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Metrics of tissue oxygenation in the retina using adaptive optics 
and OCT-A technology
Matthew S. Muller1, Ann E. Elsner2, Edmund Arthur2, 
Kaitlyn Sapoznik2, Joel A. Papay2, Stephen A. Burns2. 1Aeon Imaging, 
LLC, Bloomington, IN; 2School of Optometry, Indiana University, 
Bloomington, IN.
Purpose: The potential for tissue oxygenation in the retina is 
affected by several factors, such as the decrease in capillary density 
in eyes with diabetes. Vessel diameter also affects the assessment of 
oxygenation, with measurements improved by the delineation of the 
wall vs. lumen. We are developing metrics of tissue oxygenation by 
combining measurements from three retinal imaging modalities.
Methods: We imaged retinal arterioles and surrounding capillaries 
of 3 subjects, ages 27, 29, and 30 yr. Subjects were selected without 
high myopia to minimize differences in retinal distances and 
thickness due to axial length. Images with a point scanning adaptive 
optics scanning laser ophthalmoscope (AOSLO) were collected at 
.93 um/pixel at 780 and 815 nm. The same locations were imaged 
at 1.17 um/pixel with a pseudo-line scanning adaptive optics digital 
light ophthalmoscope (AO-DLO) using LED illumination with center 
wavelengths of 630 and 540 nm. A variety of confocal apertures were 
used with both AO devices to a) visualize vessel walls vs. lumen to 
obtain accurate vessel widths or b) emphasize reflectivity off flowing 
particles vs. absorption in the arterioles for motion mapping for 
capillary density. OCT-A (Heidelberg, Spectralis) was used to provide 
particle motion maps of the arterioles and adjacent capillaries. 
Distances between capillaries and the arterioles and lumen widths 
were computed manually in the posterior pole (Photoshop). The light 
absorbance (log scale) was measured using bright- and dark-field AO-
DLO imaging at 630 and 540nm illumination. The optical density 
ratio, proportional to oxygen saturation, was calculated as the ratio of 
the measured light absorbances.
Results: Particle motion was seen at all wavelengths tested. The 
average width of the arteriole lumens were 68±5, 69±3, and 53±2 um, 
with a wall:lumen ratio of 0.265, 0.688, and 0.781, with AOSLO. In 
the same region, the distance from the lumen to the nearest capillary 
loop was 59±21, 50±17, and 55±15 um with AOSLO and 53±16, 
51±20, and 52±15 um for OCT-A. As expected, the arterial light 
absorbance was greater for green vs. red illumination in all subjects. 
Optical density ratio depended on aperture condition, e.g. in 1 subject 
varying from -0.166 to 0.160.
Conclusions: Several metrics of tissue oxygenation were evaluated 
using AOSLO, AO-DLO and OCT-A technology that may be 
pertinent to early diagnosis and careful monitoring of retinal disease.
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Aeon Imaging (I), Aeon Imaging (F), Aeon Imaging (P),  
Aeon Imaging (R); Ann E. Elsner, Aeon Imaging (I),  
Aeon Imaging (P); Edmund Arthur, None; Kaitlyn Sapoznik, 
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Support: NIH/NEI 1R41EY026105; NIH/NEI 1R0EY024315
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Presentation Time: 4:00 PM–4:15 PM
Optical coherence tomography angiography of the correlation 
between radial peripapillary capillary density and retinal nerve 
fiber layer thickness in healthy eyes
JIE WANG, Joseph Simonett, Xiaohui Hua, Liang Liu, 
Thomas S. Hwang, David Huang, Yali Jia. Casey Eye Institute, 
Portland, OR.
Purpose: Optical coherence tomography angiography (OCTA) 
has enabled accurate visualization and quantification of the radial 
peripapillary capillaries (RPC), which provide valuable functional 
information in disease processes such as glaucoma. Using OCTA, 
we characterize the RPC density across the posterior pole in healthy 
eyes, and its relationship with retinal nerve fiber layer (NFL) 
thickness.
Methods: Four 4.5 x 4.5 mm overlapping scans using a commercial 
OCTA system were obtained in the right eye and montaged to 
form a wide-field angiogram centered on the optic disc of 9 health 
participants. A semi-automated segmentation algorithm isolated the 
RPC based on structural OCT and produced en face angiograms. 
The proportion of flow pixels within each grid element (8×8-pixel) 
was used to create RPC density maps, which were then aligned to 
generate an averaged RPC density map. An average NFL thickness 
map was created using the same OCT data set. Averaged density and 
thickness maps were spatially divided into small, radially arranged 
sections to facilitate quantitative assessment of the relationship 
between RPC density and NFL thickness.
Results: The RPC density was greatest in the superior temporal and 
inferior temporal perpapillary regions in a similar pattern as the NFL 
thickness (Fig. 1). RPC density decreased with distance from the 
optic disc, but more slowly than the NFL thickness. Dense RPC can 
be found along the arcuate bundles more than 6mm from the disc 
center. RPC density and NFL thickness were nonlinearly related, 
RPC density reaching a ceiling of 80% when NFL thickness was 
greater than 100 μm. A nonlinear fit of RPC density on NFL thickness 
provides a high correlation (R2 = 0.96).
Conclusions: The RPC density follows a bi-arcuate distribution 
pattern similar to the NFL thickness but attenuates more slowly with 
distance from the disc. It could be measured by OCTA in a large 
peripapillary area. Wide-field RPC density maps may be useful for 
the evaluation of retinal nerve fiber metabolism and function.

