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Editorial

Nous vous proposons de partager nos expériences et connaissances au
cours d’ateliers d’OCT-Angio, dans le cadre convivial de notre cabinet.

Cet atelier sera décline sur plusieurs sessions, selon le theme abordé (4).

Ces sessions, en groupe resserré (5-8 personnes) permettront de
manipuler les différents instruments d’OCT-Angio et d’analyser, en temps
reel, les examens.

L’OCT-Angio fournit des informations sur la composante
vasculaire, sans injection intraveineuse, Elle permet des contrdles évolutifs
aussi fréequents que nécessaires.

L’OCT-Angio detecte pour la premiere fois et en clinique
courante, le lit capillaire profond, celui-ci est le plus atteint en cas
d’OVR.

3 criteres sont évalués sur les plexus capillaires superficiel et
profond: les ruptures de I'arcade anastomotique périfovéale, les logettes
cystoides et les zones de non perfusion foveales.

Vous pouvez obtenir les articles sur cdo@sfo.asso.fr, en tant que membres de la SFO
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Programme

14:00 Actualités OMV (articles récents):
Dr V. KRIVOSIC

14:30 L’OCT-Angiographie:
Dr F. COSCAS

15:00 Application sur cas cliniques du COO

15:30 Buffet

15:45 Prise en main des instruments :
Dr C. FRANCAIS

16:00 Analyse d’une acquisition a distance :
Dr C. FAVARD

Bibliographie (abstracts traduits) remise
Test de validation par mail

Prochaines réunions 2016-2017, a venir
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Informations pratiques

Inscription par mail : angiooct.ateliers@gmail.com

Adresse : 113 bd saint germain, 75006 Paris, 3 éme étage Téléphone : 01 43 29 56 59

Prochaines réunions annoncées 2015-2016

Le vendredi 18 septembre de 14-17h:  Session | DMLA
et diagnostics différentiels

Le vendredi 2 octobre de 14-17h:  Session |l OMD

Le vendredi 23 octobre de 14-17h:  Session | DMLA
et diagnostics différentiels

Le vendredi 6 novembre de 14-17h:  Session || OMV

Le vendredi 20 novembre de 14-17h:  Session Il OMD

Le vendredi 04 décembre de 14-17h:  Session | DMLA
et diagnostics différentiels

Le vendredi 11 décembre de 14-17h: Session [l OMV

Le vendredi 18 décembre de 14-17h:  Session Il OMD

Le vendredi 08 janvier en attente de 14-17h: Session IV GAO

Le vendredi 15 janvier de 14-17h: Session | DMLA
et diagnostics différentiels

Le vendredi 22 janvier de 14-17h:  Session || OMV

Le vendredi 29 janvier de 14-17h:  Session Il OMD

Le vendredi 05 février en attente de 14-17h: Session IV GAO

Réunions a venir 2016-2017
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Principaux abstracts traduits (Idées princeps)

1. Coscas F, Coscas G, Querques G, Massamba N, Querques

L, Bandello F, Souied EH. En face enhanced depth imaging optical
coherence tomography of fibrovascular pigment epithelium detachment.
Invest Ophthalmol Vis Sci. 2012 Jun 28;53(7):4147-51.

Abstract

PURPOSE:

To analyze the internal structure of fibrovascular pigment epithelial detachment (FV-PED) due to
AMD using en face enhanced depth imaging (EDI) spectral-domain optical coherence tomography
(SD-OCT).

METHODS:

Thirty-eight consecutive patients presenting with FV-PED due to AMD were enrolled in this study.
Retinal images were automatically obtained with a spectral domain (SD) OCT instrument; the typical
inverted 97 sections at 30-um intervals, each comprised of nine averaged B-scans, were acquired in
less than 60 seconds. The resultant images of en face cross-sections of the choroid (C-scans) were
compared with indocyanine green angiography (ICGA) images, currently the only technique available
for directly viewing occult choroidal neovascularization (CNV).

RESULTS:

Thirty-eight eyes of 38 consecutive patients (27 females and 11 males, mean age 76.7+3 years) were
studied. In all 38 eyes, ICGA allowed visualization of the CNV within the FV-PED. In 30 eyes, en face
EDI-OCT revealed what appeared to be the hyperreflective course of presumed CNV, which was
located just beneath the detached retinal pigment epithelium; this was confirmed by comparative
analysis of the extent of hyperreflective lesions on en face EDI-OCT images and that of the
neovascular network on ICGA. An area of homogeneous hyporeflectivity, consistent with serous
exudation, separated the CNV from the Bruch's membrane and the choroid. In the remaining eight
eyes, en face EDI-OCT revealed homogenous hyperreflectivity, consistent with fibrous tissue that
partially hid the neovascular network.

CONCLUSIONS:
Noninvasive en face EDI-OCT technique enables visualization and localization of the entire branching
neovascular network of CNV within FV-PED without dye injection.

Décollement de I’épithélium pigmentaire vascularisé en OCT “en face”

L'OCT “en face et en EDI est une technique non invasive permettant
I'identification et la localisation de I'hyper réflectivité trajet néovasculaire des
NVC au sein d’'un DEP et sans injection de colorant
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Swept Source

2. Matsunaga D, Yi J, Puliafito CA, Kashani AH.OCT angiography in healthy
human subjects Ophthalmic Surg Lasers Imaging Retina. 2014 Nov-
Dec;45(6):510-5.

Abstract

BACKGROUND AND OBJECTIVE:

To noninvasively evaluate the retinal microvasculature in healthy human subjects with optical
coherence tomography angiography (OCTA).

PATIENTS AND METHODS:

Cross-sectional, observational study of five healthy subjects. OCTA was performed on 3 x 3 mm(2)
sections centered on the fovea, nasal macula, and temporal macula. Retinal vasculature was
assessed within three horizontal slabs consisting of the inner, middle, and outer retina. The
vasculature within each retinal slab was reconstructed using phase-based and intensity contrast-
based algorithms and visualized as separate en face images.

RESULTS:

OCTA in healthy subjects demonstrates capillary networks consistent with previous histological
studies. No retinal vessels were found in the outer retina. OCT angiography of the inner and middle
retinal layers showed region-specific vascular patterns that consistently corroborated qualitative
findings from past histological studies.

CONCLUSION:

OCTA generates high-resolution, noninvasive angiograms qualitatively similar to conventional
fluorescein angiography. OCTA may serve as a bridge to assess some features of the retinal
microvasculature between conventionally performed angiograms.
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OCT-A chez le sujet sain
BUT :

Evaluer sans IV, la micro vascularisation rétinienne chez le sujet sain,
en OCT-A.

METHODE : 5 sujets sains

Cube sur 10 ° fovéal, en nasal et en temporo-fovéal avec analyse a 3
niveaux : couches rétiniennes internes, moyennes et externes a partir
de 'OCT « en face ».

RESULTATS : 'aspect des capillaires en OCT-A est cohérent avec
I'aspect histologique. Aucun vaisseau n’est retrouvé dans la rétine
externe. L’aspect vasculaire spécifique des couches rétiniennes
moyennes et externes est cohérent avec les signes qualitatifs

histologiques connus.
CONCLUSION :

OCT-A génere des angiogrames de haute résolution, non invasifs,
similaires a 'AF conventionnelle. OCT-A peut servir de passerelle pour

certains signes de la micro vascularisation rétinienne.
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3. Kuehlewein L, Tepelus TC, An L, Durbin MK, Srinivas S, Sadda SR.
Noninvasive Visualization and Analysis of the Human Parafoveal Capillary
Network Using Swept Source OCT Optical Microangiography. Invest
Ophthalmol Vis Sci. 2015 Jun 1;56(6):3984-8.

