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Background: To implement an ultra-wide optical coherence tomography angiography imaging (UW-
OCTA) modality in eyes with diabetic retinopathy (DR) with the aim of quantifying the burden of
microvascular disease at baseline and subsequent clinic visits.

Methods: UW-OCTA was implemented on a 1,060 nm swept source (SS) OCTA engine running at 100 kHz
A-line rate with a motion tracking mechanism. A montage scanning protocol was used to capture a
100-degree field of view (FOV) using a 4x4 grid of sixteen total individual 6x6 mm® scans. Typical OCTA
images with a FOV of 3x3, 6x6 and 12x12 mm” were obtained for comparison. DR patients were scanned at
baseline and follow-up. They were treated at the clinician’s discretion. Vessel density and non-perfusion area
maps were calculated based on the UW-OCTA images.

Results: Three proliferative DR patients were included in the study. UW-OCTA images provided
more detailed visualization of vascular networks compared to 50-degree fluorescein angiography (FA)
and showed higher burden of pathology in the retinal periphery that was not captured by typical OCTA.
Neovascularization complexes were clearly detected in the two patients with active PDR. Vessel density
and non-perfusion maps were used to measure progressive capillary non-perfusion and regression of
neovascularization between visits.

Conclusions: UW-OCTA provides approximately 100-degree OCTA images of the fundus comparable to
that of wide-angle fundus photography, and may be more applicable in conditions such as DR which affect
the peripheral retina in contrast to standard OCTA.
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Introduction

Diabetic retinopathy (DR) is the leading cause of blindness
in the United States for patients aged 20-64 years (1). It
is characterized by microaneurysms (MAs), capillary non-
perfusion, and ischemia within the retina (2-5) that may lead
to several complications, such as diabetic macular edema
(DME), diabetic macular ischemia, and neovascularization
of the retina (6-10). Capillary non-perfusion impairs

the delivery of nutrients to the neuroglial tissues in the
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retina, resulting in hypoxia and the expression of vascular
endothelial growth factor (VEGF). VEGF promotes
both angiogenic responses and vascular permeability
(11,12). Currently, retinal capillary non-perfusion is
readily demonstrated by fluorescein angiography (FA).
Midperipheral capillary non-perfusion has been shown to
be the most common type in early stage DR and the extent
of capillary non-perfusion is more pronounced in eyes with
retinal and optic disc neovascularization (13,14). Therefore,
it is crucial to detect midperipheral or far peripheral
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capillary non-perfusion in DR patients, especially in the
early stages of the disease.

FA, a dye-based angiography, is widely recognized as
an essential tool in evaluating the severity of DR (15).
Traditional fundus cameras capture FA images from the
posterior pole, covering a 20-50 degree field which is
important for macular diseases such as age-related macular
degeneration. The introduction of widefield imaging
systems, including color fundus photography and FA, has
proven to be of higher utility in diseases such as DR that
have significant effects on the peripheral retina (16-18).
Compared to the traditional fundus images, widefield FA
imaging devices enable imaging of up to 200 degrees of the
posterior pole in a single scan. However, despite its clinical
usefulness, FA and widefield FA are invasive procedures
requiring the intravenous injection of fluorescein which has
documented risks of nausea, vomiting, itching, anaphylaxis,
and in rare cases, can cause death (19).

Optical coherence tomography (OCT) is a non-
invasive imaging modality that can rapidly render three-
dimensional images of retinal microanatomy. It has become
an important tool in the management of DR, especially
with the advent of anti-VEGF therapy for the treatment
of DME (20). Optical coherence tomography angiography
(OCTA) (21-25) is a further step in OCT technology that
allows assessment of the microvasculature by detecting
functional blood flow. It has become increasingly important
as a non-invasive, functional imaging modality in conditions
affecting the retinal and choroidal vasculature (26-29).
The basis of OCTA is to isolate and exhibit only tissues
with variable backscattering of light. By repeating an OCT
scan multiple times at the same location, post-processing
methods are applied to isolate only tissues that produce
variable backscattering of light such as those produced by
the continual flux of red blood cells through the retinal
vasculature (30,31). Given current OCT system speed,
the tolerance of the human eye to maintain its position
for approximately 5 seconds limits the field of view (FOV)
obtainable by OCTA, which requires rapid acquisition
of images in a small window of time. Typically, 3x3 and
6x6 mm’ are the most common FOVs of spectral domain
(SD) OCTA with an imaging speed of approximately
70 kHz. Larger FOVs of up to 9x9 and 12x12 mm’ can be
achieved in a single scan by utilizing a faster swept source
(SS) OCTA system (100 kHz). However, with larger scan
areas, there is a correspondingly decreased resolution of the
fine retinal vasculature. To maintain the high resolution of
the vasculature, a montage protocol can be used to cover
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a larger FOV, performing multiple individual scans of the
fundus and merging them into a larger image. Zhang ez al.
showed that montaged SD-OCTA images could be used
to cover a larger FOV of approximately 50 degrees while
maintaining a high vascular resolution (32). The described
method is comparable to traditional fundus imaging,
but still it is not ideal for conditions such as DR that
predominately affect the more peripheral retina.