Figure 1. Averaged radial peripapillary capillary density (left) and 
retinal nerve fiber layer thickness (right) maps.
Commercial Relationships: JIE WANG, None; Joseph Simonett, 
None; Xiaohui Hua, None; Liang Liu, None; Thomas S. Hwang, 
None; David Huang, Optovue (I), Carl Zeiss (P), Optovue (F), 
Optovue (P); Yali Jia, Optovue (F), Optovue (P)
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Program Number: 2005
Presentation Time: 4:15 PM–4:30 PM
Diabetic Retinal Microaneurysm (MA) Perfusion Analysis Based 
on Computational Fluid Modeling and Adaptive Optics Scanning 
Laser Ophthalmoscopy (AOSLO)
Yang Lu1, Miguel O. Bernabeu2, Omar Abu Qamar1, 
Konstantina Sampani1, Lloyd P. Aiello1, 3, Jennifer K. Sun1, 3. 
1Beetham Eye Institute, Joslin Diabetes Center, Boston, MA; 2Centre 
for Medical Informatics, Usher Institute, University of Edinburgh, 
Edinburgh, United Kingdom; 3Department of Ophthalmology, 
Harvard Medical School, Boston, MA.
Purpose: MA perfusion status may influence diabetic retinopathy 
onset and progression or worsening of macular edema. However, 
structural characteristics of individual MAs have not previously 
been clearly associated with perfusion attributes. This study utilizes 
MA structural information to estimate perfusion parameters through 
advanced computational analysis of high resolution (2.5μm) AOSLO 
images.
Methods: MAs were imaged using AOSLO multiply scattered 
light imaging with 75-frame videos. MA boundaries were manually 
segmented, and 3-D models were constructed assuming rotational 
symmetry with respect to the centerline. Mean, maximum and 
minimum blood flow velocities previously measured in the 
parafoveal vasculature were used as boundary conditions at the MA 
inlets. Computational fluid dynamics modeling estimated shear rate 
(SR), wall shear stress (WSS) and perfusion velocity (Vel) within 
each MA. Low SR is associated with blood cell aggregation and 
clotting. Abnormal WSS levels have been linked to endothelial cell 
dysfunction.
Results: Ten MAs were imaged from 7 eyes of 7 diabetic subjects. 5 
were saccular (4 partially clotted) and 5 fusiform (all fully perfused). 
The mean±SD SR, WSS, and Vel were: 13.6±28.0S-1, 0.11±0.17Pa, 
and 44.6±64.7μm/s, respectively. Lower SR (11.4±30.1 vs 
15.7±25.5S-1), WSS (0.09±0.19 vs 0.12±0.14Pa), and Vel (33.0±63.8 
vs 56.1±63.4μm/s) were observed in MAs that were saccular as 
compared to fusiform. All three variables were lowest at areas 
adjacent to outpouchings of the MA wall furthest away from the inlet 
and outlet. In the 4 partially perfused saccular MAs, intraluminal clot 
was present in areas estimated to have the lowest SR (3.6±15.9S-1 in 
clotted areas vs. 14.9±32.5S-1 in perfused areas), as well as WSS and 
Vel.   
Conclusions: This technique enables noninvasive, in vivo estimation 
of perfusion parameters within MAs in the diabetic eye. In this small 
group, WSS was found to be lowest in the MA regions furthest away 
from the feeding vessels. Our results indicate that areas of low SR 
are associated with clot location in saccular MAs. Future studies will 
evaluate the association between these flow-based variables and MA 
progression, leakage and local neural retinal pathology.

