponding intensity projection images at

different depths from a 64 year old NPDR patient. Images extracted from the same OCT
volume used in Figures 9A-D. (A) OCT angiogram projection and (E) OCT intensity
projection over the entire retina. (B) OCT angiogram projection and (F) OCT intensity
projection near RNFL and GCL. (C) OCT angiogram projection and (G) OCT intensity
projection near IPL. (D) OCT angiogram projection and (H) OCT intensity projection
near OPL. Note that the abnormal capillary loops in the circled area in (D) are directly
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correlated with the hard exudates in (H). Note also that the hard exudates are located

exclusively in depths near OPL. All scale bars: 1mm.

Since OCT also provides three-dimensional structural images that are co-registered to the
three-dimensional OCT angiograms, it is possible to generate structural en face images
corresponding to the en face OCT angiograms. Because OCT angiography is based on motion
contrast, abnormalities that are not perfused with erythrocytes do not generate angiography
signal. However, lesions such as hard exudates are often hyper-reflective in OCT intensity
images, and it is sometimes possible to correlate microvascular abnormalities with hard exudates.
For example, Figure 7.11 shows OCT angiograms and corresponding OCT en face projections at
different depths, acquired from the same eye as in Figures 7.9A-D. Note that the hard exudates
are localized in the depths near the OPL, and seem to have originated from the abnormal
capillary loops visible in the OCT retinal angiogram in Figure 7.11D. Since the OCT
angiographic volume and the co-registered OCT intensity volume provides éomplementary
contrast for different retinal abnormalities, OCT angiography can be a useful tool for visualizing
retinal lesionsr induced by microvascular abnormalities.

OCT angiography, unlike dye-based angiography techniques, does not provide direct
visualization of dye leakage. Although this characteristic can serve as a limitation, particularly in
investigations assessing vascular permeability, it can also be an advantage as OCT angiography
does not suffer obscuration of leaky vasculature. OCT angiography enables direct visualization
of abnormal vasculature and may therefore still serve as a sensitive and direct approach for
treatment response monitoring. For example, in DR, dye leakage causes microaneurysms to
appear as hyperﬂuérescent spots in FA. In contrast, OCT angiography provides direct

visualization of the microvasculature of the microaneurysms (often as abnormal capillary loops
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or dilated and/or diffuse capillary segment). Moreover, OCT angiography can visualize
abnormally tortuous capillary segments whereas FA usually does not provide enougﬁ contrast to
visualize individual capillary segments. Future work enabling automatic detection and
quantitative analysis of the microvasculature in OCT angiograms will further increase the power
of OCT angiography.

In addition, OCT angiography can also visualize patches of reduced retinal capillary
perfusion as shown in Figure 7.9. Because OCT angiography is based on motion contrast, the
angiography signal becomes proportional to the flow speed. Therefore, OCT angiography can
distinguish fast and slow erythrocyte movements. This is an interesting feature because it implies
OCT angiography can detect reduced retinal capillary perfusion befc;re complete vascular
dropout occurs, which may be useful for earlier diagnosis of retinal vascular abnormalities. This
is interesting for DR because alterations in microvascular structure or perfusion can be
monitored longitudinally, as shown in Figure 7.8 where local changes in retinal microvascular
perfusion can be clearly visualized. Retinal capillary perfusion in Figure 7.8A, reduced perfusion
in Figure 7.8B, and re-perfusion in Figure 7.8C implies that leukocyte adhesion may be involved,
which eventually can lead to capillary dropouts*?. Because OCT angiography does not require
injection of exogenous dyes, it is completely non-invasive and longitudinal monitoring of
patients is greatly facilitated. Noninvasive longitudinal monitoring of patients with retinal
diseases may be useful for early diagnosis, disease progression studies, and treatment response
monitoring.

OCT angiography has the interesting characteristic that it allows for visualization of the
choriocapillaris, which has traditionally been challenging using conventional dye-based

techniques. The need for careful interpretation of choriocapillaris OCT angiograms is, however,
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underscored by the variation seen amongst normal subjects (Figure 7.1). This variation led us to
consider a patient’s choriocapillaris as abnormal only if it exhibited a significant reduction in
circulation, relative to typical normal subjects, or if it showed significant inhomogeneity in the
microvascular density over the field of view. Small inter-capillary spots (<100pm) with no
choriocapillaris circulation were not necessarily considered abnormal. There was almost no
immediately obvious correlation between abnormally impaired choriocapillaris circulation and
RPE/photoreceptor integrity in most diabetic eyes. This is interesting because a parallel study
(manuscript in preparation) that we performed on patients with age-related macular degeneration
(AMD) suggests that in dry AMD, RPE/photoreceptor integrity is correlated with
choriocapillaris circulation. This suggests that impaired choriocapillaris circulation may affect
the retina differently in AMD and diabetes. In addition, it was not immediately obvious whether
the severity of retinal and choriocapillaris abnormalities were correlated. Very often, one of them
was noticeably more abnormal than the other.

One of the more obvious corollaries of using ultrahigh speed OCT angiography is that it
enables higher image quality and larger retinal coverage. Because OCT angiography requires
repeated B-scan protocol, the field size is more limited compared to conventional structural
volumetric imaging with OCT. This can be an important practical limitation of the technique
unless ultrahigh imaging speeds are utilized. In this study, 6mm x émm field sizes could be
achieved with high image quality in patients with retinal diseases by using an SSOCT prototype
with an A-scan rate of 400kHz. This volumetric field size is larger than what the standard
commercial OCT systems can offer even for conventional structural imaging.

In general, microvascular abnormalities were more severe in PDR than in NPDR and

diabetes without retinopathy. However, it was not always the case because the OCT field of view
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was limited to a 6mm x 6mm or 3mm x 3mm area near the fovea and retinal lesions can be
outside the field of view. For imaging diabetic patients, fields of view even larger than 6mm x
6mm may be helpful, which drives the need for developing OCT sysfems with higher imaging
speeds. Although it is possible to aim for particular lesions during imaging by adjusting the
patient’s fixation, this is not only time consuming, but also often impossible if the locations of
the lesions are not immediately obvious from structural images or fundus photograph. Most of
our data were taken centered at the fovea, without specifically aiming for particular retinal
lesions, and therefore the investigation was limited to the 6mm x 6émm macular cube. Although
current commercial OCT systems cannot provide retinal coveragé as large as ours, this problem
will eventually be solved in the future as commercial OCT imaging speeds increase.