Abstract

PURPOSE:

We characterized the foveal avascular zone (FAZ) and the parafoveal capillary network in healthy
subjects using swept source OCT optical microangiography (OMAG).

METHODS:

We acquired OMAG images of the macula of 19 eyes (13 healthy individuals) using a prototype
swept source laser OCT. En face images of the retinal vasculature were generated for superficial
and deep inner retinal layers (SRL/DRL) in regions of interest 250 (ROI-250) and 500 (ROI-500) pym
from the FAZ border.

RESULTS:

The mean area (mm2) of the FAZ was 0.304 + 0.132 for the SRL and 0.486 £ 0.162 for the DRL (P
< 0.001). Mean vessel density (%) was 67.3 £ 6.4 for the SRL and 34.5 * 8.6 for the DRL in the
ROI-250 (P < 0.001), and 74.2 + 3.9 for the SRL and 72.3 + 4.9 for the DRL in the ROI-500 (P =
0.160).

CONCLUSIONS:
Swept source OMAG images of healthy subjects allowed analysis of the FAZ and the density of the
parafoveal capillary network at different retinal layers.
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Visualisation et analyse non invasive du réseau capillaire para
fovéal ches ’homme avec le Swept Source OCT-A

BUT:

Caractériser la zone avasculaire centrale (ZAC) et le réseau capillaire
para fovéal chez le sujet sain en utilisant le Swept Source OCT-A
(OMAG)

METHODE :

Les images OMAG de 19 yeux chez 13 sujets sains sont analisées. Les
coupes OCT en Face générentdes images de la vascularisation
rétinienne des couches superficielles et profondes de la rétine interne
(SRL/DRL) dans une zone d’interet autours de la ZAC.

RESULTATS :

L’aire moyenne de la ZAC est de 0.304 + 0.132 pour la SRL et de 0.486
+ 0.162 pour la DRL (P < 0.001).

La densité vasculaire (%) est de 67.3 + 6.4 pour la SRL etde 34.5+8.6
pour la DRL in dans la région ROI-250 (P < 0.001), etde 74.2 + 3.9 pour
la SRL etde 72.3 £4.9 pourla DRL dans la région ROI-500 (P = 0.160).
CONCLUSION:

Les images du Swept source OMAG chez le sujet sain, permettent
I'analyse de la ZAC et celle de la densité du réseau capillaire para

foveal sur les différentes couches rétiniennes.
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Split Spectrum

4. Jia 'Y, Tan O, Tokayer J, et al. Split-spectrum amplitude-decorrelation

angiography with optical coherence tomography. Opt Express 2012;20:4710-
4725. (free)

Abstract

Amplitude decorrelation measurement is sensitive to transverse flow and
immune to phase noise in comparison to Doppler and other phase-based
approaches. However, the high axial resolution of OCT makes it very
sensitive to the pulsatile bulk motion noise in the axial direction. To overcome
this limitation, we developed split-spectrum amplitude-decorrelation
angiography (SSADA) to improve the signal-to-noise ratio (SNR) of flow
detection. The full OCT spectrum was split into several narrower bands. Inter-
B-scan decorrelation was computed using the spectral bands separately and
then averaged. The SSADA algorithm was tested on in vivo images of the
human macula and optic nerve head. It significantly improved both SNR for
flow detection and connectivity of microvascular network when compared to
other amplitude-decorrelation algorithms.

Algorithme en split spectrum de décorrélation apliqué a 'OCT “en
face”

Cet algorithme (S.S.A.D.A) permet, in vivo de détecter le flux
sanguin et de montrer les interconnexions du réseau micro
vasculaire rétinien. Le S.S.A.D.A est comparé aux autres

[.M.O.C OCT—A
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Split-spectrum amplitude-decorrelation
angiography with optical coherence tomography

Yali Jia," Ou Tan,! Jason Tokayer,? Benjamin Potsaid,®* Yimin Wang,* Jonathan J.
Liu,® Martin F. Kraus,** Hrebesh Subhash,* James G. Fujimoto,® Joachim Hornegger,’
and David Huang"

Casey Eye Institute, Oregon Health & Science University, Portland, OR 97239, USA
Department of Electrical Engineering, University of Southern California, Los Angeles, CA 90089, USA
*Department of Electrical Engineering and Computer Science, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
*Advanced Imaging Group, Thorlabs, Inc., Newton, NJ 07860, USA
JPattern Recognition Lab, University Erlangen-Nuremberg, D-91058 Erlangen, Germany
“huangd@ohsu.edu

Abstract: Amplitude decorrelation measurement is sensitive to transverse
flow and immune to phase noise in comparison to Doppler and other phase-
based approaches. However, the high axial resolution of OCT makes it very
sensitive to the pulsatile bulk motion noise in the axial direction. To
overcome this limitation, we developed split-spectrum amplitude-
decorrelation angiography (SSADA) to improve the signal-to-noise ratio
(SNR) of flow detection. The full OCT spectrum was split into several
narrower bands. Inter-B-scan decorrelation was computed using the spectral
bands separately and then averaged. The SSADA algorithm was tested on in
vivo images of the human macula and optic nerve head. It significantly
improved both SNR for flow detection and connectivity of microvascular
network when compared to other amplitude-decorrelation algorithms.

©2012 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (170.3880) Medical and biological
imaging; (170.4470) Ophthalmology; (999.999) Optical angiography.
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1. Introduction

Optical coherence tomography (OCT) is an imaging modality for high-resolution, depth-
resolved cross-sectional, and 3-dimensional (3D) imaging of biological tissue [1]. Among its
many applications, ocular imaging in particular has found widespread clinical use. In the last
decade, due to the development of light source and detection techniques, Fourier-domain
OCT, including spectral (spectrometer-based) [2, 3] and swept-source OCT [4, 5], have
demonstrated superior performance in terms of sensitivity and imaging speed over those of
time-domain OCT systems [6-8]. The high-speed of Fourier-domain OCT has made it easier
to image not only structure, but also blood flow. This functional extension was first
demonstrated by Doppler OCT that images blood flow by evaluating phase differences
between adjacent A-line scans [9-11]. Although Doppler OCT is able to image and measure
blood flow in larger blood vessels [10, 11], it has difficulty distinguishing the slow flow in
small blood vessels from biological motion in extravascular tissue [12, 13]. In the imaging of
retinal blood vessels, Doppler OCT faces the additional constraint that most vessels are nearly
perpendicular to the OCT beam, and therefore the detectability of the Doppler shift signal
depends critically on the beam incident angle [14, 15]. Thus other techniques that do not
depend on beam incidence angle are particularly attractive for retinal and choroidal
angiography.

Several OCT-based techniques have been successfully developed to image microvascular
networks in human eyes in vivo [16-25]. One example is optical microangiography (OMAG),
which can resolve the fine vasculature in both retinal and choroid layers [18]. OMAG works
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by using a modified Hilbert transform to separate the scattering signals from static and
moving scatters [26]. By applying the OMAG algorithm along the slow scanning axis, high
sensitivity imaging of capillary flow can be achieved [27]. However, the high-sensitivity of
OMAG requires precise removal of bulk-motion by resolving the Doppler phase shift [28].
Thus it is susceptible to artifacts from system or biological phase instability. Other related
methods such as phase variance [23] and Doppler variance [24] have been developed to detect
small phase variations from microvascular flow. These methods do not require non-
perpendicular beam incidence and can detect both transverse and axial flow. They have also
been successful in visualizing retinal and choroidal microvascular networks. However, these
phase-based methods also require very precise removal of background Doppler phase shifts
due to the axial movement of bulk tissue. Artifacts can also be introduced by phase noise in
the OCT system and transverse tissue motion, and these also need to be removed.