In this study, we implemented a montage protocol that
utilizes SS-OCTA to achieve ultra-wide images that are
more applicable in DR patients. The more rapid acquisition
time of SS-OCTA makes this method possible and practical
in the clinical setting.

Methods

Clinical and imaging data were collected prospectively
from patients receiving care at the eye institute at the
University of Washington, Seattle, WA, between January
2016 and October 2017. This study was approved by the
Institutional Review Board of the University of Washington
and informed consent was obtained from all subjects. This
study followed the tenets of the Declaration of Helsinki and
was conducted in compliance with the Health Insurance
Portability and Accountability Act.

All patients underwent imaging with a 100 kHz Plex”
Elite 9000 SS-OCTA (Carl Zeiss Meditec Inc., USA)
machine that operates at a central wavelength of 1,060 nm
with a bandwidth of 100 nm, an A-scan depth of 3.0 mm
in tissue, a full-width at half maximal (FWHM) axial
resolution of approximately 5 pm in tissue, and a lateral
resolution at the retinal surface estimated at 12 pm.
FastTrac™ motion correction software was used while the
images were acquired, which enabled the montage scanning
protocol to achieve an unprecedented FOV. The montage
was comprised of a 4x4 grid of sixteen total individual
6x6 mm’ FOV scans. Two repeated B-scans were acquired
as a cluster scan at each position over the slow axis. In total,
500 clusters were stepped in the slow axis. In each B-scan,
500 A-lines were sampled over the fast axis direction. The
high-density sampling of the 6x6 mm’ scans resulted in
12 pm spacing, rendering the retinal microvasculature at
high resolution and allowing for quantitative analysis. The
complex optical microangiography (OMAG") algorithm was
used to obtain OCTA images, by utilizing the variations in
both the intensity and phase information between sequential
B-scans at the same location to generate flow signal (30).
The 4x4 grid was imaged in a standardized manner by
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changing the fixation target to guide the OCT probe.
"Twenty percent overlap between adjacent cubes was allowed
in order to guide the rendering of the montage image.
In addition, traditional single scan images were obtained,
including 3x3, 6x6 and 12x12 mm’, to allow comparison
with the ultra-wide montage image.

Retinal layers were segmented using a validated semi-
automated segmentation algorithm (33). Three retinal layers
were segmented in all patients: a vitreous retinal layer (VRL)
that is a slab covering approximately 100 microns above
the inner limiting membrane (ILM), a superficial retinal
layer (SRL) extending from the ILM to the inner plexiform
layer (IPL), and a deep retinal layer (DRL) covering a slab
from the outer border of the IPL to the outer border of
the outer plexiform layer (OPL) (32). Maximum projection
was applied on the segmented volumes to generate the en
face angiograms. The different layers were color coded as
follows: purple in VRL, red in SRL, and green in DRL. An
automated montage algorithm was then applied to generate
the final ultra-wide angiograms.

Vessel density and flow impairment areas indicating
capillary non-perfusion were calculated on the en face
angiograms using our previously described method (34).

A non-perfusion flow impairment map was created
in all patients to highlight voids where capillaries were
not detected but excluding areas of less than or equal to
0.03 mm’. In addition, the foveal avascular zone and optic
disc were excluded in the analysis. Comparisons between the
composite ultra-wide FOV and common FOVs in detecting
flow impairment area were conducted. In addition, vessel
density changes were detected between clinical visits.