A1-E1:Saccular MA. A2-E2:Fusiform MA. A1&A2:AOSLO image. 
B1&B2:Motion contrast image. C1&C2:Binary mask. D1&D2:3-D 
model. E1&E2:Velocity stream line.
Commercial Relationships: Yang Lu, None; Miguel O. Bernabeu, 
None; Omar Abu Qamar, None; Konstantina Sampani, None; 
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Program Number: 2006
Presentation Time: 4:30 PM–4:45 PM
Peripapillary Perfused Vessel Density of Major Vessels and 
Capillaries in Normal Tension Glaucoma
Barbara Cortes1, Shelley Mo2, 1, Toco Y. Chui1, Richard B. Rosen1. 
1Ophthalmology, New York Eye and Ear Infirmary of Mount Sinai, 
Brooklyn, NY; 2Icahn School of Medicine at Mount Sinai,  
New York, NY.
Purpose: To compare the peripapillary perfused vessel density 
(PVD) in Normal Tension Glaucoma patients (NTG) and normals 
using Optical Coherence Tomography Angiography (OCTA).
Methods: A retrospective analysis of OCTA images obtained using 
a spectral-domain OCT system (Avanti RTVue-XR, Optovue) was 
conducted for NTG patients and normals. The OCTA images used 
were of a layer extending from the inner limiting membrane (ILM) 
to the posterior of the retinal nerve fiber layer (RNFL) (Fig. A1 & 
B1). NTG patients were separated into 3 groups: mild, moderate, 
and severe. A custom designed image analysis method was used to 
quantify perfused vessel density of capillaries and major vessels in 4 
different quadrants (nasal, temporal, superior, and inferior) centered 
at the optic disc, as well as the annulus (Scripsema et al. IOVS 
2016). The annulus was defined as the area between two concentric 
circles centered at the optic disc, with diameters of 1.95 mm and 3.45 
mm. Capillary PVD was defined as the ratio of the area occupied 
by capillaries in the region of interest (ROI) to the total area of the 
ROI, excluding the area of the ROI occupied by major vessels. 
Major vessel PVD was defined as the ratio of the area occupied by 
major vessels in the ROI to the total area of the ROI (Fig. A2 & B2). 
Capillary PVD and major vessel PVD for each ROI were compared 
across all 4 groups using one-way ANOVA and post-hoc Tukey.
Results: A group of 4 normals and 3 groups of NTG, consisting of 
4 patients with either mild, moderate, or severe, were included. In 
the nasal quadrant of the RNFL, capillary PVD decreased for each 
NTG group, with significant differences for severe NTG (10.67% 
difference, p<0.01). In the superior, inferior, and temporal quadrants, 
capillary PVD significantly decreased for severe NTG (p<0.01, 
p<0.05, and p<0.01 respectively). In the annular ROI, capillary PVD 
decreased for each NTG group, with significant differences between 
moderate and severe NTG (5.97% difference, p<0.05). No significant 
differences in major vessel PVD were found.
Conclusions: OCTA is a useful tool for detecting changes in the 
perfusion density of several regions in the peripapillary capillary 
layer of NTG patients, and provides valuable insight on how NTG 
severity impacts vasculature in the retina.

Commercial Relationships: Barbara Cortes, None; Shelley Mo, 
None; Toco Y. Chui, None; Richard B. Rosen, NanoRetina (C), Carl 
Zeiss Meditech (C), Opticology (I), Advanced Cellular Technologies 
(C), Clarity (C), ODOS (C), Regeneron (C), Genentech (F), Optovue 
(C), Allergan (C)
Support: Marrus Family Foundation, Bendheim-Lowenstein Family 
Foundation, Wise Family Foundation, New York Eye and Ear 
Chairman’s Research Fund, Violett Fund, Milbank Foundation.