To date, most of the aforementioned approaches have been based on spectral OCT, which
provides high phase stability to evaluate phase shifts or differentiates the phase contrast
resulting from blood flow. Compared with spectral OCT, swept-source OCT introduces
another source of phase variation from the cycle-to-cycle tuning and timing variabilities [29].
This makes phase-based angiography noisier. To use phase-based angiography methods on
swept-source OCT, more complex approaches to reduce system phase noise are required [29,
30]. On the other hand, swept-source OCT offers several advantages over spectral OCT, such
as longer imaging range, less depth-dependent signal roll-off, and less motion-induced signal
loss due to fringe washout [31]. Thus an angiography algorithm that does not depend on phase
stability may be the best choice to fully exploit the advantages of swept-source OCT.

In this context, amplitude-based OCT signal analysis may be advantageous for ophthalmic
microvascular imaging. A technique termed “speckle variance” using swept-source OCT [32,
33] has demonstrated a significant improvement in capillary detection in tumors by
calculation of the variance of the OCT signal intensity. A key advantage of the speckle
variance method is that it does not suffer from phase noise artifacts and does not require
complex phase correction methods. Correlation mapping is another amplitude-based
algorithm that has also recently demonstrated swept-source OCT mapping of animal cerebral
and human cutaneous microcirculation in vivo [34, 35]. These amplitude-based angiography
algorithms are well suited to swept-source OCT and offer valuable alternatives to the phase-
based methods.

The purpose of this paper is to present an improved amplitude-based OCT angiography
algorithm. The algorithm is called “split-spectrum amplitude-decorrelation angiography”
(SSADA). Splitting the spectrum reduces the predominant bulk-motion noise in the axial
dimension where OCT resolution is higher than that in the transverse dimension. This noise
reduction is achieved without significant sacrifice in the flow signal, which in the ocular
fundus is predominantly in the transverse rather than axial dimension. Thus the SSADA
algorithm is particularly optimal for imaging of retinal and choroidal flow. This paper
describes the algorithm and its initial results in live human retinal, choroidal, and optic nerve
head (ONH) imaging.

2. System setup

A recently described [31] high-speed swept-source OCT system (Fig. 1) was used to
demonstrate SSADA imaging of microcirculation in the human ocular fundus. The system
used a commercially available short cavity laser at 1050 nm (Axsun Technologies, Inc,
Billerica, MA, USA) with a 100-nm tuning range. The tuning cycle of the laser has a
repetition rate of 100 kHz and a duty cycle of 50%. The OCT system has a measured axial
resolution of 5.3 um (full-width-half-maximum amplitude profile) and imaging range of 2.9
mm in tissue. One portion (70%) of the light proceeds to the sample arm (the patient
interface), and the other portion (30%) to the reference arm. In the sample arm, the average
output power of the laser is 1.9 mW, consistent with safe ocular exposure limits set by the
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American National Standards Institute (ANSI). In the sample arm, the light was coupled to a
retinal scanner that consisted of a collimating lens, a XY galvanometer scanner, an objective
lens, and an ocular lens. A focused spot diameter of 18 um (full-width-half-maximum
amplitude profile) was calculated on the retinal plane based on an eye model [36]. In the
reference arm, dispersion in the ocular media and sample-arm optics was compensated by
using a water cell and glass block. The light returning from the reference and sample arms
interfered at a 50/50 coupler and was detected by a balanced receiver (Thorlabs, Inc, Newton,
NJ, USA). The interference fringes were recorded by a high speed digitizer (Innovative
Integration, Inc.) at 400 MHz with 14-bit resolution. This analog-digital signal acquisition
was driven by the optical clock output of the Axsun laser. The system sensitivity measured
with a mirror and neutral density filter was 95 dB, and the sensitivity roll-off was 4.2 dB/mm.
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Fig. 1. Schematic of the swept-source OCT system used to collect the 3D image cube for split-
spectrum amplitude-decorrelation angiography in a live human fundus. PC = polarization
controller. AD = analog-digital conversion.

For the following study, the swept-source OCT system was operated at 100-kHz axial
scan repetition rate. In the fast transverse scan (X) direction, the B-scan consisted of 200 A-
scans over 3 mm. In the slow transverse scan (Y) direction, there were 200 discrete sampling
planes over 3 mm. Eight consecutive B-scans were acquired at each Y position. This is
referred to as the “M-B-scan mode” because it enables detection of motion between
consecutive B-scans at the same position. Thus, it took 3.2 sec to obtain a 3D volumetric data
cube comprised of 1600 B-scans and 32,0000 A-scans.

Normal human subjects were imaged to demonstrate SSADA imaging, which is approved
by Institutional Review Board (IRB). The subject’s head was stabilized by chin and forehead
rests. A flashing internal fixation target was projected by an attenuated pico projector using
digital light processing (DLP) technology (Texas Instruments, Dallas, TX, USA). The
imaging area on the fundus was visualized by the operator using real-time en face view of a 3
mm x 3 mm OCT preview scan.

3. Theoretical analysis

Speckle decorrelation has long been used in ultrasound imaging [37, 38] and in laser speckle
technique [39] to detect optical scattering from moving particles such as red blood cells. This
phenomenon is also clearly exhibited by the real-time OCT reflectance images. The scattering
pattern of blood flow varies rapidly over time. This is caused by the fact that the flow stream
drives randomly distributed blood cells through the imaging volume (voxel), resulting in
decorrelation of the received backscattered signals that are a function of scatterer
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displacement over time. The contrast between the decorrelation of blood flow and static tissue
may be used to extract flow signals for angiography.
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Fig. 2. Diagrams of the modification of the OCT imaging resolution cell and the split-spectrum
method used for this purpose. (A) The resolution cell in the current configuration can be
modified into a new resolution cell by using band-pass filtering and split-spectrum methods.
(B) Steps showing how the original 2D spectral interferogram 1(x, k) was split into four new
spectra 7°(x, k) with smaller k bandwidth. “BW” and “bw” indicate the bandwidth of full-
spectrum and Gaussian filters, respectively. The regions with non-zero values in the data block
are indicated by the blue pattern.

Each pixel in a B-scan OCT image is formed from backscattered signals of a 3D volume
in space, referred to as a resolution cell (Fig. 2(A)). The statistical changes in the envelope
intensity are related to the motion of scatterers through the OCT resolution cell. For a typical
swept-source OCT setup, the axial (Z direction) resolution, determined by the source central
wavelength and its spectral bandwidth, is much higher than the lateral resolution determined
by the laser beam profile in both X and Y directions. For example, in the current OCT system,
using the full-width-half-maximum (FWHM) amplitude profile definition, the axial resolution
(~5 um) is four times higher than the lateral resolution (~18 um) if both are defined as full-
width-half-maximum amplitude profiles (Fig. 2(A)). This anisotropic resolution cell, with
higher axial than transverse resolution, will result in higher decorrelation sensitivity for axial
motion [40]. In the fundus, ocular pulsation related to heart beat, driven by the retrobulbar
orbital tissue, mainly occurs along the axial direction. The anisotropic resolution cell of retinal
OCT imaging is very sensitive to this axial motion noise [40]. On the other hand, retinal and
choroidal blood flow vectors are primarily transverse to the OCT beam, along the wider (less
sensitive) dimensions of the OCT resolution cell. Therefore, to improve the signal-to-noise
ratio (SNR) of flow detection, it is desirable to lower the axial resolution and dampen the
axial decorrelation sensitivity. This reduces the axial motion noise without sacrificing the
transverse flow signal.