Results

Starting from January 2016, 50 patients comprising a
total of 60 study eyes with either non-proliferative DR
(NPDR) or proliferative diabetic retinopathy (PDR), were
enrolled in our study and underwent OCTA imaging.
Twelve study eyes were excluded due to severe cataract
or motion artifacts. Thirty patients, contributing 20
study eyes, underwent ultra-wide FOV scans. Of these, 3
patients, contributing four study eyes in total, underwent
the montage UW-OCTA scan, in addition to the single
scan images of all three FOVs (3x3, 6x6 and 12x12 mm’).
These three cases are described in this report. Of note, one
of the three patients (patient #3) had an adverse reaction to
traditional FA imaging and refused further invasive studies.
She was subsequently followed with SS-OCTA scans on her
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routine clinical visits in order to monitor progression.

Patient #1: PDR (non-bigh risk) in a 33-year-old man

A 33-year-old man presented with best-corrected visual
acuity (BCVA) of 20/20 in the right eye and was diagnosed
with non-high risk PDR. Both color fundus photography
and traditional FA images demonstrated intraretinal
hemorrhages and MAs in the macula (Figure 14,B). Typical
3x3 mm’ (Figure 1C) and 6x6 mm’ (Figure 1D) OCTA
images showed only details of the central macula and
did not provide a FOV comparable to traditional fundus
imaging, but did provide greater detail of the capillary
networks in the macula. A 12x12 mm’ (Figure 1E) OCTA
image encompassed the macula and a portion of the retina
outside of the arcades, but with lower resolution of the
capillary networks compared to the smaller FOV scans.
The UW-OCTA image (Figure 1F), with approximately
100 degrees FOV, demonstrated the widest field view
with vascular detail comparable to the smaller FOV scans.
The UW-OCTA demonstrated non-perfusion areas (dark
signal), and neovascularization in the VRL (purple color)
that were not visualized on traditional FA or the smaller
field OCTA scans.

Quantification methods previously described (34) were
applied to the UW-OCTA image to quantify the areas of
non-perfusion as well as vessel density (Figure 2). Flow
impairment was found to be more concentrated in the
retinal periphery rather than the macula (area shaded
green in Figure 2C) with less dense capillary circulation in
the same distribution (Figure 2D). To provide quantitative
measures, we measured the non-perfusion areas with typical
50-degree FA FOV (yellow dashed circle in Figure 2C),
and compared that to the outside region within 100-degree
OCTA. The total area of non-perfusion was 11.83 mm’
within 50-degree FOV, whereas that of the outside
50-degree but within 100-degree FOV, was 108.59 mm’.

Patient #2 inactive PDR in a 54-year-old man

A 54-year-old man presented with best-corrected visual
acuity (BCVA) of 20/20 in his left eye that was stable
compared to 1 year ago. Panretinal photocoagulation (PRP)
had been performed in the left eye 20 years ago with scars
demonstrated on both the typical 50-degree color fundus
photograph (Figure 3A4) and FA (Figure 3B) images. The
UW-OCTA images at baseline and his subsequent follow up
1 year later are shown in Figure 3C,D,E and Figure 3EG,H,
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Image Aand B

FOV 50
(degree)

Figure 1 The clinical images and OCTA images with different field of views (FOVs) of a 33-year-old man (patient #1) with a diagnosis
of non-high risk PDR in his right eye. (A) 50-degree color fundus image; (B) 50-degree early phase of FA image; (C,D,E) typical OCTA
color-coded images with a FOV of 3x3, 6x6, and 12x12 mm’ scans, respectively; (F) the ultra-wide OCTA color-coded image with a FOV
of approximately 100 degrees. Red indicates superficial retinal layer (SRL); Green indicates deep retinal layer (DRL); Purple indicates the

vitreous retinal layer (VRL) to demonstrate neovascularization consistent with PDR. The FOVs of each image are listed in the table.

respectively. A 50-degree circle is overlaid onto the UW-
OCTA images demonstrating the additional information
gained by widefield OCTA compared to traditional fundus
camera images. Quantitative measures of non-perfusion
area in Figure 3D and Figure 3G within typical 50-degree
FOV were 9.68 mm’ for the first visit and 10.38 mm’ for
the second visit, respectively. However, these values were
67.36 mm’ for the first visit and 69.88 mm’ for the second
visit in the region bounded by 50-degree and 100-degree
outlines. The vessel density maps in Figure 3E,H showed
that there is no appreciable difference in the 1-year follow-
up interval (on average 24.42% vs. 24.77%), suggesting
stable or minimal progressive capillary perfusion loss.

