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For OCT angiography images of choriocapillaris, how fast is too 
fast?
Justin V. Migacz1, Iwona Gorczynska1, 2, Ravi S. Jonnal1, 
Robert J. Zawadzki1, John S. Werner2. 1Ophthalmology and Vision 
Science, UC Davis, Sacramento, CA; 2Physics, Astronomy, and 
Informatics, Nicolaus Copernicus University, Torun, Poland.
Purpose: Optical coherence tomography angiography (OCTA) 
acquisition rates are increasing as new light sources and detection 
systems are developed. This potentially reduces eye motion artifacts, 
but image contrast decreases as the capture rate increases. We attempt 
to estimate an upper limit on the speed of retinal OCTA systems 
through the quantitative testing of the factors affecting angiogram 
quality.
Methods: We acquired OCTA volumetric datasets on 3 normal 
human subjects (31-43 years). The custom imaging system used 
a commercial swept-source laser with a sweep repetition rate of 
1.7MHz, which is considerably faster than available clinical systems. 
Retinal volumes were acquired at full (1.7MHz) and reduced 
(170kHz) rates. We simulated a speed increase of up to 3.9Mhz by 
adding noise to the full-rate images which corresponds to the reduced 
acquisition time. En face images of choriocapillaris (CC) were 
segmented from the volumes, and radially averaged power spectra of 
these were computed. The resulting spectra contained distinct peaks 
indicating the spatial frequency and contrast of the vessel structure.
Results: En face CC images acquired at the 1.7MHz and simulated 
3.9MHz imaging rate are shown in Figure 1a, and 1b, respectively. 
As expected, the increased noise from an increased imaging rate 
reduces the clarity of the CC image. The log-log plot of the radial 
power spectra is shown in figure 2a, and a clear peak in the range 
of 50 cycles/mm to 200 cycles/mm can be seen, the height of which 
represents the contrast of the CC network. The trend of decreased 
angiogram contrast with increased simulated speed intersects the zero 
level (figure 2b) at a 2.6 MHz acquisition rate, which is the upper 
practical limit on OCTA imaging for this instrument.
Conclusions: OCTA imaging of retinal and choroidal vessel 
morphology may potentially impact our understanding of the vascular 
component of blinding diseases such as diabetic retinopathy and 
age related maculopathy. We have developed a way to estimate the 
upper limit on OCTA imaging of the CC, which can optimize OCTA 
instrument design. (A) OCTA image of the CC of normal subject taken at 6° nasal. (B) 

Same location simulated at 3.9MHz.
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(A) Radial power spectrum of images with simulated noise. (B) 
Contrast change as a function of simulated increase speed.
Commercial Relationships: Justin V. Migacz, None; 
Iwona Gorczynska, None; Ravi S. Jonnal, None; 
Robert J. Zawadzki, None; John S. Werner, None
Support: NEI R01 024239
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Motion-free en face OCT Angiography and Pigment Imaging 
based on Modified Lissajous Scan
Yiwei Chen, Young-Joo Hong, Shuichi Makita, Yoshiaki Yasuno. 
University of Tsukuba, Tsukuba, Japan.
Purpose: Due to the eye motion during data acquisition, en face 
optical coherence tomography angiography (OCT-A) imaging is 

prone to motion artifacts including blood vessels discontinuities, 
missing areas, and morphological distortions. These artifacts can 
significantly disturb the clinical observation of ocular vasculature. 
To provide motion corrected en face OCT-A images, we developed 
a modified Lissajous scan method for OCT-A and motion correction 
algorithm tailored for the modified Lissajous scan.
Methods: ONH and macula of 3 normal eyes were scanned 2 times 
by the modified Lissajous scan with 6 mm × 6 mm transversal area 
in 5.2 s, which is compatible for OCT-A measurement. The modified 
Lissajous scan was designed to sequentially scan the same location 
twice as keeping the smoothness of the scan. The data were processed 
by the tailored motion correction algorithm.
Although this method is compatible with standard OCT devices, it 
was implemented on a Jones matrix OCT with a probe wavelength 
of 1-µm and a scanning speed of 100,000 A-lines/s. Owing to its 
polarization measurement capability, the en face composition of 
OCT-A and polarization uniformity, which is sensitive to melanin, is 
created.
Results: We compare en face images before (a, d) and after (b, e) 
motion correction. These images are overlaid on manually co-
registered SLO images (c, f). The images before motion correction 
(a, d) shows significant blurring and ghost vessels. On the other 
hand, the motion corrected images do not show blurring and ghost 
vessels (b, e), and are perfectly co-registered with SLO images (c, f). 
Fig. (g) shows a case with an eye blink (horizontal dark line), where 
vertical axis is Lissajous cycle index and horizontal axis is time in 
the cycle. Despite of the blink, the motion corrected en face image 
shows the clear vessels (h) and perfect co-registration with SLO (i). 
The corrected en face image shows clear vessels for 5 of 6 volumes 
of ONH and 6 of 6 volumes of the macula, although 4 of 12 volumes 
had vignetting and some residual artifacts.
Conclusions: The motion-corrected en face OCT-A was 
demonstrated. This method can provide true ocular vascular 
morphology.