In this study, retinal and choriocapillaris microvasculature abnormalities were observed in all
stages of disease, including some of the diabetic eyes without retinopathy. Ultrahigh speed OCT
angiography has several advantages, including the abilities to: (1) visualize the choriocapillaris
and retinal microvasculature at different depths separately, (2) provide comprehensive
diagnostics using co-registered structural and angiographic information, (3) enable larger retinal
coverage and higher image quality compared to slower speed OCT angiography, (4) directly
visualize leaky vasculature, which is often obscured in dye-based angiography, rather than
leakage, (5) enable frequent and/or repeated imaging noninvasively for longitudinal studies, and
(6) assess local perfusion at the capillary level. These abilities of ultrahigh speed OCT
angiography strongly suggest that OCT angiography may be a powerful tool for understanding
pathogenesis, treatment response monitoring, pharmaceutical development, and earlier detection

of vascular abnormalities in diabetic eyes.
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Chapter 8
Effects of common anesthesia on total retinal blood flow in rats

measured with Doppler optical coherence tomography

8.1 Overview

In order to perform hemodynamic imaging using Doppler OCT and OCT angiography in small
animals, it is crucial to anesthetize the animal. However, the choice of anesthesia greatly affects
eye movements and ocular blood flow. Because OCT imaging requires aligning the small animal
eye with respect to the imaging interface, severe eye movements under certain anesthetic agents
render OCT imaging challenging. Furthermore, variation in ocular blood flow due to anesthesia
can dominate the effect of interest, such as the effect of diabetes on ocular blood flow, thereby
making the number of animals required extremely large to achieve sufficient statistical power.
Therefore, it is important to understand the effect of different anesthetic agents on retinal blood
flow and eye movements in the context of OCT imaging. This chapter investigates the effect of
multiple anesthetic agents in the rat eye. WooJhon Choi and Eric Moult contributed equally to
the study and the manuscript was jointly prepared. Dr. Bernhard Baumann contributed to the
initial development of the OCT system and initial investigation of the effect of anesthesia on
blood flow. Dr. Allen C. Clermont provided valuable knowledge and assistance in small animal
handling and anesthesia. Dr. Edward P. Feener, Dr. David A. Boas, and Dr. James G. Fujimoto

provided supervision and guidance.
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8.2 Introduction

Ocular blood flow measurement is of significant interest to the scientific and clinical
communities due to its potential to improve understanding of pathophysiology and serve as an
early marker of a variety of ocular diseases, including age-related macular degeneration (AMD)),
diabetic retinopathy (DR), and glaucoma. The interest in ocular blood flow has driven the
development of a variety of measurement technologies including retinal/dynamic vessel analysis',

microsphere methods”*, laser Doppler based velocimetry>® and flowmetry>'!, laser speckle

11-13 14-16

imaging’ -, magnetic resonance imaging (MRI) techniques ", color Doppler ultrasound

20-22

imaging'"'°, dye based techniques 334,

, and optical coherence tomography (OCT) techniques®

While retinal vessel analysis allows for noninvasive measurement of vessel diameter, and
hence vascular tone, it does not, by itself, provide a direct measure of blood flow. Although
microsphere techniques provide a direct measurement of ocular blood flow their applicability is
limited to terminal studies, making longitudinal studies in the same animal impossible. Laser
Doppler velocimetry measures absolute flow at the center of the vessel, which, when combined
with vessel diameter measurements, can be used to infer total blood flow. The velocity measure
is, however, sensitive to the angle at which the vessel is imaged. Laser Doppler flowmetry and
laser speckle imaging both provide indirect measures of average blood flow in tissue. However,
neither technique provides a measure absolute blood flow. MRI techniques involve either
exogenous dyes or magnetic labelling of endogenous water, the latter of which is referred to as
arterial spin labelling (ASL). While MRI techniques can image through optically opaque tissues
they have reduced spatial and temporal resolution compared to optical imaging techniques. Color
Doppler ultrasound imaging has the disadvantage of limited spatial resolution and dye based

techniques have the disadvantage that they require injection of exogenous dyes. Doppler OCT,
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the modality used in our study, is a non-invasive techhique that combines the principles of LDV
and OCT to allow for simultaneous measurement of eye structure and erythrocyte velocity. Since
the Doppler and structural OCT signals are acquired from the same data set, the two are
intrinsically co-registered. The co-registration property allows blood flow values to be obtained
by segmenting the blood vessels and integrating velocity values in the en face plane®" .

Murine models are widely used to study the pathology of, and develop treatments for, a
variety of retinal diseases. When using optical methods to measure retinal blood flows of rats and
mice, anesthesia must be performed prior to imaging. Within the neuroscience community it has
been well established that different anesthetics elicit differing cerebral blood flows**>®. There
have been, however, relatively few studies examining the influence of anesthetics on ocular
blood flow. Muir et al. compared the effects of isoflurane and ketamine-xylazine on ocular blood
flow in the mouse eye'*. Using ASL MRI they found that ketamine-xylazine anesthesia (100
mg/kg ketamine and 10 mg/kg xylazine) had associated blood flow values that were 29% lower
(0.88 £+ 0.22 mL/g/min versus 1.3 + 0.44 mL/g/min) in the retinal tissue (p < 0.01), and 42%
lower (4.3 £ 1.9 mL/g/min versus 7.7 = 2.1 mL/g/min) in the choroidal tissues (p < 0.01),
compared to flows associated with isoflurane anesthesia (1.1%). In a different study using ASL
MRI, Li et al. measured total ocular blood flow in rats anesthetized under two different
isoflurane dosages'’. Under 1.0% isoflurane anesthesia the basal blood flow was 6.3£1.0
ml/g/min, while under 1.5% isoflurane the basal blood flow of the whole retina was 9.3+2.7
ml/g/min. At the resolution used, the reported blood flow measurements were a weighted
average of the blood flows in the choroid and the retina.