One straightforward way to achieve this resolution modification is band-pass filtering of
the spectral interferogram (method “a” shown in Fig. 2(A)). Unfortunately, this also sacrifices
most of the speckle information in the spectral interferogram and decreases the flow signal.
Thus this is not an effective way to increase the SNR of flow (decorrelation) detection. A
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better way to decrease axial resolution without losing any speckle information is to split the
spectrum into different frequency bands (method “b” shown in Fig. 2(A)) and calculate
decorrelation in each band separately. The decorrelation (flow) images from the multiple
spectral bands can then be averaged together to make full use of the speckle information in
the entire OCT spectrum. The details of the split-spectrum procedure (Fig. 2(B)) are explained
below.

3.1 Split spectrum

The spectral interference signal recorded by a high speed digitizer in swept-source OCT, after
subtracting background and autocorrelation terms, can be simply given by

1(xk)= [ RK)A(xk,2)cos(2kz)dz )

Where x is the transverse position of focus beam spot on the sample along the fast scan axis, k
is the wavenumber, I(x, k) is the light intensity, R(k) is the amplitude of light reflected from
the reference arm, A(X, k, z) is the amplitude of the light backscattered from the sample, and z
is the optical delay mismatch between the sample reflections and the reference reflection in
the free space equivalent. The Gaussian shape above the 2D interferogram I(x, k) was used to
express the received interferometric fringe at one position (Fig. 2(B)). In our method, we first
defined the bandwidth of this full-spectrum fringe, and then created a filter bank to divide this
full-spectrum fringe into different bands. The specifications of this filter bank depend on
some factors, including 1) filter type, 2) bandwidth of each filter, 3) overlap between different
bands, and 4) number of bands. In this study, a Gaussian filter was introduced whose function
was defined by

m)?

G(n) = exp[— (nz_az

] )

where n is the spectral element number that varies from 1 to 1400 and is linearly mapped to
wavenumber k [31]. The range of sampled k was 10000 to 9091 cm™, corresponding to a
wavelength range of 1000 t01100 nm [31]. The bandwidth “BW” of the full spectrum is 69
nm, which provides a FWHM axial spatial resolution of 5.3 pum. m is the position of the
spectral peak. In this study, the peaks of the spectral Gaussian filters were placed at 9784,
9625, 9466, and 9307 cm™. And o is the variance of the Gaussian filter in terms of the
number of spectral elements. The FWHM amplitude bandwidth “bw” of the bandpass filters
in Fig. 2(B) is equal to 2\2In2c, covering 378 spectral elements, corresponding to a
wavelength range of 27nm or a wavenumber range of 245 cm™'. The 4 bandpass filters
overlap so that none of the frequency components of the original signal were lost in the
processing. The signals from each individual frequency band were then passed into
conventional Fourier-domain OCT algorithms. That means the OCT signals could be directly
calculated from the decomposed interferograms 11x, k) by applying Fourier transform upon

wavenumber k. The computed OCT signal is a complex function, I'(x,z),which can be
written as,

I(x,2)=FFT {1'(x,k)} = A(x, z)explig(x, 2)] (3)

where ¢(x, z) is the phase of the analytic signal f(x, z) . Note that only the amplitudes of the
OCT signals, A(x, z), are used for the following decorrelation algorithm.
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3.2 Decorrelation
3.2.1 Full-spectrum decorrelation

As mentioned above, the decorrelation calculation is achieved purely through processing the
amplitude signal and does not require phase information. To evaluate the flow signals coming

from the scattering tissue, the average decorrelation image ﬁ(x,z)at each position was
obtained by averaging N-1 decorrelation image frames computed from N reflectance
amplitude images frames from M-B mode scanning. Each decorrelation frame was computed
from 2 adjacent amplitude frames: A, (x, z) and A1+1(x, z) . Using the full spectrum, it is given

by

_ N1 X,Z X,Z
D(x,z)=1- Nl T Al )AI”( )
=1 2 2
A (%2) +ZA L (%2)]
2 2

where x and z are lateral and depth indices of the B-scan images and n denotes the B-scan
slice index. In this equation, the decorrelation signal-to-noise ratio acquired from full
spectrum can only be increased by increasing the number N of B-scans taken at the same

position. However, more scans require more imaging time which may not be practical.

(N =8) 4)

3.2.2 Decorrelation with pixel-averaging

To suppress the spurious noise and discontinuities in the vasculature, P by Q window moving
average can be implemented over the X-Z 2D map. To fairly compare this pixel averaging
method with the following split-spectrum method in the result section, we created a 1 by 4
window, which means we only applied pixel-averaging along the Z direction, the same

direction we used for splitting the spectrum. The average decorrelation image 5(x, z) can be
expressed by

D(xz)-1-— LS5 ACCpzra)A,(xepera)

N -1 PQ 5o [%An(x+ p,z+q)2+§An+1(x+ pz+a)] ()
(P=1,Q=4,N=8)

where P and Q are the averaging window widths in the X and Z directions, respectively [35].
3.2.3 Split-spectrum decorrelation

After splitting the spectrum by applying M (M = 4 in our current implementation) equally
spaced bandpass filters, we obtain M individual decorrelation images between each pair of B-
scans, which can be averaged to increase decorrelation SNR along both the lateral (X) and

axial (Z) directions. So, in the SSADA technique, the decorrelation image 5(x,z)can be
described by

N—1%Nii 1 AT(X’ZZ)AIA(X’Z) ,, M=4N=8 {6
”zlm:l[g/'\q(xl) +§A1+1(X1Z) ]

where M is the number of split-spectrums. By increasing the number M (up to a point), the
decorrelation signal-to-noise ratio can be improved without increasing the scan acquisition
time.
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Whichever above method is used, the resulting average decorrelation image frame 5(x, z)

should be a value between zero and one, indicating weak and strong decorrelation,
respectively.

4. Methods of noise reduction and image presentation

Decorrelation of OCT signal amplitude between B-scans taken at the same nominal position
could be caused by several sources: (1) flow (2) bulk tissue motion or scanner position error
(3) background noise. The following steps are taken to suppress decorrelation due to bulk
motion and background noise. This helps accentuate true flow in the images and improves the
signal-to-noise ratio for flow detection.

4.1 Removal of high decorrelation generated by background noise

Background noise is random and therefore has high decorrelation between B-scan frames.
Noise predominates in pixels with low OCT signal amplitude and therefore flow cannot be
assessed in these pixels with any accuracy. We assign zero decorrelation values to pixels in
the average decorrelation frame where the respective pixels in the average amplitude frame
has subthreshold amplitude value. The threshold was set to 2 standard deviations above the
mean background value measured when the sample beam was blocked. The subthreshold
pixels are also excluded from the histogram analysis in section 4.2.

4.2 Elimination of decorrelation frames corrupted by rapid eye movement

Saccadic and micro-saccadic eye movements [41] are rapid and cause a high degree of
decorrelation between B-scans (Fig. 3). Such movements can be seen in a set of 7
decorrelation images of the region around the ONH, computed from eight OCT B-scans at the
same Y location (Fig. 3(A)). Each decorrelation image frame was calculated from a pair of
adjacent B-scan amplitude frames. In 6 of the 7 decorrelation frames, flow pixels could be
distinguished from non-flow pixels by their higher decorrelation values. But in frame D4,
both flow and non-flow pixels had high decorrelation values due to rapid eye movement. The
high bulk motion in frame D4 was detected by the high median decorrelation value in pixel
histogram analysis (Fig. 3(B)). The histogram analysis was performed within a high
reflectivity band starting at the retinal inner limiting membrane and spanning 30 pixels below
(between two red lines in Fig. 3(A)). By comparing the median decorrelation value to a preset
threshold, we determined that frame D4 was a statistical outlier (Fig. 3(B)) and should be
eliminated. After eliminating frame D4 (Fig. 3(C)), the remaining individual frames were
averaged to obtain the final average decorrelation flow image (Fig. 3(D)). The corrected
average decorrelation image (Fig. 3(D)) had higher contrast between vessels and static tissue
than the uncorrected averaged decorrelation image (Fig. 3(E)).