Figure: (a, d) are before motion correction and (b, e, h) are after 
motion correction. (c, f, i) are comparison of motion corrected images 
(b, e, h) with SLO. (g) is a blinking en face image before remapping.
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Handheld swept source optical coherence tomography 
angiography
Gangjun Liu, Jianlong Yang, Liang Liu, J. Peter Campbell, 
David Huang. Casey Eye Institue, Portland, OR.
Purpose: To develop a handheld optical coherence tomography 
(OCT) system suitable for OCT angiography (OCTA) in children.
Methods: The laser source is a swept laser (Axsun) with a repetition 
rate (A-line speed) of 100 kHz, a central wavelength of 1050 
nm and a tuning range of 110 nm. A fiber coupler directs 20% of 
the optical power to the sample arm handheld probe. The light 
backscattered by the sample is mixed with the reference reflection 
at a 50/50 coupler, and the interference fringes are picked up by a 
pair of balanced detectors. The handheld probe weighs 0.4 kg and 
measures 20.6×12.8×4.6 cm (Fig .1). The probe is equipped with a 
mini iris camera for easy alignment. Real-time display of the en face 
OCT and cross-sectional OCT images in the system allows accurate 
centration on the fundus imaging target. The fast automatic focus is 
implemented with an electrically tunable lens. An extended imaging 
range of 6 mm allows easy axial alignment. A fast (1 second) scan 
patterns were investigated. The split-spectrum amplitude and phase 
gradient angiography (SSAPGA) algorithm was used to compute 
flow signal.
Results: High-resolution retina OCTA images from a healthy awake 
adult human was acquired in 1 second (Fig. 2).
Conclusions: We developed a handheld OCT system and 
demonstrated acquisition of high-quality OCTA images by the 
handheld operation. OCTA from anesthetized newborns and small 
children should be feasible.

(A) Schematic of the handheld OCTA probe. (B) Three-dimensional 
(3D) perspective view of the probe design. (C) Photography of the 
handheld OCTA probe with 3D-printed enclosure.

En face retina OCTA around the fovea (A) and the ONH (B) from a 
healthy eye by using the 1-second scan protocol. Image dimensions 
are 2.5×2.5 mm (200×200 pixels).
Commercial Relationships: Gangjun Liu, None; Jianlong Yang, 
None; Liang Liu, None; J. Peter Campbell, None; David Huang, 
Optovue, Inc. (F), Optovue, Inc. (I), Optovue, Inc. (P)
Support: Oregon Health & Science Foundation, National Institutes 
of Health Grants R01 EY023285 and R01 EY018184, Lloyd 
Research Foundation (OHSU), unrestricted departmental funding 
from Research to Prevent Blindness (New York, NY), and P30 
EY010572 from the National Institutes of Health (Bethesda, MD).
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Using a contrast agent to explain vascular scattering patterns in 
OCT angiography
Marcel T. Bernucci1, Conrad Merkle1, Vivek J. Srinivasan1, 2. 
1Biomedical Engineering, University of California, Davis, Davis, CA; 
2Ophthalmology and Vision Science, University of California Davis 
School of Medicine, Sacramento, CA.
Purpose: OCT angiography has enabled high-resolution and 
depth-resolved imaging of retinal and choroidal vasculature without 
exogenous contrast. Yet, seemingly artefactual but repeatable patterns 
in OCT angiograms remain challenging to explain. In the choroid, 
below an intact retinal pigment epithelium (RPE), vessel lumens 
display low signal, with a relative signal increase beneath vessels. 
We hypothesize that by using a relatively isotropic scattering contrast 
agent with a symmetrical particle shape, for OCT angiography, 
we may explore to what extent these patterns result from the high 
scattering anisotropy and asymmetrical shape of red blood cells 
(RBCs).
Methods: A commercial 1300 nm spectral / Fourier domain OCT 
microscope was adapted as an ophthalmoscope for imaging the rat 
retina at a speed of 91 kHz. The cornea was exposed to a 1.5 mW 
beam with a diameter of 846 µm. The maximum sensitivity measured 
was 92 dB. Sprague-Dawley rats (n = 2) were anesthetized with 
isoflurane. Imaging was performed both before and after intravenous 
injection of Intralipid-20% (used as a contrast agent). The total 
injected volume was ~3% of the total blood volume. Pre- and post- 
contrast images were registered and compared on a point-by-point 
basis.
Results: Pre-contrast OCT angiograms clearly show microvascular 
networks throughout the retina and choroid based on RBC scattering 
contrast (A). Post-contrast OCT angiograms better accentuate 
retinal capillaries, and particularly, highlight microvasculature in 
the choriocapillaris that was not previously seen (B). Notably, the 
contrast agent, more isotropically scattering than RBCs, enhances 
vessel lumens much more than the regions below vessels in the 
choroid.
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Conclusions: The use of a contrast agent improves visualization of 
retinal and choroidal vasculature in OCT angiography. Moreover, 
choosing a relatively isotropic scattering contrast agent with 
symmetrical particle shape and comparing angiograms pre- and 
post-enhancement, patterns in OCT angiography that are specific 
to the scattering anisotropy and asymmetrical shape of RBCs were 
identified.