Program Number: 2007
Presentation Time: 4:45 PM–5:00 PM
Automated Quantification of Nonperfusion in 3 Vascular Plexuses 
with Projection-Resolved Optical Coherence Tomography in 
Diabetic Eyes
Thomas S. Hwang1, Ahmed M. Hagag1, Miao Zhang1, 
Andrew K. Smith2, David J. Wilson1, David Huang1, Yali Jia1. 
1Ophthalmology, Casey Eye Institute, Oregon Health and Science 
University, Portland, OR; 2Georgetown University School of 
Medicine, Washington, DC.
Purpose: Projection artifacts in optical coherence tomography 
angiography (OCTA) interferes with the accurate evaluation of the 
deeper retinal plexuses. Our group had developed a projection-
resolved (PR) OCTA algorithm, which reduces these artifacts and 
allows visualization of 3 distinct vascular plexuses in the macula.  
We hypothesize that this technique may better reveal capillary 
dropout and other vascular abnormalities.
Methods: A commercial 70kHz spectral domain OCT system 
scanned eyes of diabetics and healthy controls using 3x3mm macular 
OCTA scans. The data was exported for custom processing with 
PR-OCTA. A semi-automated algorithm segmented the retina into 3 
plexuses (Fig. 1). Foveal avascular zone (FAZ) area, total avascular 
area (TAA), and extrafoveal avascular area (EAA, outside the 1mm 
diameter central circle) were automatically quantified based on gaps 
between capillaries.
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Results: Fourteen eyes of healthy participants, 8 eyes with diabetes 
but no retinopathy, 27 eyes with mild to moderate nonproliferative 
diabetic retinopathy (NPDR), and 21 eyes with more severe 
retinopathy were imaged. All nonperfusion metrics trended larger 
with increasing retinopathy severity. EAA on individual layers using 
PR-OCTA distinguished the 4 groups better than other parameters 
(Table I) and was able to detect significant nonperfusion in diabetics 
without retinopathy (p=0.016) compared to control eyes.
Conclusions: Automatically quantified nonperfusion areas individual 
plexuses using PR-OCTA is more sensitive than analysis on all 
plexuses as one slab. Nonperfusion area outside of the FAZ provided 
more accurate diagnosis than the size of the FAZ. This technique 
may be useful in detecting retinal changes in diabetics even before 
clinically visible retinopathy appears.

The inner retinal OCT angiogram is further segmented into 3 slabs: 
superficial vascular complex (SVC), intermediate capillary plexus 
(ICP), and deep capillary plexus (DCP) using PR-OCTA in healthy 
and diabetic eyes with automatically detected nonperfusion areas in 
blue. DR: diabetic retinopathy, NPDR: non-proliferative DR.

Commercial Relationships: Thomas S. Hwang, None; 
Ahmed M. Hagag, None; Miao Zhang, None; Andrew K. Smith, 
None; David J. Wilson, None; David Huang, Optovue (I), Carl 
Zeiss Meditec (P), Optovue (F), Optovue (P); Yali Jia, Optovue (F), 
Optovue (P)

Support: This work was supported by grant DP3 DK104397, R01 
EY024544, P30 EY010572 from the National Institutes of Health 
(Bethesda, MD), and by unrestricted departmental funding from 
Research to Prevent Blindness (New York, NY).

Program Number: 2008
Presentation Time: 5:00 PM–5:15 PM
Parallel Variable Interscan Time Analysis (VISTA) OCTA and en 
Face Doppler OCT of Optic Disc and Peripapillary Vasculature
ByungKun Lee1, Eric M. Moult1, Stefan B. Ploner2, Yasin alibhai3, 
Carl B. Rebhun3, Carlos Moreira3, Lennart Husvogt2, 
Andreas K. Maier2, Gadi Wollstein4, Joel S. Schuman4, 
Nadia Waheed3, Jay S. Duker3, James G. Fujimoto1. 1Department of 
Electrical Engineering and Computer Science/Research Laboratory of 
Electronics, Massachusetts Institute of Technology, Cambridge, MA; 
2Pattern Recognition Lab, Friedrich-Alexander University Erlangen-
Nuremberg, Erlangen, Germany; 3New England Eye Center, Tufts 
Medical Center, Boston, MA; 4Department of Ophthalmology, New 
York University, New York, NY.
Purpose: Variable interscan time analysis (VISTA) using high-speed 
optical coherence tomography (OCT) has improved quantitative 
interpretation of OCT angiography (OCTA). En face Doppler OCT 
allows direct quantitative measurement of total retinal blood flow 
(TRBF). Using VISTA-OCTA and en face Doppler OCT images of 
the optic disc, we aim to investigate the relationship between radial 
peripapillary capillary perfusion, optic disc perfusion, and TRBF.
Methods: OCTA and Doppler scans were acquired from eyes with 
age-related macular degeneration, glaucoma, diabetic retinopathy, 
and control subjects using a 1050-nm swept-source OCT prototype at 
a 400 kHz axial scan rate. VISTA-OCTA was performed by acquiring 
5 repeated B-scans at each position and calculating the ratio of the 
OCTA signals in the OCTA images with 1.5 ms and 3 ms interscan 
times. OCTA volumes were flattened with respect to the vitreoretinal 
interface and a 190-μm depth slab was projected for visualization 
of the peripapillary radial capillary plexus. En face Doppler OCT 
volumes were acquired at a 7.1 volumes/sec scan rate to resolve 
blood flow pulsatility.
Results: VISTA-OCTA images provided information on the blood 
flow speed in the large retinal vessels and peripapillary radial 
capillary plexus. En face Doppler OCT resolved the pulsatility of 
arterial TRBF and yielded accurate measurement of mean TRBF.
Conclusions: The combination of VISTA-OCTA and en face 
Doppler OCT may be useful for extracting information on retinal and 
optic disc blood flow. Different flattening references other than the 
vitreoretinal interface are desired in order to measure prelaminar and 
laminar perfusion.