4.3 Segmentation and maximum decorrelation projection of retinal and choroidal
vasculatures

The 3D SSADA data set comprises a stack of 200 corrected average decorrelation cross-
sectional images, along with the associated average reflectance images, that together spans 3
mm in the slow transverse scan (Y) direction. The 3D data is separated into retinal and
choroidal regions with the dividing boundary set at the retina pigment epithelium (RPE). The
depth (Z position) of the highly reflective RPE was identified through the analysis of the
reflectance and reflectance gradient profiles in depth [18]. The region above the RPE is the
retinal layer and the region below is the choroidal layer. The en face X-Y projection
angiograms were produced by selecting the maximum decorrelation value along the axial (2)
direction in each layer. In ONH scans, the RPE depth just outside the disc boundary was used
to set an interpolated RPE plane inside the disc.
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Fig. 3. Flow chart showing the steps for removing a decorrelation frame with high bulk motion,
using an OCT section across the optic nerve head as an example. (A) A series of 7
decorrelation frames (Dn) at one Y position. To avoid clutter, only frames D1, D4, and D7 are
shown. Frame D4 (yellow arrow) showed high decorrelation in both flow (vessel) and non-
flow (bulk) tissue, possibly due to saccadic eye movement. To detect bulk motion, the median
decorrelation value in the first 30 pixels of the inner retina and disc (between two red lines)
was determined. (B) Plot of median values from the 7 frames showed frame D4 as an outlier.
The threshold (dotted blue line) was set at 0.15, two standard deviations above the mean
median decorrelation value. (C) After removing frame D4, the remaining six decorrelation
images were averaged. (D) The cleaned decorrelation image showed high contrast between
flow pixels (bright areas in retinal vessels and choroid) and non-flow dark regions. (E) If frame
D4 were not removed, the uncleaned decorrelation image showed less contrast between flow
and non-flow pixels, which was evident by the lack of completely dark space between retinal
vessels in the peripapillary areas (circled by dotted yellow lines).

5. In vivo testing of SSADA algorithm

To demonstrate the performance of the SSADA algorithm, macular and ONH imaging were
performed on three normal volunteers using the swept-source OCT system described in
Section 2. In this demonstration, the system captured 200 A-scans to cover ~3 mm for each B-
scan. For 3D data acquisition, the entire scan volume was evenly divided into 200 steps, with
eight repeated B-scans in each step. In doing so, it required 3.2 seconds to complete one 3D
volumetric scan. Under this scanning protocol, the SSADA algorithm was applied to the
repeated frame sequences at each step. Finally, the 200 calculated B-scan SSADA frames
were combined to form 3D blood perfusion images of posterior part of the human eye.

5.1 Optic nerve head angiography

From one 3D volumetric data set, both reflectance intensity images and decorrelation
(angiography) images were obtained. For the ONH scan, the en face maximum projection of
reflectance intensity showed the major retinal blood vessels and the second order branches,
but finer branches and the microcirculation of the retina, choroid, and optic disc were not
visible (Fig. 4(A)). In the vertical cross-sectional intensity image, the connective tissue struts
(bright) and pores (dark) of the lamina cribosa could be visualized deep within the optic disc
(Fig. 4(B)). Around the disc, the retina, choroid, and sclera can be delineated.
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The ONH angiogram obtained by the SSADA algorithm showed both many orders of
vascular branching as well as the microcirculatory network. The en face maximum
decorrelation projection angiogram (Fig. 4(C)) showed the major retinal branch vessels as
well as many fine branches that could not be visualized well on the en face intensity image. It
is of interest to point out that the angiogram also showed a cilioretinal artery that emerged at
the nasal disc margin. This artery is not part of the central retinal circulation but arises from
the posterior ciliary artery and can be recognized by its fish-hook shape just inside the disc
margin [42]. The vertical SSADA cross-section (Fig. 4(D)) showed blood vessels in the disc
that form columns from the surface to a depth of ~1.0 mm. It is unclear if this represents deep
penetrating vessels or if this is a decorrelation projection artifact. Projection artifact refers to
the fact that light reflected from deeper static structures may show decorrelation due to
passing through a more superficial blood vessel. This type of artifact is evident where the
peripapillary retinal vessels seem thicker than they should be (Fig. 4(D, F)). Due to this
artifact, these vessels extended down the full depth of the nerve fiber layer (NFL), and the
decorrelation signal appeared in the subjacent pigment epithelium (RPE), which should be
avascular.
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Fig. 4. In vivo 3D volumetric [3.0 (x) x 3.0 (y) x 2.9 (z) mm] OCT of the optic nerve head in
the right eye of a myopic individual. White bar, 500 pm. The images in the bottom panels have
been cropped from 2.9 mm to 1.5 mm axially. (A) En face maximum reflectance intensity
projection showed branches of the central retinal artery and vein (yellow arrows point to
superior branches). (B) OCT cross-section at the plane marked by white dashed line in (A). (C)
En face maximum decorrelation projection angiogram computed with the SSADA algorithm. It
showed many orders of branching from the central retinal artery and vein, a dense capillary
network in the disc, a cilioretinal artery (yellow arrow), and a near continuous sheet of
choroidal vessels around the disc. (D) Decorrelation cross-section (same plane as B) showed
blood flow in disc vessels (green arrows), peripapillary retinal vessels, and choroid. (E) En face
maximum decorrelation projection angiogram after removing the choroid (pixels below the
retinal pigment epithelium). (F) Fly-through movie ), in which flow (color scale
representing decorrelation) was merged with structure (gray scale representing reflectance
intensity), showed how the disc, retina, and choroid are perfused in a 3D volumetric fashion. A
fixed pattern artifact originated from the swept laser source and resulted in a horizontal lines
across the image [31].

To separately view the retinal vessels and superficial disc vessels, we removed pixels
below the level of the peripapillary RPE. The resulting en face angiogram (Fig. 4(E)) showed
that the superficial vascular network that nourishes the disc ends at the disc boundary. By
comparison, the choroidal circulation formed an almost continuous sheet of blood flow under
the retina (Fig. 4(C)). The en face images (Fig. 4(A, C, E)) show RPE atrophy in a temporal
crescent just outside the disc margin. Inside the crescent there was also a small region of
choriocapillaris atrophy (Fig. 4(C)). Overlaying the cross-sectional gray scale reflectance
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intensity image with the color scale flow (decorrelation) image showed that the major retinal
branches vessels were at the level of the peripapillary NFL (Fig. 4(F)). It also showed the
blood flow within the full thickness of the choroid. The combined image also showed that the
deeper disc circulation resides primarily in the pores of the lamina cribosa and not in the
connective tissue struts. To our knowledge, it is the first time that the disc microcirculation
has been visualized noninvasively in such a comprehensive manner.