Pre-contrast (A) and post-contrast (B) OCT angiograms show that 
signal inside the vessel is enhanced more than signal outside the 
vessel in the choroid.
Commercial Relationships: Marcel T. Bernucci, None; 
Conrad Merkle, None; Vivek J. Srinivasan, Optovue, Inc. (P)
Support: National Institutes of Health (R01NS094681, 
PS0AG010129) and the Glaucoma Research Foundation Catalyst for 
a Cure.
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Assessment of Retinal Blood Flow in Systemic Hypertensive 
Patients Using Doppler Fourier-Domain Optical Coherence 
Tomography (FD-OCT)
Sowmya Srinivas1, Ou Tan2, Xinbo Zhang2, Muneeswar 
Gupta Nittala1, David Huang2, Srinivas R. Sadda1. 1Ophthalmology, 
Doheny Eye Institute and Department of Ophthalmology, David 
Geffen School of Medicine, University of California, LOS 
ANGELES, CA; 2Ophthalmology, Casey Eye Institute, Oregon 
Health & Science University, Portland, Oregon, Portland, OR.
Purpose: To evaluate and compare retinal blood flow in subjects with 
and without systemic hypertension using Doppler Fourier-domain 
optical coherence tomography (FD-OCT).
Methods: Thirty eight eyes of 38 participants without evidence of 
eye disease consisting of 14 eyes with systemic hypertension and 
24 eyes without hypertension from the AIGS study were included in 
this IRB-approved analysis. All subjects were scanned by Doppler 
FD-OCT using a standardized, circumpapillary double circular 
protocol which transected all major blood vessels entering/exiting 
the optic nerve head. Cube/volume scans and color disc photos of 
the optic nerve head were obtained to help in vessel identification 
and quantification. Scans were then imported into Doppler OCT of 
Retinal Circulation (DOCTORC) grading software for refining and 
correcting the vessel location and also to classify vessels as veins or 
arteries. Total retinal blood flow (TRBF) and cross-sectional areas of 
the veins and arteries were computed. Measurements were compared 
between the two groups by Mann-Whitney U test.

Results: The age of the group with systemic hypertension was  
(Mean ± SD) 66.93 ± 8.10 years, similar (p=0.051) to the group 
without hypertension 61.38 ± 9.45 years. The mean TRBF was 
significantly higher (p= 0.034) in eyes with hypertension 49.17 
± 11.42 (range; 29.46 - 66.70) µl/min compared to eyes without 
hypertension 41.65 ± 7.69 µl/min (range; 27.05 - 54.87). There was 
no significant difference in total cross-sectional areas of either veins 
or arteries between the two groups. Mean arterial pressure (MAP) 
was significantly higher (p=0.048) in the eyes with hypertension 
99.21 ± 9.88 mm Hg compared to the eyes without hypertension 
91.53 ± 7.98 mm Hg.
Conclusions: TRBF was significantly higher in the eyes of subjects 
with systemic hypertension compared to those without hypertension. 
Increased TRBF may be related to higher MAP and dysfunctional 
autoregulation in the hypertensive group. Doppler OCT blood flow 
measurements warrant further study as potentially useful parameters 
in the assessment of patients with hypertension.
Commercial Relationships: Sowmya Srinivas, None; Ou Tan, 
optovue (F), optovue (P), carl zeiss meditec (P); Xinbo Zhang, 
None; Muneeswar Gupta Nittala, None; David Huang, optovue (I), 
optovue (F), optovue (P), optovue (R); Srinivas R. Sadda, Novartis 
(C), Optos (C), Allergan (F), Carl Zeiss Meditec (F), Genentech (C), 
Thrombogenics (C), Optos (F), Genentech (F), Iconic (C),  
Allergan (C)
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Volume of therapeutics delivered into the subretinal space can 
be measured using swept-source microscope-integrated optical 
coherence tomography
S. Tammy Hsu1, Hesham Gabr1, 3, Karim Sleiman1, 
Alexandria Dandridge1, Christian Viehland2, Oscar  
Carrasco-Zevallos2, Lejla Vajzovic1, Joseph A. Izatt2, 
Anthony N. Kuo1, 2, Cynthia A. Toth1, 2. 1Ophthalmology, Duke 
University School of Medicine, Durham, NC; 2Biomedical 
Engineering, Duke University, Durham, NC; 3Ophthalmology,  
Ain-Shams University, Cairo, Egypt.
Purpose: Subretinal injections of therapeutics such as stem cells 
and viral vectors are being studied for the treatment of retinal 
degenerations. However, the inability to directly measure the volume 
delivered into the subretinal space presents a problem in advancing 
studies of potential treatments. To address this need, we propose an 
image-based method to measure the volume of therapeutics delivered 
into the subretinal space.
Methods: We used live swept-source microscope-integrated ocular 
coherence tomography (SS-MIOCT) to monitor and record ex vivo 
porcine subretinal injections (Figure 1). The surgeon first performed 
a pars plana vitrectomy with surgical induction of posterior vitreous 
detachment in a freshly enucleated porcine eye, then injected 50µL 
of diluted triamcinolone using a 1mL syringe and 25g/38g subretinal 
cannula calibrated to ensure delivery volume accuracy. The surgeon 
noted any observed triamcinolone leakage from the cannula or 
retinotomy. We then manually segmented the MIOCT image 
recordings to calculate the subretinal bleb volumes. Intrasession 
reproducibility was determined by segmentation of repeated OCT 
volumes taken at different scan angles.
Results: 13 subretinal blebs were created and imaged; of these, 3 
were excluded from image analysis due to inadequate visualization 
of bleb margins in the images. In 3 of the 10 blebs analyzed, the 
surgeon observed “no leakage” of triamcinolone during the injection. 
The mean segmented subretinal volume of these was 52.1±3.9µL. In 
6 cases in which “minimal leakage” was observed, the mean volume 
was 33.9±5.8µL. In 1 case of “significant leakage,” the measured 
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bleb volume was 12.9µL. There was no significant difference in 
the intrasession bleb volumes calculated from repeated 0 and 90 
degree scans (n=7 eyes, difference range: -1.9 to 1.2µL, p=0.908 by 
Wilcoxon signed-ranks test).
Conclusions: The volume of subretinally delivered therapeutics can 
be directly and reproducibly measured using SS-MIOCT. Use of this 
technique will contribute to the accurate assessment of subretinal 
dose delivered, which is important in studies of efficacy and toxicity 
of retinal therapies.