In the current literature there are a variety of different anesthetic protocols that are used when

performing blood flow studies with optical techniques. Correct interpretation and comparison of

191



reported blood flow values from different studies requires an understanding of the effects elicited
by different anesthetic techniques. In this paper, we compare basal retinal blood flow of male
Sprague-Dawley rats anesthetized using ketamine-xylazine via intraperitoneal (IP) injection,
isoflurane, isoflurane-xylazine where xylazine delivered via IP injection, pentobarbital via IP
injection, and ketamine-xylazine in conjunction with vecuronium bromide were all three agents
are delivered via intravenous (IV) injection. Blood flow is measured using an ultrahigh speed
Doppler OCT system. A brief, non-comprehensive review of the anesthetics used in this study is
given below.

Isoflurane, the only inhalation anesthetic used in this study, is widely used due to its ease of
use, quick recovery times, and relatively large of safety. Like most halogenated anesthetics,
isoflurane depresses cardiovascular function, reducing contractility and inducing bradycardia.
Due to cardiovascular depression and decreased systemic vascular resistance isoflurane induces a
dose-dependent reduction in systemic arterial blood pressure®” ®°. Ketamine, a dissociative
anesthetic, is a widely used injectable anesthetic. Ketamine has been observed to increase MAP,
induce tachycardia, and reduce body temperature*'. Because ketamine causes catalepsia and does
not yield sufficient hypnosis*? we use ketamine in conjunction with xylazine, an a,-adernergic
agonist that acts as a sedative and skeletal muscle relaxant. Xylazine induces bradycardia* and
is known to produce dose dependent hypothermia in unanesthetized rats**. Additionally, in rats
xylazine has been associated with reversible cataracts“s_, necessitating frequent administration of
ocular lubricants. For one anesthesia protocol we administer vecuronium, a nondepolarizing
neuromuscular blocking agent. Vecuronium does not cause significant autonomic effects unless

46, 47

given in massive doses and is used to reduce eye movement during imaging. Finally,
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pentobarbital is a barbiturate producing a sedated or hypnotic state. Pentobarbital reduces MAP

and cardiac output, and induces hypothermina***.

8.3 Materials and Methods

8.3.1 Animal Preparation

Male Sprague-Dawley rats (Charles River) weighing between 230-340g were used for this study.
Six rats were successfully imaged under ketamine-xylazine IP anesthesia; five rats were
successfully imaged under isoflurane anesthesia; six rats were successfully images under
isoflurane-xylazine IP anesthesia; five rats were successfully imaged under pentobarbital IV
anesthesia; and seven rats were successfully imaged under ketamine-xylazine-vecuronium IV
anesthesia. After anesthesia was achieved rats were placed in a custom holder that allowed them
to be securely manipulated during imaging. Animals were kept in MIT’s Department of
Comparative Medicine’s veterinary housing unit and were given water and food ad libitum. All
procedures were gpproved by MIT's Committee on Animal Care.

Anesthetic dosages and routes of administration are summarized in Table 8.1. For the
ketamine-xylazine-vecuronium regime, rats were anesthetized with 2% isoflurane prior to
catheterization; isoflurane was discontinued after the ketamine-xylazine-vecuronium continuous
rate infusion (CRI) was initiated. Note also that immediately before the ketamine-xylazine-
vecuronium CRI was started a bolus IV injection of vecuronium was administered.

Throughout the procedure the animal’s heart rate and blood oxygen saturation were measured
with a pulse oximeter. Blood pressure was measured using a tail cuff. Temperature was
measured using a rectal probe and was adjusted with an electronically controlled thermal blanket.
Intraocular pressure was measured using a rebound tonometer. A mix of medical air and oxygen

was provided as needed to keep blood oxygen saturation levels above 95%.
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Table 8.1. Summary of the dosages and methods of delivery for the anesthetic agents.

Anesthetic Dosage Method of Delivery
Ketamine-xylazine 80 mg/kg ketamine and 8 | LP. bolus injection for both
' mg/kg xylazine agents
Isoflurane 1.5-2.5% isoflurane Inhalation
Isoflurane-xylazine 2% isoflurane and 8 mg/kg | Inhalation for isoflurane and
xylazine L.P bolus for xylazine
Pentobarbital 50 mg/kg pentobarbital LP. bolus injection
Ketamine-xylazine- 1.5 mg/kg vecuronium L.V. bolus injection
vecuronium —_—
20 mg/kg/hr ketamine + |LV. continuous rate infusion
2 mgkghr xylazine + | for all three agents
7.8 mg/kg/hr vecuronium

8.3.2 Ultrahigh speed spectral domain OCT system

The OCT system used for this study is described in detail in Chapter 3. Briefly, an ultrahigh
speed spectral domain OCT system with an A-scan rate of 244kHz was used for this study. The
axial resolution of the system was 5.7um with an imaging range of 1.5mm in tissue. The power
incident on the cornea was 2.5mW. The phase stability and sensitivity were 1.1mrad and 99dB.
8.3.3 Doppler OCT imaging protocol

En face Doppler OCT imaging protocol for the measurement of pulsatile total retinal arterial
blood flow was described in detail in Chapter 3. The scan pattern used for this study was 150 x
25 A-scans per volume over a 200pm x 200pm area centered at the central retinal artery. For
each acquisition, at least 100 volumes were acquired at a volume acquisition rate of ~55Hz. En

face Doppler OCT processing was performed as described in Chapter 3.

8.4 Results

Figure 8.1 shows the blood flow values corresponding to the five different anesthetic protocols.
The blood flows are plotted as functions of time. For a given anesthetic protocol different
colored markers correspond to different animals.
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Figure 8.1. Blood flow measurements corresponding to the five tested anesthetic
protocols. Blood flows are plotted as a function of time. For a given protocol different

colored dots correspond to different animals.