5.2 Macular angiography

The macular region of the fundus is responsible for central vision. Capillary dropout in the
macular region due to diabetic retinopathy is a major cause of vision loss [43]. Focal loss of
the choriocapillary is a likely causative factor in the pathogenesis of both dry and wet age-
related macular degeneration [44], the leading cause of blindness in industrialized nations
[45]. Thus macular angiography is important. The SSADA algorithm was used to demonstrate
macular angiography of both the retinal and choroidal circulations in a normal eye (Fig. 5).
The vascular pattern and capillary networks visualized by SSADA were similar to those
previously reported using phase-based OCT angiography techniques [27, 46]. The flow pixels
formed a continuous microcirculatory network in the retina. There was an absence of vascular
network in the foveal avascular zone (Fig. 5(A)) of approximately 600um diameter, in
agreement with known anatomy [47, 48]. There were some disconnected apparent flow pixels
within the foveal avascular zone (Fig. 5(A)) due to noise. Inspection of Fig. 5(C) shows these
false flow pixels to be decorrelation noise in the high reflectance layers of the RPE and
photoreceptors. The choriocapillaris layer forms a confluent overlapping plexus [49], so it is
to be expected that the projection image of the choroid circulation shows confluent flow (Fig.

5(B)).

Decorr. index
Log intensity (a.u.)

N

3.0

Fig. 5. In vivo 3D volumetric [3.0 (x) x 3.0 (y) x 2.9 (z) mm] OCT of the macula processed
with the SSADA algorithm. The images in the bottom panels have been cropped from 2.9 mm
to 1.5 mm axially. (A) En face maximum decorrelation projection angiogram of the retinal
circulation. (B) En face maximum decorrelation projection angiogram of the choroidal
circulation. Black bar, 500 pm. (C) Horizontal OCT cross section through the foveal center
(upper dashed line in A) with merged flow (decorrelation represented in color scale) and
structure (reflectance intensity represented in gray scale) information. (D) Merged horizontal
cross section of the inferior macula (lower dashed line in A).

The cross sections (Fig. 5(C, D)) showed retinal vessels from the NFL to the outer
plexiform layer, in agreement with known anatomy [50]. The flow in the inner choroid had
higher velocity as based on decorrelation seen in the color scale. The volume was also greater
than the retinal circulation (Fig. 5(C, D)), again consistent with known physiology that the
choroidal circulation has much higher flow than the retinal circulation [49]. There were signal
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voids in the outer choroid which may be due to fringe washout from high flow velocity and
the shadowing effect of overlying tissue. The cross sections (Fig. 5(C, D)) also showed a few
spots of decorrelation in the RPE layer. These must be artifacts because the RPE is known to
be avascular. As mentioned in the last section, this is likely due to the projection of
decorrelation of flow in a proximal layer (i.e., inner retinal layers) onto distal layers with a
strong reflected signal (i.e., RPE). There was also a tendency for vessels to form vertical
arrays in the inner retina, which may in some instances be due to the projection artifact as
well.

6. Comparison between three amplitude-decorrelation angiography algorithms: full-
spectrum, pixel-averaging, and split-spectrum

6.1 Comparison on visualization

The differences between full-spectrum, pixel-averaging, and split-spectrum algorithms for
decorrelation-based angiography can be appreciated by visual inspection of the images (Fig.
6). To obtain the angiograms, we followed the algorithm described by Egs. (4)-(6),
respectively. For fair comparison, the identical motion error reduction, noise threshold, and en
face projection methods were used.

Full spectrum Pixel averaging Split spectrum

o
w

Decorr. index (a.u.)

o
Y

Fig. 6. Comparison of amplitude-decorrelation angiography using three different algorithms:
full-spectrum (A, D), pixel-averaging (B. E) and split-spectrum (C, F). The macula was
scanned in a 3x3 mm area. En face maximum decorrelation projections of retinal layers (A-C)
showed the macular vascular network around the central foveal avascular zone (yellow circles)
of 600-um diameter. The cross-sectional angiograms (D-F) scanned across a horizontal line in
the superior perifoveal region (upper dashed line of A). White bar, 500 pm.

En face angiograms of the macular retinal circulation (Fig. 6(A-C)) showed that while all
three algorithms could provide good visualization of major macular vessels, the capillary
network looked the cleanest and most continuous with the split-spectrum algorithm. The
pixel-averaging algorithm was second best, while the full-spectrum method showed
significantly more disconnected flow pixels that were likely to be noise. The noise can be
most easily appreciated in the foveal avascular zone (inside the yellow circles), which should
not have any retinal vessels, including capillaries. In the split-spectrum angiogram, there was
a near continuous visualization of the capillary network just outside the avascular zone, while
this loop appeared broken up using the other two algorithms. The cross-sectional angiogram
(Fig. 6(D-F)) showed that the split-spectrum algorithm provided the cleanest contrast between
distinct retinal vessels and dark background. Again, the pixel-averaging method was second
best, and the full-spectrum method showed visible snow-like background noise.
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6.2 Comparison of connectivity and signal-to-noise ratio

To obtain quantitative figures of merit to compare the three decorrelation-based angiography
algorithms, we made use of two pieces of anatomic knowledge. One is that the retinal vessels
form a continuous network, and the other is that there are no retinal vessels within the foveal
avascular zone.

Full spectrum

Pixel averaging

Split spectrum

Fig. 7. (A) Full-spectrum, (B) pixel-averaging, and (C) split-spectrum amplitude decorrelation
angiography algorithms were applied to map the retinal circulation in a normal macula. The en
face maximum projection decorrelation images (Fig. 6(A-C)) were binarized (Column 1),
skeletonized (Column 2), and then filtered to remove unconnected flow pixels (Column 3). The
ratio of the number connected flow pixels to the total number of flow pixels on the skeleton
map is the vascular connectivity. The algorithms were also compared in terms of the
decorrelation signal-to-noise ratio, where the noise region was inside the foveal avascular zone
(Column 4 yellow circles), and the signal region was the parafoveal annulus (Column 4
between two red circles). R1 = 0.3 mm, R2 = 0.65 mm, and R3 =1 mm.

To assess vessel connectivity, we converted projection images obtained by three different
methods (Fig. 6(A-C)) to binary images (1st column of Fig. 7) based on a fixed threshold.
Then a skeletonizing morphological operation [51] was applied to obtain a vascular network
made of 1-pixel wide lines and dots (2nd column of Fig. 7). Next the unconnected flow pixels
were separated from the connected flow skeleton (3rd column of Fig. 7). The vascular
connectivity was defined as the ratio of the number of connected flow pixels to the total
number of flow pixels on the skeleton map. Connectivity was analyzed on the OCT macular
angiograms of six eyes of the three participants (Table 1). A comparison of the three
algorithms based on paired t-tests showed that the split-spectrum algorithm had significantly
better connectivity relative to the pixel-averaging (p = 0.037) and full-spectrum algorithms (p
= 0.014). The split-spectrum algorithm reduced the number of unconnected flow pixels (18%)
by more than a factor of 2 when compared with the full-spectrum algorithm (39%).

To compute a SNR for the decorrelation signal, we needed to define relevant signal and
noise regions. For the macula, fortuitously, the central foveal avascular zone (FAZ) is devoid
of blood vessels, including capillaries [47, 48]. The parafoveal capillary network nourishes
the fovea and the loss of these capillaries in diabetic retinopathy is an important mechanism in
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the loss of vision [43]. Thus the ratio of decorrelation value in the parafoveal region relative
to the FAZ is a clean and clinically relevant way to compute SNR. The radius of the FAZ is
approximately 0.3 mm [47, 48]. Therefore we chose the noise region as the central FAZ with
a radius of 0.3 mm (yellow circles on the last column of Fig. 7), and we chose the signal
region as the annular parafoveal region between 0.65 and 1.00 mm radii (between two red
circles in column 4 of Fig. 7). Then we defined the decorrelation signal-to-noise ratio DSNR
using the following formula,

D -D
DSNR — Parafovea FAZ (7)

2
\Oraz

where D and D, are the average decorrelation values within the parafoveal annulus

Parafovea
and FAZ, respectively; and o, is the variance of decorrelation values within the FAZ. These

computations were performed over the en face maximum projection images.