Figure 1. Subretinal injection of 50µL of diluted triamcinolone with 
“no leakage” imaged using SS-MIOCT. Left column shows 3D 
volumes, and right column shows cross sections: (A) before, (B) 
during, and (C) after the injection.
Commercial Relationships: S. Tammy Hsu, None; Hesham Gabr, 
None; Karim Sleiman, None; Alexandria Dandridge, None; 
Christian Viehland, None; Oscar Carrasco-Zevallos, None; 
Lejla Vajzovic, Knights Templar Eye Foundation (R), Janssen 
Pharmaceutical (R), Alcon (F), Second Sight (F), Roche (F), 
PDC’s ENABLE Award (R); Joseph A. Izatt, Leica (P), Leica (R); 
Anthony N. Kuo, Leica (P), ClarVista (C); Cynthia A. Toth, Alcon 
(P), Genentech (F)
Support: NIH R01-EY023039
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High-contrast and polarization-artifact-free optical coherence 
tomography by maximum a-posteriori intensity estimation
Aaron C. Chan1, Young-Joo Hong1, Shuichi Makita1, 
Masahiro Miura2, Yoshiaki Yasuno1. 1Computational Optics 
Group, University of Tsukuba, Tsukuba, Japan; 2Department of 
Ophthalmology, Tokyo Medical University Ibaraki Medical Center, 
Ami, Japan.
Purpose: OCT images of birefringence tissue may suffer polarization 
artifacts. Polarization-diversity detection OCT (PD-OCT) can 
suppress the artifacts, but it then suffers from low signal-to-noise 
ratio (SNR) and signal offset at low signal regions. To address this, 
we combine maximum a-posteriori (MAP) intensity estimation 
with PD-OCT. It improves SNR, reduces signal-offset and removes 
polarization artifacts.
Methods: 6-mm transverse-range images of the right maculae and 
ONH of 5 subjects without marked eye disease were scanned by a 
custom-built 1-µm Jones matrix OCT at 100,000 A-lines/s. The axial 
resolution is 6.2 µm in tissue. Each tomogram consists of 4 images: 
2 probe × 2 detection polarizations. The four images are complex 
averaged with phase correction to create an image equivalent of 
standard OCT. Also, images from the same detection polarization are 
complex averaged after phase correction. The resulting two images 
are equivalent to those obtained by PD detection. Four repeated 
B-scans of standard OCT (S) or PD signals were combined by MAP 
estimation algorithm or intensity averaging (A). The two combined 
PD signals are then summed to generate a PD-OCT image. These are 
denoted as S-MAP, S-A, PD-MAP, and PD-A. The MAP algorithm 
computes the most likely estimation of true OCT intensity from 
multiple measured intensities. It also improves the SNR and reduces 
the signal offset. Attenuation coefficients were also computed from 
the intensities.
Results: Fig. 1 shows S-MAP and S-A images of a macula. It can be 
seen that S-MAP (b) has lower signal-offset in the vitreous and better 
SNR than S-A (a). It is also evident in the corresponding histograms 
(c, d). The corresponding S-MAP attenuation image (f, h) shows 
better differentiation of attenuation levels than S-A (e, g).
Fig. 2 shows S-MAP (a) and PD-MAP images (b) of another macula. 
Polarization artifacts appear in the sclera (a, red arrow) as alternating 
high and low-intensity bands. These are suppressed in (b). These 
artifacts are typically seen in birefringent tissues such as peripapillary 
sclera (c, red arrow, another subject), which are suppressed in  
PD-OCT (d).
Conclusions: The combination of PD detection and MAP estimation 
enables polarization artifact free imaging while preserving high-SNR 
and low signal-offset. This is useful for imaging deep birefringent 
tissue, such as sclera and lamina cribrosa.
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A method of identifying and semi-quantifying retinal pigment 
epithelial damage following pre-clinical subretinal injections
Karen M. Joos1, 4, Robert Matthews2, Nabil Simaan3, Ratna Prasad1, 
Tomas Moreno1, Yuankai Tao4, Jin H. Shen1. 1Vanderbilt Eye Institute, 
Vanderbilt University Medical Center, Nashville, TN; 2Molecular 
Physiology and BioPhysics, Vanderbilt University, Nashville, TN; 
3Mechanical Engineering, Vanderbilt University, Nashville, TN; 
4Biomedical Engineering, Vanderbilt University, Nashville, TN.
Purpose: Retinal pigment epithelial (RPE) disturbance has been 
noted after subretinal injections, but is not well characterized. 
A method of better describing and quantifying RPE disruption/
depigmentation would be useful to improve and optimize the surgical 
technique to improve subretinal injection precision. This study tested 
the hypothesis that optical coherence tomography (OCT) may be used 
to image and quantify RPE and retinal disturbance immediately after 
acute subretinal injection with additional benefit of avoiding known 
processing artifacts present in standard serial-section histological 
evaluation.
Methods: In fresh cadaver pig eyes, a 36-gauge cannula connected 
with fused silica tubing to a 1 cc syringe delivered 30 µl of 
physiologic saline solution at a rate of 0.2 ml/min by a micro-
injection pump. Visualization of the injections occurred with a heads-
up 3D-display surgical microscope system. Corneas and lenses were 
removed to image the injection sites with a 1325 nm spectral domain 
OCT system (12 µm axial/ 13 µm lateral resolution). The retinas 
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were removed and the underlying tissues were re-imaged to measure 
the greatest linear disruption of the apical processes of the RPE in 
orthogonal B-scans using ImageJ software. The disrupted area was 
estimated using an ellipse encompassing the B-scan measurements.
Results: Retinal holes, subretinal fluid, and underlying RPE 
disruptions could be visualized using OCT. Following removal of the 
retina, the estimated RPE disruption area averaged 0.12 ± 0.07 mm2 
in 15 specimens with a range of 0.03 mm2 to 0.24 mm2 with these 
injection parameters.
Conclusions: Optical coherence tomography imaging is capable of 
semi-quantifying RPE disruptions following subretinal injections and 
may be useful in comparing parameters and surgical techniques for 
optimizing subretinal injection delivery.