8.5 Discussion

Before interpreting the results it is useful to define the features that are desirable in an anesthetic
protocol, particularly in the context of blood flow imaging using OCT. These features include: (1)
minimal time transients so that measurements can be taken at a variety of different times, (2)

immobilization of the animal in a manner that facilitates OCT imaging, (3) minimal perturbation
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of the animal’s unanaesthetized state, and (4) simplicity. In subsequent paragraphs we will
evaluate the five different anesthetic protocols in terms of these criteria. Where applicable our
measured blood flow values are compared to those in the literature. Such comparison is not
always easy, however, as some of the literature reports blood flow qualitatively, not as a total
retinal flow, or in units that our not readily convertible to those used in our study (e.g., Doppler
OCT measures in units of mL/min whereas MRI measures mL/g/min).

Examining the blood flow plot corresponding to the ketamine-xylazine I.P. protocol, a
notable time-dependency is evident. This time-dependency makes it difficult to make repeatable
measurements amongst different animals, as it is difficult to measure at the same point the flow-
time curve. Although we only imaged up to approximately one hour post-injection, it has been
shown that for young rats (8-12 weeks old) voluntary movement occurred approximately 1.5
hours after ketamine-xylazine injection’'. This suggests that even if the blood flow does stabilize
after one hour post-injection there is little time before the anesthetic wears off.

The plots corresponding to isoflurane and isoflurane-xylazine anesthesia show a marked
increase in blood flow compared to the other three anesthetic protocols, which is consistent with
MRI studies as well as the fact that isoflurane is a known vasodilator'* ', Comparing our
measurements to previous literature, a microsphere study using 3% isofluorane anesthesia in
Brown-Norway rats (200-300g) reported blood flows of 19 +/- 3.4 uL/min*2. When imaging rats
anesthetized with isoflurane alone we found imaging to be extremely difficult due to eye motion.
The relative scarcity and sporadicity of measurements collected under isoflurane anesthesia is a
reflection of this difficulty. While we found that IP injection of xylazine significantly reduced
eye motion, the vasodilatory effects of isoflurane may make it an unsuitable anesthetic for

functional experiments, e.g. flicker stimulus, where vessel dilation is coupled to the stimulus.
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Pentobarbital was found to elicit reasonably time-ihvariant blood flows at rates much lower
than those seen when using isoflurane. We found, however, that pentobarbital using anesthesia
failed to immobilize the eye, making imaging difficult.

Ketamine-xylazine-vecuronium anesthesia yielded low, relatively stable blood flows.
Continuous rate infusion largely removed the time transients that were observed with ketamine-
xylazine IP delivery. The addition of vecuronium stabilized the eye, greatly facilitating imaging.
The only downside that we found with the ketamine-xylazine-vecuronium protocol is the
complexity associated with supplying multiple drugs intravenously and with the need to intubate
and ventilate the animal due to paralysis. We feel, however, that the stability and ease-of-

imaging justifies the complexity.

8.6 Conclusion

Measuring retinal blood flow in the small animal eye provides a model to study the pathology of,
and develop treatments for, a variety of retinal diseases. Doppler OCT is powerful technique for
measuring ocular blood flow; however, Doppler OCT of small animals must be done under
anesthesia. In this study we quantitatively investigated the influence of different anesthetics on
total retinal blood flow in the rat retina. We found that a mixture of ketamine, xylazine, and

vecuronium provided low, stable blood flows and facilitated imaging by immobilizing the rat eye.
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Chapter 9
Hemodynamic imaging of neurovascular coupling in the small animal retina

using ultrahigh speed optical coherence tomography

9.1 Overview

This chapter presents hemodynamic imaging of basal blood circulation and neurovascular
coupling in the small animal retina using ultrahigh speed spectral domain optical coherence
tomography (OCT). Using the same OCT system described in detail in Chapter 3 and an
anesthesia protocol similar to one developed in Chapter 8, we performed hemodynamic imaging
in the rat eye. It is shown that neurovascular coupling as well as basal retinal blood circulation
can be measured both at the macroscopic level using Doppler OCT and microscopic level using
OCT angiography. Eric Moult contributed significantly in animal handling and OCT data
acquisition. Dr. David A. Boas, Dr. Allen C. Clermont, Dr. Edward P. Feener, and Dr. James G.

Fujimoto provided supervision and guidance.

9.2 Introduction

Ocular blood circulation plays an important role in retinal diseases such as diabetic retinopathy,
glaucoma, and age-related macular degeneration. Since the retina is the only part of the central
nervous system that is optically accessible noninvasively, optical imaging of the retina is highly
attractive for investigating ocular hemodynamics. Optical coherence tomography (OCT) is a
powerful optical imaging technique that enables non-invasive depth-resolved imaging of the

retina and choroid'. Development of Fourier domain OCT detection technique enabled ultrahigh
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OCT imaging speeds” °, which dramatically enhanced the potential of OCT for more
comprehensive imaging of the retina. In addition to three-dimensional structural imaging,
ultrahigh speed OCT enables hemodynamic imaging of retinal blood circulation both at the total
blood flow and capillary levels, using Doppler OCT and OCT angiography imaging techniques.

Retinal and choroidal hemodynamic imaging in small animal models using ultrahigh speed
OCT is highly interesting for clinical as well as basic sciences. Developing and validating OCT
methods and imaging techniques for small animal imaging is important because studies in small
animal models of retinal disease, such as diabetic retinopathy (DR), age-related macular
degeneration (AMD) and glaucoma*®, enable understanding of disease mechanisms. OCT is
noninvasive, enabling repeated imaging in the same animals over time'’. This reduces the effects
of biological variability and promises to improve the efficiency of fundamental studies or
pharmaceutical development. In addition, small animal studies are important for validating new
OCT technology prior to clinical studies.