Patient #3 High-risk PDR in a 31-year-old woman

A 31-year-old woman presented with best-corrected visual

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

acuity (BCVA) of 20/20 in her right eye and 20/60 in her
left eye. At her initial consultation, the patient had a severe
allergic reaction to the fluorescein dye and fainted. She did
not consent to further FA studies. However, Optos wide-
field color fundus images were captured on both right
and left eyes (Figure 4). Her baseline UW-OCTA showed
extensive neovascularization of the disc (NVD) and retina
elsewhere (NVE) in the left eye (Figure 5A). Intravitreal
bevacizumab and panretinal photocoagulation laser
treatments were performed in the left eye. One month later,
the UW-OCTA was repeated (Figure 5B). Comparison of
Optos photograph (Figure 44) to UW-OCTA (Figure 5)
demonstrates the response to treatment more dramatically
in the color-coded UW-OCTA, showing regression of the
NVD and NVE. The non-perfusion map (Figure 5C,D)
reflects the regression of neovascularization in the VRL,
exposing a larger area of underlying non-perfusion in the
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Figure 2 Ultra-wide OCTA image of the whole retinal layer (WRL) in gray scale of patient #1 and the corresponding quantification

process. (A) The original ultra-wide OCTA image; (B) binary OCTA image that was used for vessel density and further non-perfusion area

measurements; (C) the OCTA image overlaid with non-perfusion area map in green color. Typical 50-degree FOV is outlined approximately

with yellow dashed circle. The non-perfusion area within the outlined circle is measured with 11.83 mm’, whereas that of the outside is

108.59 mm’. (D) The vessel density map overlaid with the binary OCTA image. The color-bar indicates the degree of the vessel density in

percentage.

retinal circulation. Quantitative measures of total non-
perfusion area in Figure 5C,D within typical 50-degree
FOV were 32.31 mm’ for the first visit and 49.02 mm’ for
the second visit, respectively. The non-perfusion in the
area bounded by the 50-degree and 100-degree lines was
122.37 mm’ at the first visit, and 135.84 mm” for the second
visit. The vessel density maps in Figure SE,FF showed that
there is also a decrease in the vessel density measurement by
the second visit (30.26% to 22.02% on average) consistent
with the regression of NVD and NVE.

Figure 6 shows images of the patient’s right eye. Again,
the NVD and NVE are more readily appreciable on the
UW-OCTA images compared to the Optos image. With one

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

month of observation, the NVE has progressed in the UW-
OCTA image (Figure 6A4 vs. Figure 6D) and on the vessel
density map [Figure 6C (27.52% in average) vs. Figure 6F
(24.69% in average)]. Non-perfusion area (Figure 6B vs.
Figure 6E) has also progressed within the 50-degree FOV
(30.28 to 35.91 mm®), but more so outside of the 50-degree
region (84.71 to 97.77 mm’).

Discussion

In this study, we utilized SS-OCTA in a novel protocol to
render UW-OCTA images in patients with PDR. As we
showed in our previous study, the maximum composited
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Figure 3 Clinical images and ultra-wide OCTA images of a 54-year-old man (patient #2) with a diagnosis of inactive PDR on his left eye.

The clinical images were taken in his first visit. (A) 50-degree color fundus image; (B) 50-degree late phase of FA image; (C,F) the original

ultra-wide OCTA images at his baseline and 1-year follow-up visit; (D,G) the non-perfusion map in green color of his first and follow-

up visit; (E,H) vessel-density map overlaid with binary map of the two different visits. The yellow circle overlaid on OCTA images is a

50-degree circle to identify the typical clinical FOV.

FOV on patients we obtained from the SD-OCTA
prototype with an A-line rate of 68 kHz can be extended to
50 degrees with high vascular resolution (contributed by the
dense sampling of the single cube, 2.4x2.4 mm’ with 245
A-line x 245 B-scan), comparable to the standard clinical
images. In this study, the faster speed of SS-OCTA (up to