Figure: RPE disruption in the XZ-plane of one specimen.
Commercial Relationships: Karen M. Joos; Robert Matthews, 
None; Nabil Simaan, Vanderbilt University (P), Auris Surgical 
(P), Intuitive Surgical (P), Titan Medical (P); Ratna Prasad, 
None; Tomas Moreno, None; Yuankai Tao, Leica (P), Leica (R); 
Jin H. Shen, Vanderbilt University (P)
Support: Physician in Residence VISE Program, 
NSFCMMI-1537659, Joseph Ellis Family Research Fund, William 
Black Research Fund, NIH P30EY008126 to Vanderbilt Vision 
Research Center, and an Unrestricted Departmental Grant from 
Research to Prevent Blindness, Inc., N.Y. to the Vanderbilt Eye 
Institute
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Multi-directional optical coherence tomography in the retina
Andreas Wartak1, Richard Haindl1, Florian Beer1, 2, Marco Augustin1, 
Matthias Salas1, Marie Laslandes1, Bernhard Baumann1, 
Michael Pircher1, Christoph K. Hitzenberger1. 1Center for Medical 
Physics and Biomedical Engineering, Medical University of Vienna, 
Vienna, Austria; 2Institute for Applied Physics, Vienna University of 
Technology, Vienna, Austria.
Purpose: To investigate the directional reflectivity of retinal layers 
using multi-beam (MB) optical coherence tomography (OCT). In 
particular, the photoreceptor layer (optical Stiles-Crawford effect 
(o-SCE)), Henle’s fiber layer (HFL) and retinal nerve fiber layer 
(RNFL) are reported to exhibit non-isotropic angular scattering 
properties. Thus, we evaluate the potential of MB-OCT to extract 
additional – multi-directional – information out of simultaneously 
acquired reflectivity-scans.
Methods: A three-beam spectral domain (SD-) OCT  
prototype – primarily developed for total retinal blood flow 
investigations in normal and diseased eyes – enables illumination of 
the retina from three linear independent orientations at the same time. 
The system features three superluminescent diode sources (center 
wavelength: λ0 = 840 nm; spectral bandwidth: Δλ = 50 nm), a joint 
Michelson interferometer (sharing the same bulk optic components) 

and three identical spectrometer units (operating frequency of  
line-scan cameras: 50 kHz). In the sample arm, the three collimated 
beams are aligned parallel to one another according to the corners of 
an equilateral triangle. The refractive optics of the eye focuses the 
three individual beams to a mutual spot on the retina.
Results: We obtained circular reflectivity scans around the optic 
nerve head (ONH) of a healthy human subject (undilated pupil). 
The simultaneously acquired circumpapillary scans (diameter 
corresponding to a field of view (FoV) of ~10°), show intensity 
differences in the photoreceptor layer (essentially, in the inner 
segment-outer segment junction (IS/OS) and the end tips of the 
photoreceptors (ETPR)), which are caused by the o-SCE. Using a 
color-coded overlay (bottom side of Fig. 1) of the three respective 
channels (CH 1, CH2, CH 3), the referred layers show a clear color 
offset.
Conclusions: MB-OCT approaches enable simultaneous image 
acquisition of the same retinal location at different angles of 
orientation. Hence, multi-directional OCT allows for investigation 
of non-isotropic optical scattering properties of the retinal layers. 
Intensity variations among the reflectivity-scans of the three channels 
may potentially further be used for investigations of HFL, RNFL or 
more detailed studies on the o-SCE.