There are multiple potential hemodynamic biomarkers that can be imaged using ultrahigh
speed OCT. Multiple studies have investigated the effect of diabetes on basal retinal blood flow
in streptozotocin (STZ) rat models of diabetes using different techniques, such as video

fluorescein angiography and microsphere infusion, but there are contradictory reports on whether

11-13 14-16

basal retinal blood flow increases or decreases in the STZ rat model. A recent study
showed that even in animals with the same duration of diabetes, two different measurement
methods, a microsphere infusion technique and mean dye circulation time measurement, showed
opposite trends in basal blood flow, suggesting that this disparity might result from capillary
network differences'’. These studies suggest there is a need for a more direct and quantitative

way to measure basal blood flow both at the macroscopic and microscopic levels.
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Because all major retinal arteries branch out from the central retinal artery located at the
optic nerve head region, total retinal blood flow can be directly measured by performing Doppler
OCT on the central retinal artery in the small animal eye, as demonstrated previously by our
group'®. Ultrahigh speed Doppler OCT has an advantage that it directly measures pulsatile total
retinal blood flow in quantitative units of pL/min, while other commonly used techniques in
small animal models measure indirect effects of retinal blood flow, such as dye circulation time
or microsphere concentration in tissue. In addition, total retinal blood flow measurement has an
advantage that it provides a single quantitative value that can be compared easily between
different animals. In general, however, measuring blood flow in small animal models is
challenging because most imaging techniques, including OCT, requires anesthesia. It is well
known in functional brain imaging that anesthesia affects cerebral blood flow!* % and that a
careful anesthesia and monitoring protocol is essential to minimize measurement variability.
Although the same is true for ocular blood flow?', most retinal blood flow studies to date have
used simple anesthesia protocols without proper monitoring of animals, which may have
attributed significantly to animal to animal variation and time dependency in measured basal
blood flow in previously reported studies. Therefore, there is a need to perform a more direct
measurements of basal retinal blood flow with a carefully designed anesthesia protocol in order
to separate the effect of animal handling and measurement technique limitations from the effects
of interest.

Another potential biomarker that ultrahigh speed OCT can measure is functional hyperemia,
which is a transient increase in blood flow counterbalancing an acute increase in tissue
metabolism induced by external stimuli. In the normal retina, flickering light incident on retinal

tissue can increase tissue metabolism, which transiently increase retinal blood flow via
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neurovascular coupling?. Alterations in functional hyperemic flicker response are thought to be
one of the earliest markers in diabetes and glaucoma™?, Multiple studies have investigated
neurovascular coupling in the rat eye using various techniques such as laser speckle flowmetry
and microsphere infusion®”>'. However, direct quantitative measurement of blood flow in units
of pL/min was challenging in these studies due to the limitation in the measurement techniques.
A more recent OCT study also investigated neurovascular coupling in the rat eye, but
measurements were limited to a single retinal vessel due to a limited imaging speed of <50,000
A-scans per second>2. None of these studies measured the effect of flicker stimulus on total
retinal blood flow or retinal and choroidal capillary blood circulation at the microscopic level.
There are several advantages of using ultrahigh speed OCT for measuring retinal
neurovascular coupling. Because the increase in total retinal’blood flow due to flicker stimulus is
transient, measurement techniques need to have good time resolution. Ultrahigh speed Doppler
OCT can achieve high volume acquisition rates of tens of volumes per second to enable
measurements of pulsatility in retinal blood flow as well as time transients due to functional
hyperemia in a single acquisition. Furthermore, the retina has multiple microvascular beds in
depths, near the retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL), inner plexiform
layer (IPL), outer plexiform layer (OPL), and choriocapillaris, which cannot be visualized
separately using conventional techniques. Since OCT is depth-resolved, ultrahigh speed OCT
angiography enables depth-resolved three-dimensional visualization of retinal and
choriocapillaris microvasculature. Therefore, ultrahigh speed OCT can potentially enable
investigation of neurovascular coupling at both the macroscopic and microscopic levels using
Doppler OCT and OCT angiography, thereby allowing more rapid and complete characterization

of retinal hemodynamics in vivo.
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In this study, retinal blood circulation and its response to visual flicker stimulus is
investigated in the rat eye using ultfahigh speed spectral domain OCT. Ultrahigh speed Doppler
OCT and OCT angiography are used to measure basal total retinal blood flow and to visualize
retinal and choriocapillaris microvésculature, respectively. The same techniques are also used to
investigate neurovascular coupling. In order to see how sensitive the measurement techniques are
in detecting alterations in basal blood circulation and functional hyperemic response between
different groups of animals, NG-nitro-L-arginine methyl ester (L-NAME), a nitric oxide
synthase (NOS) inhibitor, was used at two different dosage levels to modulate ocular
hemodynamics. Since nitric oxide (NO) is a vasodilator known to be involved in retinal
hemodynamics®> **, the injection of L-NAME is expected to reduce basal retinal blood flow and
functional hyperemic response in the rat eye. It is shown that ultrahigh speed OCT is capable of
quantitatively measuring the effect of L-NAME on basal blood flow and functional hyperemia

both at the macroscopic and microscopic levels.

9.3 Material and methods

9.3.1 Animal preparation

Experiments were performed on normal male Sprague-Dawley rats (250-350g, n=22). Unlike
structural imaging, functional hemodynamic imaging is highly sensitive to the physiological state
of the animal. Therefore, the animal was anesthetized and monitored carefully to minimize
measurement variability due to anesthesia. Initially, anesthesia was induced with 2.5% isoflurane
in a mixture of medical air and oxygen. Blood oxygen saturation was continuously monitored
using a pulse oximeter (Kent Scientific, PhysioSuite MouseSTAT) and maintained within normal
physiological ranges (94-99%) by adjusting the oxygen flow rate. Body temperature was

continuously monitored using a rectal probe and maintained at 37-38°C (Harvard Apparatus,
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Homeothermic Monitor). Under isoflurane anesthesia, the lateral saphenous vein was
catheterized and continuous intravenous infusion of Ketamine (30mg/kg/hr) and xylazine (15
mg/kg/hr) was started using a syringe pump (Manufacturer). The heart rate was continuously
monitored using the pulse oximeter, and isoflurane was discontinued once the heart rate fell by
~20% of the initial value and stabilized. The rat was then intubated and mechanically ventilated
(Harvard Apparatus, Inspira ASV). Once the animal was mechanically ventilated, a bolus of
rocuronium (6 mg/kg) was delivered through the intravenous catheter to paralyze the animal, and
the Ketamine and xylazine infusion rates were reduced to 20mg/kg/hr and 10mg/kg/hr,
respectively, in order to minimize the depth of anesthesia. Immediately after this, continuous
intravenous infusion of rocuronium (37.5 mg/kg/hr) was followed using another syringe pump
(Harvard Apparatus, Pumpll Elite). End tidal CO, was monitored continuously using a
capnometer (Kent Scientific, PhysioSuite CapnoScan). The end tidal CO, and blood oxygen
saturation were maintained within normal physiological ranges (35-45mmHg and 94-99%) by
adjusting the oxygen concentration in inhaled gas, tidal volume, and breathing rate. Blood
pressure and intraocular pressure was continuously monitored using a non-invasive pressure cuff
system (Kent Scientificc, CODA Monitor) and a tonometer (TonoLab). Instead of actively
modulating intraocular pressure (IOP), animals with abnormal readings were excluded from the
analysis (IOP of 8-10mmHg was considered normal). Imaging was performed ~45 minutes after
the onset of rocuronium continuous infusion to avoid anesthestic transients. Prior to OCT
imaging, animal eyes were dilated with 1% tropicamide, and topical anesthetic agent
hydrochloride proparacaine was applied. Hypromellose 2.5% ophthalmic demulcent solution