The DSNR was analyzed on the OCT macular angiograms performed on six eyes of the
three participants (Table 1). The paired t-test showed that the DSNR of the split-spectrum
algorithm was significantly higher than the pixel-averaging algorithm (p = 0.034) and the full-
spectrum algorithm (p = 0.012). The split-spectrum algorithm improved the DSNR by more
than a factor of 2 compared to the full-spectrum algorithm.

Table 1. Vascular Connectivity and Signal-to-Noise Ratio of Three Angiography Algorithms

Amplitude Connectivity | Improvement of DSNR Improvement of
decorrelation (mean * sd) connectivity (mean * sd) DSNR
full-spectrum 0.61 +0.08 N/A 3.30+£0.81 N/A
pixel-averaging 0.70 £0.06 14.8% 4.57+£1.08 38.5%
split-spectrum 0.82+0.07 34.4% 6.78 £ 0.82 105%

DSNR = dcorrelation signal-to-noise ratio. Statistical analysis is based on 6 eyes of 3 normal human subjects.
7. Discussion

Using the new SSADA algorithm, we have demonstrated the visualization of both larger
blood vessels and the capillary network in the retinal and choroidal circulations. This
visualization can also been achieved using Doppler [9-11] and other phase-based flow
detection techniques [20, 23, 24, 27, 46]. The SSADA technique has several potential
advantages over phase-based techniques. Insensitivity to phase noise is one advantage.
Another potential advantage of SSADA is the possibility of quantifying microvascular flow.
Because the effective resolution cell in SSADA is isotropic (having the same size in X, Y, and
Z dimensions, Fig. 2(A)), it is equally sensitive to transverse (X, Y) and axial (Z) flow. This
contrasts with all phase-based techniques, which are intrinsically more sensitive to flow in the
axial direction over which Doppler shift occurs. Thus in SSADA result, the decorrelation
value is a function of the flow velocity regardless of direction. The faster blood particles
move across the laser beam, the higher the decorrelation index of the received signals within a
velocity range set by the scan parameters. In theory the saturation velocity should be
approximately the size of the resolution cell (0.018 mm) divided by the interframe time delay
(0.002 sec), or 9 mm/sec. The minimum detectable flow velocity is determined by the
decorrelation noise floor, which is based on the decorrelation distribution statistics of the non-
flow tissue voxels. In this study, the projection view of SSADA showed the vascular pattern
within the macular capillary zone (parafoveal region). This suggests that SSADA is able to
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detect retinal capillary flow, which is within the range of 0.5-2 mm/sec [52, 53]. For a more
precise determination of the minimum detectable flow velocity we will require the calibration
of velocity to decorrelation values using in vitro flow phantom experiments.

One limitation of SSADA technique is the projection of flow from proximal (shallower)
layers to distal (deeper) layers. It was apparent from our results that flow in the major
peripapillary retinal arteries and veins (Fig. 4) and larger macular vessels in the inner retina
(Fig. 5) projects onto the highly reflective RPE, which should not contain any blood vessels.
There were also probable projection of flow from the more superficial inner retinal layers (i.e.
nerve fiber layer and ganglion cell layer) to the deeper inner retinal layers (i.e. inner and outer
plexiform layers). This does not affect the accuracy of en face projection of the retinal
circulation, but it could affect the accuracy of cross-sectional angiograms and en face
projection of the choroidal circulation. One possible solution is to raise the threshold
decorrelation value for flow identification in deeper voxels if a more superficial voxel has a
suprathreshold decorrelation value; however, this will inevitably introduce a potential shadow
artifact in place of a flow projection artifact. Thus the SSADA images of deeper vessels
should be interpreted with this artifact in mind.

Another limitation of the SSADA technique is that it is still subject to noise from bulk
tissue motion. In this paper, we made no attempt to compensate for X-Z motion between
consecutive B-scan frames by the use of frame-shift registration. This registration could
potentially reduce the effect of bulk motion in the X-Z dimensions (though not in the Y
direction) and improve the accuracy of flow detection. It is also apparent from the en face
angiograms that there are saccadic motion artifacts in the 3D data set. This could potentially
be reduced by the use of 3D registration algorithms [54]. These potential improvements will
be the subject of future investigations.

8. Summary

We have presented a novel optical angiography technique based on the decorrelation of OCT
signal amplitude due to flow. By splitting the full OCT spectral interferograms into several
spectral (wavenumber) bands, the OCT resolution cell in each band is made isotropic and less
susceptible to axial motion noise. Recombining the decorrelation images from the spectral
bands yields angiograms that use the full information in the entire OCT spectral range. The
isotropic resolution cell of the SSADA algorithm could also theoretically be used to quantify
flow with equal sensitivity to axial and transverse flow.

We tested SSADA in the imaging of retinal and choroidal circular in the macular and
ONH regions of healthy human subjects. The resulting angiograms demonstrated improved
SNR of flow detection and high connectivity in the peri- and parafoveal retinal
microcirculatory networks. Non-invasive angiography of these ocular circulatory beds may be
useful in the diagnosis and management of important blinding diseases such as glaucoma,
diabetic retinopathy, and age-related macular degeneration. This algorithm may also be useful
outside the eye, for example in the investigation of cerebral circulation and tumor
angiogenesis.
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1. Spaide RF, Klancnik JM Jr, Cooney MJ. Retinal Vascular Layers

Imaged by Fluorescein Angiography and Optical Coherence Tomography
Angiography. JAMA Ophthalmol. 2015 Jan;133(1):66 73.

Abstract

IMPORTANCE:

The retinal vasculature is involved in many ocular diseases that cause visual loss.
Although fluorescein angiography is the criterion standard for evaluating the retina vasculature, it
has risks of adverse effects and known defects in imaging all the layers of
the retinal vasculature.Optical coherence tomography (OCT) angiography can image vessels based
on flow characteristics and may provide improved information.

OBJECTIVE:
To investigate the ability of OCT angiographyto image the vascular layers within
the retina compared with conventional fluorescein angiography.

DESIGN, SETTING, AND PARTICIPANTS:

In this study, performed from March 14, 2014, through June 24, 2014, a total of 5 consecutive,
overlapping B-scan OCT angiography images composed of 216 A-scans were obtained at 216
discrete positions within a region of interest, typically a 2 x 2-mm area of the retina. The flow
imaging was based on split-spectrum amplitude decorrelation angiography (SSADA), which can
dissectlayers of vessels in the retina. These distinct layers were compared with
the fluorescein angiograms in 12 healthy eyes from patients at a private practice retina clinic to
evaluate the ability to visualize the radial peripapillary capillary network. The proportion of the inner
vs outer retinal vascularlayers was estimated by 3 masked readers and compared with
conventional fluorescein angiograms of the same eyes.

MAIN OUTCOMES AND MEASURES:

Outcome measures were visualization of the radial peripapillary capillary network in
the fluorescein and SSADA scans and the proportion of the inner retinal vascular plexus vs the
outer retinal capillary plexus as seen in SSADA scans that would match the fluorescein angiogram.

RESULTS:

In none of the 12 eyes could the radial peripapillary capillary network be visualized completely
around the nerve head by fluorescein angiography, whereas the network was readily visualized in
the SSADA scans. The fluorescein angiograms were matched, with a mean proportion of the
inner vascular plexus being 95.3% (95% CI, 92.2%-97.8%) vs 4.7% (95% CI, 2.6%-5.7%) for the
outer capillary plexus from the SSADA scans.