Commercial Relationships: Andreas Wartak, None; 
Richard Haindl, None; Florian Beer, None; Marco Augustin, 
None; Matthias Salas, None; Marie Laslandes, None; 
Bernhard Baumann, None; Michael Pircher, None; 
Christoph K. Hitzenberger, None
Support: Austrian Science Fund (FWF): No.: P26553-N20
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Human Factor and Usability Testing of a Binocular OCT System 
- EASE Study
Reena Chopra1, Padraig J. Mulholland1, 2, Adam M. Dubis1, 
Roger S. Anderson1, 2, Pearse A. Keane1. 1NIHR Biomedical Research 
Centre for Ophthalmology, Moorfields Eye Hospital NHS Foundation 
Trust and UCL Institute of Ophthalmology, London, United 
Kingdom; 2Optometry and Vision Science Research Group, School of 
Biomedical Sciences, Ulster University, Coleraine, Northern Ireland, 
United Kingdom.
Purpose: A prototype binocular optical coherence tomography 
(OCT) device has recently been developed that performs ‘whole-eye’ 
OCT imaging in an automated manner (Envision Diagnostics, Inc. 
USA). The inclusion of ‘smart technology’ such as customizable 
display screens and voice recognition also permits the quantitative 
assessment of visual acuity (VA), visual fields, ocular motility, 
and pupillometry (Fig. 1). As this device will primarily be used in 
elderly and visually impaired populations, we performed prospective 
usability testing of an early prototype with a view to predicting 
function in a clinical setting, and to identify any potential user errors 
– EASE Study (ClinicalTrials.gov Identfier: NCT02822612).
Methods: Forty-five participants with chronic eye disease (including 
glaucoma, retinal disease, and strabismus; mean age 62.7 years, 
range 23-88) and fifteen healthy controls were recruited (mean 
age 53 years, range 20-67). Participants underwent automated 
eye examination, including whole-eye OCT, ocular motility, VA, 
perimetry, and pupillometry. An interview was conducted pre- and 
post- examination to assess the subjective appeal and ease of use 
for this cohort of first-time users. Descriptive statistics were used to 
summarise data.
Results: 81% of the chronic eye disease group and 79% of healthy 
controls found the prototype easier to use than other common 
technologies such as smartphones. Overall, 86% reported the device 
to be acceptable for use in a clinical setting. There was no statistically 
significant difference in the time taken to complete the full suite of 
tests between participants with glaucoma, retinal disease, strabismus 
and healthy controls (p=0.81, Kruskal-Wallis). The mean time to 
complete the full examination was 733.5±172.9 s. Errors included 
inaccuracies in voice recognition, and in eye tracking secondary to 
eye movements or blinking.
Conclusions: On their first use, elderly and visually impaired 
patients were able to follow instructions delivered by the prototype 
and complete the suite of automated tests without assistance or prior 
training. Binocular OCT has the potential to perform comprehensive 
eye examination in an automated manner and thus increase the 
efficiency of chronic eye disease monitoring and treatment. 
Validation of individual diagnostic tests is required before the device 
can be adopted in eye clinics.

Fig. 1: Automated quantitative pupillometry using the Binocular OCT
Commercial Relationships: Reena Chopra, None; 
Padraig J. Mulholland, None; Adam M. Dubis; 
Roger S. Anderson, None; Pearse A. Keane, None
Support: NIHR Clinician Scientist Award; College of Optometrists
Clinical Trial: NCT02822612
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Optical coherence tomography compatible surgical instruments 
for real-time intraoperative optical coherence tomography during 
vitreoretinal surgery
Atsuro Uchida, Sunil K. Srivastava, Carmen Calabrise, Jamie Reese, 
Justis Ehlers. Ophthalmology, Cole Eye Institute, Cleveland Clinic, 
Cleveland, OH.
Purpose: To evaluate imaging features of novel surgical instrument 
prototypes for use during real-time intraoperative optical coherence 
tomography (OCT) and compare with conventional metallic 
instruments in simulated surgery.
Methods: OCT-compatible surgical instruments were developed 
for various surgical needs, based on previous evaluation of potential 
surgical materials for optical features and physical properties. 
Instrumentation included membrane scraper, membrane pick and 
vitreoretinal forceps (Synergetics). Imaging was performed with two 
intraoperative OCT platforms RESCAN 700 (Carl Zeiss Meditec) 
and EnFocus (Leica). In vitro imaging was performed with the tip of 
each instrument submerged in a water-filled petri dish with a tissue 
simulator lining the bottom. Images were evaluated for visualization 
of the instrument tip and the underlying materials. Simulated surgical 
imaging was also performed utilizing human cadaver eyes. Standard 
23-gauge vitrectomy was performed. The tip of each instrument was 
placed in contact with the retina and was imaged with intraoperative 
OCT. Intraocular maneuvers included compression of the retina and 
intraocular foreign body removal.
Results: OCT-compatible instrumentation demonstrated excellent 
light scattering and reflectivity properties for visualization of the 
instrument tip. Metallic instruments demonstrated highly variable 
light scattering properties that often resulted in limited visualization. 
Shadowing of underlying tissues was significantly reduced with OCT-
compatible instrumentation. Surgical manipulations were successfully 
captured with both intraoperative OCT platforms.
Conclusions: Prototypes demonstrated improved visualization with 
intraoperative OCT compared to conventional instrumentation. 
Further research is needed to evaluate comparative surgical 
performance of instrumentation. Additionally, instrument tool 
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tracking for intraoperative OCT platforms is also needed to facilitate 
real-time OCT-guided surgical maneuvers.