(Goniovisc) and artificial tears were periodically applied to prevent corneal dehydration.
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9.3.2 Injection of L-NAME

In this study, L-NAME (Sigma-Aldrich) was used to modulate basal retinal blood flow and
flicker stimulus response. L-NAME was prepared in saline vehicle at three different
concentrations (0, 20, and 40mg/ml). The three solutions were intravenously injected via the
lateral saphenous vein catheter ~15 minutes prior to OCT imaging in three different groups of
rats (Omg/ml: n = 7, 20mg/ml: n = 7, and 40mg/ml: n =‘8) at a dose volume of 1ml/kg.

9.3.3 Ultrahigh speed spectral domain OCT

The ultrahigh speed spectral domain OCT prototype used in this study was previously described
in detail by our group'®. Therefore, only the key characteristics and changes to the system are
described in this section. An updated schematic of the system is shown in Figure 9.1. The
prototype used a superluminescent diode (Superlum) with a bandwidth of ~55nm centered at
840nm, providing an axial resolution of ~5.7um in tissue. The spectrometer used a 1200lpmm
holographic diffraction grating (Wasatch Photonics) and a Basler Sprint line scan camera,
utilizing only the center 832 pixels to achieve an A-scan rate of 244kHz. With an optical power
of ~2.5mW incident on the cornea, the sensitivity was 99dB. A non-contact pivoted scanning
configuration was used in the small animal imaging interface to avoid altering the intraocular
pressure. The spot size on the retina was simulated to be ~15pum in Zemax using a standard rat
eye model. The total imaging range in tissue was ~1.5mm, sufficient for small animal retinal and
choroidal imaging. A custom electroretinograph was built using a differential amplifier
(Tektronix ADA400A) to verify that visual flicker stimulates the inner retina. A custom-made
silver chloride electrode loop with an inner diameter of ~5Smm was gently placed on the cornea to
record electroretinogram without blocking the flicker stimulus or OCT beam. The reference and

ground electrodes were placed on the ears with the reference attached to the ear closer to the eye.
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Figure 9.1. A schematic of the ultrahigh speed spectral domain OCT prototype. A fiber-
based modified Michelson interferometer is used with an SLD light source centered at
840nm and an ultrahigh speed spectrometer to perform OCT imaging. SLD:
superluminescent diode, PC: polarization controller, DC: dispersion compensation glass,
RM: reference mirror, DG: diffraction grating, CMOS: line scane camera, DM: dichroic

mirror, GS: galvanometer scanner, LED: light emitting diode, ERG: electroretinogram.

9.3.4 Delivery of flicker stimulus

Using a dichroic mirror, the OCT beam at centered at ~840nm was folded to simultaneously
deliver green light emitted by a light emitting diode (LED) at ~525nm (Figure 9.1). Because the
LED was located at one focal length away from the scan lens in the small animal imaging
interface, the optical configuration generated a uniform Maxwellian illumination of green light
over a circular area of ~2mm in diameter on the retina, limited by the lens tube. This in-line
delivery of visible stimulus light guarantees that the center of the OCT imaging field of view is

the center where visual flicker stimulus is delivered. The total power of the green light incident
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on the cornea was 1.5mW at a 100% duty cycle, which was evenly distributed over a circular
region with a diameter of 2mm. Green visual flicker stimulus was generated by modulating the
LED driving current (Thorlabs, LDC205B) with a 12.5Hz square wave of 50% duty cycle.
Visual flicker stimuli used in this study had durations of 15 seconds for all OCT scan patterns in
order to avoid potential bias induced by the order of scan patterns used in a given rat. Because
the typical OCT image acquisition time was less than 8 seconds, flicker stimulus continued for a
few seconds even after an OCT data set was acquired.
9.3.5 Ultrahigh speed Doppler OCT
The ultrahigh speed Doppler OCT protocol for measuring pulsatile total retinal arterial blood
flow in the rat eye was described previously in detail by our group'®. In this study, a slightly
modified protocol was used to measure the effect of visual flicker stimulus on total retinal blood
flow. To summarize, en face Doppler OCT, which does not require measuring the angle between
the OCT beam and blood vessel, was used over a 200pmx200um area centered at the central
retinal artery. By rapidly scanning the area with 150x25 A-scans per volume at a 85%
galvanometer scanner duty cycle, a volume acquisition rate of ~55Hz was achieved, which was
fast enough for resolving pulsatility in arterial blood flow. 400 volumes in total were acquired in
a single continuous acquisition of ~7.3 second duration. Continuous visual flicker stimulus with
duration of 15 seconds was started 2 seconds after the onset of Doppler OCT data set acquisition.
Therefore, a single Doppler OCT data set contained basal retinal blood flow data for the first 2
seconds as well as hemodynamic visual flicker response. This avoided a potential bias from
realigning the animal before and during a visual flicker stimulus.

Doppler OCT data was processed by comparing the phases of neighboring A-scans in the

oversampled scan direction, which generated a three-dimensional axial velocity profile. The
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axial velocity components in the central retinal artery cross-section in an en face plane
intercepting the vessel were summed to calculate total retinal arterial blood flow through the
central retinal artery. The algorithm for measuring total retinal arterial blood flow was
completely automated as described previously'®. Ultrahigh speed en face Doppler OCT enabled
quantitative measurements of instantaneous total retinal blood flow in units of pL/min.