CONCLUSIONS AND RELEVANCE:

Fluorescein angiography does not image the radial peripapillary or the deep capillary networks well.
However, OCT angiography can image all layers of the retinal vasculature without dye injection.
Therefore, OCT angiography, and the findings generated, have the potential to affect clinical
evaluation of the retina in healthy patients and patients with disease.
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Couches rétiniennes vasculaires en AF et en OCT-A
BUT :

La vascularisation rétinienne est impliquée dans beaucoup de

maladies oculaires qui causent la perte visuelle.

Bien que l'angiographie a la fluoresceine soit la norme de critére
pour évaluer la vascularisation rétinienne, il a des risques d'effets
indésirables et des difficultés de réalisation connus. L’'OCT-A peut

refléter les vaisseaux sur leur flux.
OBJECTIF ;

Examiner la capacité de 'OCT-A comparée a I'AF dans I'analyse

des couches vasculaires rétiniennes.
MATERIEL :

SSADA sur 10° centraux sur 12 patients, analysés par 3 lecteurs

masqueés.
RESULTATS :

la visualisation des capillaires de I'arcade radiaire peripapillaire est
mieux visible en OCT-A. le lit capillaire superficiel versus profond

est mieux visible en OCT-A
CONCLUSION: :

L’AF ne permet pas la visualisation du lit capillaire profond
maculaire et radiaire péri papillaire. L'OCT-A pourra étre une aide

d’évaluation clinique de la rétine sans injection de colorant
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2. Coscas F, Glacet-Bernard A, Miere A, Caillaux V, Uzzan J, Lupidi M,
Coscas G, Souied EH. OCT-Angiography in Retinal Vein Occlusion:
Analysis of Superficial and Deep Capillary Plexa and Comparison to
Fluorescein Angiography and to Spectral-Domain Optical Coherence
Tomography. En review AJO, 2015

Les images d’OCT-Angiographie (OCT-A) permettent I'analyse séparée du lit
capillaire profond (LCP) et du lit capillaire superficiel (LCS), alors que
I'angiographie a la fluorescéine ne visualise que le lit capillaire superficiel. A
ce jour, peu de publications rapportent les résultats de I'analyse en OCT-A au
cours des Occlusions Veineuses Rétiniennes (OVR). Un cas clinique d’OVR en
"swept-source OCT microangiography" a été rapporté!. Une seconde étude,
présentée a la société francaise d'ophtalmologie en 2015 et sous presse? a
analysé l'aspect des OVR en OCT-A. L’aspect du LCS et du LCP a été comparé
aux signes connus de I’angiographie a la fluorescéine (AF) et de ’OCT-B en
spectral-domain (SD-OCT)

Les ruptures de lParcade anastomotique péri-fovéale sont présentes dans
90,9% des cas en OCT-A versus 70, 5% en AF (p=0,002). En effet, la
visualisation des capillaires péri-fovéolaires peut étre difficile en AF par
I'absence de temps précoce, la diffusion du colorant, un trouble des milieux
(cataracte), ou un volumineux cedéme nécessitant un changement de mise au
point. L'atteinte du LCP est plus marquée gue celle du LCS, avec des logettes
cystoides plus nombreuses et volumineuses, et des zones de non-perfusion
également plus nombreuses dans les OVR examinées.

L’OCT-A devient I'instrument le plus performant (131 lignes) pour détecter un
cedéme maculaire comparé au SD-OCT (19 lignes) et a I'AF (superposition des
couches rétiniennes). Une corrélation existe entre la rupture de I’arcade péri-
fovéale et I'ischémie rétinienne périphérique (p=0,013). L’OCT-A pourrait aider
a sélectionner les cas pour lesquels I'AF n'est pas obligatoire.

L’OCT-A peut devenir un examen de dépistage et d'évaluation de I’'cedéme et
de I'ischémie maculaire des OVR, sur les 10° centraux, avec une trés grande
précision en appréciant la localisation, I’aspect, I’étendue et les différents
types de logettes cystoides ainsi que I'architecture des LCS et LCP visibles
séparément pour la premiére fois. L'examen ne permet pas I’analyse de tout le
pble postérieur ni de la périphérie rétinienne. Les cicatrices de laser ne sont
pas visibles en OCT-A. Cet instrument pourra guider les injections intra-
vitréennes lorsqu’il sera possible de quantifier la densité des zones de bonne
ou mauvaise perfusion
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Validation des ateliers

Un power point de cas cliniques sera adressé par mail a chaque
inscrit.

Il comprendra I'imagerie conventionnelle et en OCT-Angiographie de 3
cas cliniques avec les données cliniques standard.

Une série de questions sous forme de QCM sera proposée, portant sur
des sujets pratiques et théoriques en rapport avec le theme abordé et
concernant 'OCT-Angiographie.

Les réponses se feront sur un document word en cochant la bonne
assertion. Vous pourrez renvoyer ce document par mail sur
ateliers.angiooct@gmail.com sous 8 jours.

Liendel'enquete: https://hec.azl.qualtrics.com/SE/?SID=SV_80bulh30k
KNbLeZ

Un corrigé accompagné d’une analyse statistique des réponses, sera
distribué a chacun des intervenants.

Une attestation de validation sera délivrée.
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Test de validation
Un mail du test vous sera envoyeé avec le lien et la ppt
A renvoyer par mail sur angiooct.ateliers @gmail.com
Sous 8jours

Le corrigé seraretourné par mail
Questions théoriques : QCM a choix multiples

1. Les images d’OCT-Angio fournissent
a. des informations en 2 dimensions
b. Sur des couches rétiniennes superposées
c. sur le flux sanguin mobile
d. détecté a partir de C-Scan
a
2. les images d’OCT-Angio
a. provient des structures mobiles
b. visualisent tous les tissus vascularisés
c. Montre la microvascularisation rétinienne et le tissu avoisinant
d. varie rapidement avec le temps.

3. L'OCT-Angio montre le flux sanguin par
a. La réflectivité
b. L’intensité optique
c. Decorellation entre la vitesse et 'amplitude
d. Sans injection intra veineuse de colorant

4. La decorellation permet d’observer un flux sanguin

En 2 dimensions
En 3 dimensions
Rétinien
Choroidien

aooTp
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5. l'algorithme de decorellation permet la segmentation automatique

6.

aoop

lit capillaire superficiel
lit capillaire profond
rétine externe
choroide

7. pour affiner la recherche d’un signe, il faut

a.
b.

c
d.
e

des coupes épaisses
des coupes fines

. le choix du plan de référence est facultatif

le plan de référence transverse est a proscrire

8. les artefacts

a

b.
C.
d.

concernent tous les instruments
estdd alEP

est di a la Choroide

nécessite de regarder aussi le C scan
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Questions pratiques :
Cas cliniques sur ppt a valider sur le lien envoyé par mail

1. Cas 1: Les images OCT-A montrent elles ?

arcade anastomotique périfovéale de la ZAC?
Logettes cystoides?

Micro anévrismes?

Dilatation capillaires du LCP?

Zones de Non perfusion?

Impacts laser ?

-0 o0 oT o

2. Cas 2: Follow up
a. L’analyse qualitative suffit-elle a poser la conduit a tenir?
b. L’ischémie observée en follow up est due a I'aggravation
c. L’ischémie observée en follow up est due a sa meilleure visibilité
apres disparition de 'cedéme
d. La perfusion du LCP est-elle meilleure sur le follow up ?

3. Cas 3 : Diagnostic difféerentiel
a. L’OCT-A seul donne-t-il le diagnostic de 'CEdéme maculaire ?
Y a til une raréfaction des capillaires superficiels ?
Y a til une raréfaction des capillaires profonds ?
Voit-on les ectasies capillaires en OCT-A ?
AF est-elle plus performante qu’OCT-A pour ce diagnostic ?

®oo o
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