In vitro imaging of OCT-compatible instrumentation. The tip of 
instrument submerged in a water-filled petri dish with a tissue 
simulator lining the bottom. OCT-compatible membrane scraper 
using EnFocus (A), OCT-compatible membrane pick using RESCAN 
700 (B) and conventional metallic instrument using EnFocus (C).
Commercial Relationships: Atsuro Uchida; Sunil K. Srivastava, 
Leica (P), Bioptigen (P), Bausch and Lomb (C), Bausch and Lomb 
(P), Zeiss (C), Santen (C), Allergan (F); Carmen Calabrise, None; 
Jamie Reese, None; Justis Ehlers, Synergetics (P), Leica (P), 
Alcon (C), Santen (C), Genentech (R), Bioptigen (P), Leica (C), 
Thrombogenics (C), Bioptigen (C), Thrombogenics (R), Bausch and 
Lomb (P), Zeiss (C), Regeneron (R)
Support: NIH/NEI K23-EY022947-01A1 (JPE); Ohio Department 
of Development TECH-13-059 (JPE, SKS); R01-EY023039-01 (JPE, 
SKS), Eversight Eye bank (JPE, provision of tissue)
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In-vivo Imaging of the Cellular Structure of Keratoconic Human 
Cornea with Sub-micrometer Axial Resolution OCT
Luigina Sorbara1, Olivera Kralj2, Bingyao Tan2, Ben MacLellan2, 
Kirsten Carter1, Eric Mason2, Lacey Haines1, Denise Hileeto1, 
Kostadinka K. Bizheva2, 3. 1School of Optometry and Vision Science, 
University of Waterloo, Waterloo, ON, Canada; 2Physics and 
Astronomy, University of Waterloo, Waterloo, ON, Canada; 3Systems 
Design Engineering, University of Waterloo, Waterloo, ON, Canada.
Purpose: To visualize in-vivo and characterize morphometric 
changes in the keratoconic (KC) cornea at a cellular level with a  
sub-micrometer axial resolution OCT system.
Methods: We have developed a sub-micrometer axial resolution, 
fibre-optic SD-OCT for in-vivo, non-contact imaging of the human 
cornea. The OCT system operates in the 800 nm spectral region and 
provides ~ 0.95 µm axial and ~2 µm lateral resolution in corneal 
tissue, sufficient for visualization of individual cells in the corneal 
epithelium, collagen fibrils and keratocytes in the corneal stroma. 20 
KC subjects with different stages of KC progression and healthy, age 
matched subjects have been imaged. The OCT images are acquired 
from an area of 1 mm x 1mm region in the cornea located ~ 1 mm 
inferiorly relative to the corneal apex. The images are analyzed 
with our custom Matlab-based image processing algorithms, to 
measure spatially dependent thickness of the corneal epithelium and 
Bowman’s membrane (BM) and determine the size of abnormal cell 
growth in the epithelium and regions of scarring in the stroma. OCT 
KC images were compared with histology.
Results: OCT imaging of subjects with early stages of KC revealed 
mostly spatially uniform thinning of the epithelium and occasional 
presence of clusters of abnormal cells located at the epithelial basal 
cell layer. Small breaks in the BM and increased scatter from the 
anterior stroma were also observed with no significant morphological 
changes to the rest of the stroma and posterior cornea. In contrast, the 
OCT imaging of subjects with advanced KC demonstrated spatially 
dependent variation of the epithelial thickness, partial or complete 
disintegration of the Bowman’s membrane, extensive scarring of the 

stroma and overall decreased corneal thickness. There was marked 
variation in the central epithelial thickness ranging from 3 cellular 
layers (~ 20 µm) to nearly 2x that of healthy corneal epithelium.
Conclusions: Sub-micrometer resolution OCT is capable of 
visualizing the cellular structure of the healthy and KC cornea in-vivo 
and without contacting the corneal surface. High resolution OCT 
corneal imaging allows more precise morphometric analysis of the 
KC cornea which would provide valuable diagnostic and prognostic 
insights for clinicians in terms of determining the optimal course of 
treatment of KC.