ARVO 2017 Annual Meeting Abstracts

These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to 
access the versions of record.

VISTA and en face Doppler images of (A-E) a glaucoma suspect eye 
and (F-J) an eye with primary open-angle glaucoma. (A, F) 3-ms 
interscan time OCTA projection from the vitreoretinal interface to 
190-μm depth. (B, G) corresponding VISTA images where blue 
represents slow flow speeds and red represents fast flow speeds. (C, 
D, H, I) en face Doppler axial flow velocity image at systole and 
diastole overlaid on the intensitiy projection. (E, J) plots of pulsatile 
total retinal blood flow. Scale bars 500 μm.
Commercial Relationships: ByungKun Lee, None; Eric M. Moult, 
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Program Number: 2009
Presentation Time: 5:15 PM–5:30 PM
Retinal Capillary Fractal Dimension and Early Diabetic 
Retinopathy in a Type 2 Diabetes Using Optical Coherence 
Tomography Angiography
QINGKAI MA1, Qi Chen1, Fan Tan1, Chaoming Wu2, Yingzi Li1, 
Meixiao Shen1, Fan Lu1. 1School of Ophthalmology and Optometry, 
Wenzhou Medical University, Wenzhou, China; 2Endocrinology 
department, The Second Affiliated Hospital & Yuying Children’s 
Hospital of Wenzhou Medical University, Wenzhou, Zhejiang, China, 
Wenzhou, China.
Purpose: To evaluate the relationship between fractal dimension (Df) 
of retinal microvascular around macular and diabetic retinopathy(DR) 
in patients with type 2 diabetes mellitus (T2DM) by using optical 
coherence tomography angiography (OCT-A).
Methods: Sixty-one nondiabetic eyes and 167 eyes with T2DM were 
evaluated. The T2DM eyes were classified into three groups: 111 
eyes without DR (NDR), 43 eyes with mild non-proliferative DR 
(NPDR), and 13 eyes with moderate or severe NPDR. Capillary mean 
Df around macular within 3×3 mm was assessed quantitatively based 
on the OCT-A images (RTVue; Optovue, Inc., Fremont, CA, USA). 
Logistic regression models were used to compute odds ratios (OR) 
and confidence intervals (CI) for T2DM/ NPDR with adjustment for 
confounders.
Results: For the diabetic groups, the mean Df in the deep vascular 
layers were significantly different among the groups (ANOVA, 
p<0.001), with NPDR patients having lower Df compared with 
NDR. After adjustment for age and sex (Table 1), lower Df in the 
diabetic patients was significantly associated with increased odds of 
retinopathy (OR 9.21, p<0.001) comparing the highest and lowest 
quartile of Df. This association remained with additional adjustment 
for body mass index (BMI), Mean arterial blood pressure (MABP), 
intraocular pressure (IOP), diabetes duration, blood glucose, HbA1c, 
triglyceride, total cholesterol, high density lipoprotein and low 
density lipoprotein (OR 32.90, p=0.002). Furthermore, the mean Df 
in the NDR patients were also lower compared with the nondiabetic 
group. Logistic regression showed there was a trend of an association 
of lower Df and diabetes after adjustment for age, sex, BMI, MABP, 
IOP (p=0.059).
Conclusions: Lower retinal capillary Df in the deep vascular layer, 
representing the decreased geometric complexity of the retinal 
microvascular around the macular, is independently associated 
with early DR signs in T2DM. Fractal analysis of images acquired 
by OCT-A may allow quantitative measurement of early diabetic 
microvascular damage.

Commercial Relationships: QINGKAI MA, None; Qi Chen, 
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Support: National Nature Science Foundation of China (Grant No. 
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