9.3.6 Ultrahigh speed OCT angiography

Ultrahigh speed OCT angiography was performed by calculating speckle decorrelation between
sequential B-scans using the following equation, which maps the degree of speckle decorrelation

between 0 and 1:

—= 1 & 1 ¥L(xy,2)-1a(x,y,z ?
D(x,y,2)=——3 Du(x,,2) = {2 $:2)~ L., 2)} ©.1)
N-1 n=1 N-1 n=1 In(X,y,Z)+1n+1(x,y,Z)

where x is the coordinate in the B-scan direction, y the coordinate in the slow scan direction, z
the coordinate in depth, I,(x,y,z) OCT intensity (magnitude squared of the electric field) in the

n* frame at (x,y,z), and N the total number of B-scans from a cross-section. Because the

speckle pattern is stationary for stationary tissue, B(x, ¥,2) yields non-zero value only when
there is an erythrocyte moving in a blood vessel, which results in local changes in OCT intensity
at that location. Note that performing this operation at different cross-sectional locations in the
slow scan direction generates a three-dimensional OCT angiogram. Because noise is
uncorrelated, an intensity threshold is applied to suppress spurious decorrelation signals. A

schematic of this operation is shown in Figure 9.2.
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Figure 9.2. Ultrahigh speed speckle decorrelation OCT angiography. By comparing
sequentially acquired B-scans from a given cross-sectional location, a cross-sectional
OCT angiogram can be generated. Because noise is uncorrelated, an intensity threshold is
applied to suppress spurious decorrelation signals. The OCT angiogram appears black
when the decorrelation signal after intensity thresholding is zero, with higher values
appearing progressively brighter. A three-dimensional volumetric OCT angiogram can be

generated by performing this operation at multiple cross-sections.

Note that Equation (9.1) can be used to partially extract the velocity information of a red
blood cell if certain conditions are met. If the B-scan time interval is sufficiently short, the
change in OCT intensity due to erythrocyte movement can be considered relatively small, and it

is possible to make the following approximation:

[AL(x,y,2)}

T e

(9.2)

where Al, = I, — I,.,, which is assumed to be much smaller than I, . If the point spread function
of the OCT system is Gaussian in both the axial and transverse directions, the intensity of the
speckle from a red blood cell can be expressed as:

L(x,y,2)= Iyexp[-(x} + y3)/ 0}, — 23 / 07] 9.3)
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where x2, y2 , and z3 are the deviations of the red blood cell location with respect to (x, y, z)
and o?, and o? are the transverse and axial resolutions of the OCT system. By taking the

differential, Equation (9.3) can be used to derive the following approximation:

Al (x,y,2) 2x,8%;  2yiAys  2z4Az4
=— - - ©4)

I(x,y,2)  ©O% oiy o?
Assuming that the expectation values of x,, y;, and z, are all zero, the expectation value of

Equation (9.2) can be expressed as:
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The last equality in Equation (9.5) is valid when steady flow, or equivalently, a constant

erythrocyte velocity is assumed over the time it takes to acquire all N B-scans from a given

cross-section. Note that (x2), (y2), and (z2) are constants assuming that x,, ys, and z, are

random variables, and Equations (9.1) and (9.5) imply that the speckle decorrelation value is
proportional to the sum of the magnitude squared of the transverse erythrocyte velocity and axial
erythrocyte velocity, weighted by the transverse and axial resolutions of the OCT system.

In reality, x4, ya, and z, are not generally random variables, and certain conditions need to
be imposed on the OCT scan pattern to ensure that the assumptions made in this section are not
too invalid. Firstly, the B-scan interval needs to be short enough that A7, << I, is valid. Since
the erythrocyte speeds in the retinal capillaries are typically ~1mm/s or less and the transverse
resolution of the system is ~15um, the minimum B-scan time interval required to ensure that the
erythrocyte moves by less than a tenth of a transverse spot is ~1.5ms, which is ~670Hz in terms
of the B-scan rate. In this study, the number of A-scans per B-scan was chosen to be 200 with a

214



galvanometer scanner duty cycle of 73%, which resulted in a B-scan rate of ~890Hz. At this B-
scan rate, the erythrocyte travelling at ~lmm/s moves by ~1.1pm between sequential B-scans.
Secondly, the dwell time at a given cross-section should be long enough that the expectation

values of x,, ya., and z, are all zero. This condition can be roughly met by waiting longer than

the time it takes for the erythrocyte to move more than a transverse spot size. In this study, 32 B-
scans were acquired per cross-section, thereby allowing the erythrocyte travelling at ~1mm/s to
move by ~35um, which was larger than the transverse spot size of ~15um. In summary, the scan
pattern for ultrahigh speed OCT angiography used in this study was 200 A-scans x 200 cross-
sections x 32 B-scans per cross-section with a duty cycle of 73%, which took ~7.2 seconds to
acquire. Note that in retinal and choroidal OCT angiography, the microvasculature is
predominantly in the transverse direction and the axial component of the erythrocyte movement
was neglected in the study.

Three-dimensional OCT angiograms were segmented at the retinal pigment epithelium (RPE)
using the co-registered OCT intensity volume. OCT angiograms at different depth ranges were
projected separately in order to investigate the effect of flicker stimulus on retinal hemodynamics
at the capillary level. After taking a basal volumetric OCT angiogram, a second volumetric OCT
angiogram was acquired ~2 seconds after the onset of visual flicker stimulus without realigning
the animal in order to measure the flicker response. OCT angiogram projections at different
depths before and during flicker stimulus were compared during post-processing. Note that
although the degree of speckle decorrelation does not provide absolute velocity by itself, the
percent change in speckle decorrelation values do provide the percent change in the magnitude
squared of velocity according to Equation (9.5), which enables the assessment of functional

hyperemia at the capillary level.
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9.3.7 Data analysis

For basal total retinal arterial blood flow and flicker response, the student t-test was performed to
assess the effect of L-NAME at different concentrations. Performing a similar statistical analysis
on OCT angiography data was challenging due to the three-dimensional nature of the resulting
volumetric images. Instead, representative OCT angiography data with known amounts of flicker
response, inferred from the percent increase in total retinal arterial blood flow measured with
ultrahigh speed Doppler OCT, were analyzed to see the effect of functional hyperemia in the

retina on OCT angiograms at the capillary level.