Commercial Relationships: Luigina Sorbara, None; 
Olivera Kralj, None; Bingyao Tan, None; Ben MacLellan, None; 
Kirsten Carter, None; Eric Mason, None; Lacey Haines, None; 
Denise Hileeto, None; Kostadinka K. Bizheva, None
Support: NSERC-312037, CIHR-CHRP 446387 CIHR-NSERC 
127791

Program Number: 5443 Poster Board Number: B0600
Presentation Time: 8:30 AM–10:15 AM
In vivo measurement of hemodynamic parameters and its 
association factors in Chinese healthy subjects
CE SHI, Shenghai Huang, QINGKAI MA, Meixiao Shen, Fan Lu. 
Wenzhou Medical University, Wenzhou, China.
Purpose: To measure hemodynamic parameters in Chinese healthy 
subjects by using phase resolved Doppler OCT (PR-D-OCT).
Methods: Healthy adult Chinese subjects were recruited. All subjects 
underwent ophthalmic examinations, including subjective refraction, 
anterior and posterior segment examination, IOL-Master, non-contact 
tonometer and D-OCT imaging, using the raster scan and circular 
scan. Four retinal branch arteries in four orientation(superior and 
inferior in both temporally and nasally) were chosen. Resistance 
index (RI) and pulsatility index (PI) were calculated by using 
custom developed semi-automated analysis software. Mean of nasal 
hemodynamic index indicates the nasal hemodynamic change, as well 
as temporal. The relationship between the hemodynamic parameters 
and its association factors was investigated.
Results: A total of 96 eyes in 48 subjects were included(30 males 
and 20 females, mean age 35±14y). The mean axial length was 23.62 
± 1.19 mm, the mean IOP was 13.54 ± 2.1 mmHg, the mean SE 
was -1.50 ± 2.4D. In normal subjects, the mean RI was 0.74±0.06, 
the mean PI was 1.19±0.16. This study shows the relationship 
between hemodynamic parameters and age, including RI (R=-0.59, 
P<0.01), PI (R=-0.58, P<0.01). Hemodynamic parameters were not 
significantly correlated with other association factors, including axial 
length, IOP, SE.
Conclusions: Hemodynamic parameters decreased with age, 
indicating the perfusion of fundus weakened with age.
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Fig1:Pulsatile flow of retinal vessel indicated as blue lines. peak 
systolic velocity (S); middle, average velocity (A), bottom, end 
diastolic velocity (D). Resistance index is defined as(S-D)/S, 
pulsatility index is defined as (S-D)/A

Fig2:Hemodynamic parameters and its association factors
Commercial Relationships: CE SHI, None; Shenghai Huang, 
None; QINGKAI MA, None; Meixiao Shen, None; Fan Lu, None
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Spectroscopic imaging of the outer retina with visible light OCT
Vivek J. Srinivasan1, 2, Shau Poh Chong1, Marcel T. Bernucci1. 
1Biomedical Engineering, University of California, Davis, Davis, 
CA; 2Department of Ophthalmology and Vision Sciences, UC Davis, 
Sacramento, CA.
Purpose: The absorption of visible photons by photo pigment in the 
retina is the beginning of photo transduction that underlies visual 
perception, and numerous chromophores in the retina or its blood 
supply absorb visible light. Yet, Optical Coherence Tomography 
currently uses near-infrared (NIR) light. While near-infrared light 
can delineate layers in the retina based on NIR light scattering, 
visible light offers new diagnostic avenues. Here we hypothesize that 
spectroscopic visible light OCT can assess chromophores in the outer 
retina of the human eye.
Methods: A high-speed, fiber-based visible light spectral / Fourier 
domain OCT system was constructed for in vivo imaging of the 
human retina. For the data shown here, a sensitivity of 94 dB with 

an incident power of 100 microwatts and an axial scan rate of 10,000 
axial scans per second was used, but 3D imaging speeds of up to 
70,000 axial scans per second were also achieved. A maximal axial 
resolution of <2 microns (using the whole spectral bandwidth) and 
axial imaging range of ~1.6 mm were achieved in the retina.
Results: Spectroscopic imaging of the human retina is shown in the 
Figure. Images with ~4 micron resolution were generated by dividing 
the visible light spectrum into non-overlapping sub-bands centered at 
560 nm and 620 nm, and are shown in true color. Axial signal profiles 
in each sub-band were normalized to the Inner Limiting Membrane 
(ILM) reflection. The inner retinal layers as well as the 6 major bands 
of the outer retina are clearly resolved. In general, signal from the 
inner retina is higher at shorter wavelengths, while signal from the 
more distal outer retinal layers is higher at longer wavelengths.
Conclusions: Visible light OCT affords the unique opportunity to 
interrogate the outer retina with high resolution spectroscopically. 
Axial signal profiles are consistent with the chromophore distribution 
and optical properties of the retina.

Split-spectrum analysis of OCT retinal morphology. (A) Axial signal 
profiles in each sub-band were normalized to the ILM reflection and 
averaged across a region of interest, before plotting on a logarithmic 
scale. (B) Axial signal profiles of the outer retina, plotted on a linear 
scale, show that distinctive outer retinal layers can be visualized.
Commercial Relationships: Vivek J. Srinivasan, Optovue, Inc. (P); 
Shau Poh Chong, None; Marcel T. Bernucci, None
Support: Glaucoma Research Foundation Catalyst for a Cure