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

100 kHz) and its modified tracking system allowed us to
extend the FOV even wider to approximately 100 degrees
with less imaging time. The application of this methodology
is of special interest in cases such as DR and other retinal
conditions predominately affecting the peripheral retina,
such as sickle cell retinopathy, retinal vasculitis, or ocular
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Figure 4 Optos ultra-wide color fundus image of a 31-year-old female (patient #3) with a diagnosis of (A) severe PDR on her left eye and (B)
PDR on her right eye. Typical 50-degree FOV is outlined with white dashed circle line.
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Figure 5 Ultra-wide OCTA image of a 31-year-old woman (patient #3) with a diagnosis of severe PDR on her left eye. (A,B) Ultra-wide
color-coded OCTA images at the first visit and 1-month follow-up visit after intravitreal bevacizumab and panretinal photocoagulation; (C,D)
the non-perfusion map in green color of his first and second visit; (E,F) vessel density map of her first and second visit. The yellow circle
overlaid on OCTA images is a 50-degree circle to identify the typical clinical FOV. On (A) and (E), red indicates superficial retinal layer (SRL);

green indicates deep retinal layer (DRL); purple indicates the vitreous retinal layer (VRL) to demonstrate the neovascularization.
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Figure 6 Ultra-wide OCTA image of a 31-year-old woman (patient #3) with a diagnosis of PDR in her right eye. (A,D) Ultwa-wide color-

coded OCTA images of the first visit and one-month follow-up visit; (B,E) the non-perfusion map in green color of his first and second

visit; (C,F) Vessel-density map at her baseline and 1 month follow-up visit. The yellow circle overlaid on OCTA images is a 50-degree circle
to identify the typical clinical FOV. On (A) and (D), red indicates superficial retinal layer (SRL); Green indicates deep retinal layer (DRL);

Purple indicates the vitreous retinal layer (VRL) to demonstrate the neovascularization.

ischemic syndrome.

The three reported cases demonstrate the ability of UW-
OCTA to provide valuable clinical information in grading
retinopathy, monitoring stability, or monitoring treatment
response.

In the case of patient #1, it is clear that OCTA renders
a higher level of capillary network detail compared to
conventional FA. Furthermore, the wider FOV of UW-
OCTA captured NVE missing in the 50-degree image
obtained by traditional FA and the smaller FOV OCTA
scans (Figure 1C,D,E). In the case of patient #2, the patient
had a history of inactive PDR. UW-OCTA showed no
active NVD or NVE and capillary density remained stable
at 1-year follow-up, corresponding to the assessment of
clinical stability. In the case of patient #3, we presented a case

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of adverse reaction to fluorescein dye that was effectively
followed with the less invasive UW-OCTA. In this case,
we are able to monitor the response of NVD and NVE
to intravitreal anti-VEGF injections and PRP without
invasive fluorescein dye testing. It can also be concluded
that regression of NVD and NVE after treatment is more
easily appreciated with UW-OCTA compared to Optos
fundus photography. UW-OCTA may be of significant value
in such clinical contexts wherein the number of necessary
injections to achieve control requires frequent re-imaging,
such as when more providers are opting to treat PDR with
anti-VEGF injections rather than PRP (35,36). In the fellow
eye, quantification indices on the vessel-density map show
worsening NVE in the right eye after 1-month observation.
In addition, progressive non-perfusion was measured on
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the non-perfusion map. All three cases demonstrate that
the burden of microangiopathy in DR is more heavily
concentrated outside of the central 50 degrees that are
captured by conventional photography methods.

There are limitations in our methodology. First, the
acquisition time of UW-OCTA imaging is relatively
long compared to standard OCTA imaging, which takes
approximately 5 seconds per scan. Each UW-OCTA
takes around 20 minutes to perform for both eyes, which
may make acquisition difficult in patients who have low
vision and cannot maintain fixation. On the other hand,
acquisition time and difficulty may be comparable or
better when compared to standard FA, which requires
significant set-up time, placement of intravenous access,
and at least 10 minutes of image capture time, exposing
the patient to significant flash photography. Second, we
provide quantification of retinal capillary perfusion using
a vessel-density map. Although this may allow trending
of microvascular disease between visits, there have not
been studies to establish the clinical significance of vessel
density changes. Most of our understanding and clinical
approach to DR are from clinical findings such as MAs,
retinal hemorrhages, and signs of neovascularization,
which have been described in the ETDRS study. Further
study is needed to understand the clinical utility of vessel
density changes now that advancements in technology make
trending this metric possible.

In summary, we have described an ultra-wide OCTA
imaging protocol for DR patients, which can provide up
to 100 degrees of high vascular resolution by utilizing SS-
OCTA. The UW-OCTA images capture both the entire
macula and retinal periphery in DR patients, which has
widespread application in early disease screening, assessing
treatment response, and assessing stability.
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