9.4 Results and Discussion

9.4.1 Total retinal blood flow

Figure 9.3 shows a representative functional hyperemic response to a continuous ﬂickei‘ stimulus
started at t = 2s along with a simultaneously acquired electroretinogram acquired from a normal
rat. By repeatedly scanning 150 x 25 A-scans per volume over a transverse area of 200pm x
200pm centered at the central retinal artery, a volume acquisition rate of S5Hz can be achieved,
which is fast enough for dynamic total retinal blood flow imaging. A diffuse flicker stimulus was
applied to the rat retina during OCT imaging using a dichroic mirror as shown in Figure 9.1, and
therefore, potential error from realigning the animal between measurements could be avoided.
An acute transient increase in pulsatile total retinal arterial blood flow in response to flicker
stimulus can be clearly observed. In this particular case, basal flow was measured to be
2.50pul/min, and flicker response for t > 4s 3.47ul/min, resulting in a mean increase in blood flow
by 38.9%. Note that the simultaneously acquired ERG shows that there is an oscillating potential
at 12.5Hz after the onset of the flicker stimulus at 12.5Hz, which confirms that the retina is

stimulated.
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Figure 9.3. Pulsatile total retinal arterial blood flow measured in the rat retina with
ultrahigh speed Doppler OCT and simultaneously acquired electroretinogram (ERG).
Flicker stimulus at 12.5Hz was applied starting from t = 2s and lasted for 15 seconds. An
acute transient increase in pulsatile total arterial retinal blood flow in response to
continuous flicker stimulus can be observed. The simultaneously acquired ERG shows
that there is an oscillating potential at 12.5Hz after the onset of the stimulus, which

confirms that the retina is stimulated.

Note that the Doppler OCT measurement shown in Figure 9.3 provides basal total retinal
blood flow and flicker response. In order to investigate the effect of L-NAME on retinal
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hemodynamics in the rat retina and to assess how sensitive the measurement technique is in
detecting changes in blood flow and flicker response, ultrahigh speed Doppler OCT imaging was
performed on three different groups of rats. Each of the groups received a different amount of L-
NAME: (1) Saline: n = 7, (2) 20mg L-NAME/kg-body weight: n = 7, and (3) 40mg L-
NAME/kg-body weight: n = 8. Note that a statistical significance was reached for the L-NAME

dose of 40mg/kg-body weight, which reduced basal blood flow by 28.3% on average.

Effect of L-NAME on basal retinal blood flow
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Figure 9.4. Effect of L-NAME on basal total retinal arterial blood flow. Basal retinal
blood flow decreases in a dose-dependent manner. Note that a statistical significance is
reached for the L-NAME dose of 40mg/kg-body weight, which reduces basal blood flow

by 28.3% on average.

In general, the coefficient of variation for each of the three groups was relatively high (~20%
or higher). However, it should be emphasized that the purpose of small animal imaging in

general is not to make a diagnosis on individual animals. Therefore, as long as the coefficient of
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variation is not excessively high, a moderate individual to individual variation is not an issue. In
general, the coefficient of variation can depend heavily on anesthesia. Here, we demonstrate that
when total retinal blood flow decreases by ~28.3%, p = 0.016 can be reached with n = 7 or 8 for
the control and experimental group, under ketamine-xylazine anesthesia with paralysis using
rocuronium. Although L-NAME was used in this experiment to modulate basal retinal blood
flow, the reduction in blood flow may occur due to retinal diseases, such as diabetes in the
streptozotocin rat model.
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Figure 9.5. Effect of L-NAME on flicker stimulus response. Flicker response decreases
in a dose-dependent manner. Note that a statistical significance is reached for the L-
NAME doses of both 20mg/kg-body weight and 40mg/kg-body weight, which reduces

basal blood flow by 37.5% and 65.4% on average, respectively.

As expected, L-NAME also reduced retinal functional hyperemic response to flicker stimulus

in a dose-dependent manner. Note that a statistical significance was reached for both 20mg L-
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NAME/kg-body weight and 40mg L-NAME/kg-body weight. Considering that basal total retinal
blood flow was lower for higher L-NAME doses, the reduction in percent increase in blood flow
is not due to an artifact from dividing with basal flow values.

9.4.2 Capillary blood circulation

Ultrahigh speed OCT angiography could visualize the capillary network in the small animal
retina. Figure 9.6 shows the effect of flicker stimulus on ultrahigh speed OCT retinal angiograms
from a normal rat retina with saline vehicle injected intravenously (Omg/ml L-NAME
concentration). The increase in blood flow in the capillaries due to flicker stimulus can be clearly

visualized. Note that the major retinal arterioles and venules also increased in diameter.

Figure 9.6. Ultrahigh speed OCT retinal angiograms (A) before and (B) during flicker
stimulus in the normal rat retina with saline vehicle injected intravenously (Omg/ml L-
NAME concentration). The increase in blood flow in the capillaries due to flicker
stimulus can be clearly visualized. Note that the major retinal arterioles and venules also
increased in diameter. 500pm x 500um field of view. The colorbar shows the degree of

speckle decorrelation.
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For this particular data set, the increase in retinal blood flow at the capillary level was 12.3%,
using the method described in Section 9.3.6. It should be noted that in Section 9.3.6, the degree
of speckle decorrelation provides information on velocity only. However, in the retinal capillary
network, most capillary branches follow single-profile flow, where only a single red blood cell
travels through a capillary cross-section at a time. Therefore, the velocity information extracted
from the speckle decorrelation value approximately provides the information on retinal tissue
blood circulation. More detailed quantitation of dynamic responses of the capillary network to

flicker stimulus is currently under investigation.

9.5 CONCLUSION

These results demonstrate the potential of ultrahigh-speed OCT for investigation of dynamic
functional imaging of neurovascular coupling in the retina in response to flicker stimulus as well
as conventional three-dimensional structural imaging. This method should be useful for

investigation of small animal models of ocular diseases.
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