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Abstract

Purpose—To compare the sensitivities of high speed Fourier domain optical coherence tomography
(FDOCT) and conventional time domain (TD)-OCT for the detection of clinical findings important
in the management of common vitreoretinal disorders.

Design—Prospective observational study.

Methods—FDOCT scans (128 B-scans x 512 A-scans) were obtained using a prototype instrument
(3D-OCT, Topcon, Japan) in 50 eyes of 28 consecutive patients undergoing conventional high
resolution (6 B-scans x 512 A-scans) TDOCT imaging (StratusOCT, Carl Zeiss Meditec, USA).
Each image set was reviewed independently for the presence of clinical findings of interest, and
device sensitivities calculated.

Results—The average sensitivity for detection of all features in this study was 94% for FDOCT
and 60% for TDOCT. Clinical findings were identical between devices in 18% (9/50) of cases.
FDOCT detected features that were not visible on conventional OCT scans in 78% (39/50) of cases.
FDOCT was more sensitive than TDOCT for the detection of multiple findings, including: diffuse
intraretinal edema (87% versus 60.9%), subretinal fluid (100% versus 46.2%), large pigment
epithelium detachments (100% versus 81%), and subretinal tissue (100% versus 61.5%).

Conclusions—FDOCT appears superior to TDOCT for the detection of many clinically relevant
features of vitreoretinal disease. The greater sensitivity of FDOCT systems, for the detection of
intraretinal and subretinal fluid, may be of particular importance for the treatment of patients with
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neovascular AMD. FDOCT is likely to supplant TDOCT as the standard of care for retinal specialists
in the near future.
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Introduction

Optical coherence tomography (OCT), first described by Huang et al. in 1991, allows high-
resolution cross-sectional (tomographic) images of the neurosensory retina to be obtained in a
non-invasive manner. StratusOCT (Carl Zeiss Meditec, Dublin, CA) has an axial resolution
of 8-10 um and is the most commonly used OCT system worldwide.2 OCT images are
generated by comparing the time delay and intensity of light waves scattered from tissue to
those traveling in a known reference path. In time-domain (TD)-OCT systems such as
StratusOCT, light waves returning from different retinal structures are assessed by varying the
position of a reference mirror. Although TDOCT systems are capable of generating high-
resolution images, they are limited by a low scanning speed (400 A-scans per second for
StratusOCT) and thus, only sparse coverage of the macular area is possible (Figure 1).2

In recent years, the image acquisition speed of OCT systems has increased by many orders of
magnitude. In these systems, light waves returning from the eye enter a diffraction grating and
the resulting spectral fringe pattern is registered using a charge coupled device camera —a
mathematical (Fourier) transformation is then applied to obtain information regarding the time
delay and intensity of these waves.3-6 These “high speed” OCT systems are commonly referred
to as spectral domain, or Fourier domain (FD)-OCT. Since the light waves returning from
different axial depths are measured simultaneously, without the need for a mobile reference
mirror, each A-scan can be acquired 50-100 times more quickly than in TDOCT systems. The
high A-scan acquisition speed (typically over 20,000 A-scans per second) of FDOCT allows
more complete coverage of the macular area via dense raster scanning (Figure 1).% 6 In addition
to these speed advantages, recently released, commercially available, FDOCT systems have
incorporated improved superluminescent diode light sources, allowing incremental
improvements in axial image resolution.”

On its initial introduction, OCT was used predominantly for the qualitative evaluation of
disorders of the vitreoretinal interface (e.g. macular holes) and for the quantitative assessment
of retinal thickening (e.g. diabetic macular edema).® Clinical usage has since been extended
to macular disorders with more complex morphological features (e.g. neovascular age-related
macular degeneration (AMD)).% 10 The improvements offered by FDOCT technology may
facilitate improved understanding of, and treatment for, these disorders, as well as extending
the range of OCT applications to include the assessment of inherited retinal degenerations and
non-exudative (“dry”) AMD.11-13

In this study, we compare the sensitivities of a FDOCT system (3D-OCT 1000, Topcon, Japan)
and a TDOCT system (StratusOCT), for the detection of tomographic features relevant to the
diagnosis and management of common vitreoretinal disorders.

Materials and Methods

Data Collection

For this prospective study, FDOCT images were obtained from consecutive patients
undergoing conventional TDOCT imaging between September 15" and October 3 2006 at
the Doheny Eye Institute. Approval for data collection and analysis was obtained from the
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institutional review board of the University of Southern California. The research adhered to
the tenets set forth in the Declaration of Helsinki.

TDOCT scans were obtained using the Radial Lines protocol of 6 high-resolution B-scans on
a single StratusOCT machine (6 B-scans x 512 A-scans, StratusOCT, Carl Zeiss Meditec,
Dublin, CA). This system acquires 400 A-scans per second with an axial resolution of 8-10
um. In the StratusOCT Radial Lines protocol, each of the 6 radial line scans covers 6 mm and
a complete set can be acquired in approximately 8-10 seconds.?

FDOCT images were obtained using a raster scan protocol on a prototype instrument (128 B-
scans x 512 A-scans, 3D-OCT, Topcon, Japan). This system acquires 18,000 A-scans per
second with an axial resolution of 6 um. Using the 3D-OCT raster scan protocol, the complete
dataset is acquired in fewer than 3.7 seconds.1* For both devices, image sets centered on the
fovea were obtained. No patients were excluded from the study on the basis of media opacity
or ocular pathology.

Grading of Tomographic Features

Each set of OCT scans was reviewed independently by retinal specialists certified in OCT
grading by the Doheny Image Reading Center (ACW, SRS), using a standard protocol to
identify commonly graded OCT features (Table 1). After this review, a standard form was
completed by each grader for each image set: each tomographic feature was recorded as
“Visible”, “Questionable”, “Not Visible”, or “Cannot Grade”. Disagreement regarding the
detection of features was resolved by open adjudication.

Assessment of External Limiting Membrane

For each FDOCT dataset, the horizontal OCT B-scan passing closest to the point of fixation
was identified and exported to Adobe Photoshop (version 7.0, Adobe Inc). The horizontal radial
line scan was also chosen from each TDOCT dataset, and exported to Adobe Photoshop in a
similar fashion. A line identifying the external limiting membrane was traced, where visible,
on a separate layer using the pencil tool (Figure 2). Drawn pixels were then counted using the
histogram function. Subsequently, these data were converted to percentages by dividing the
number of painted pixels by the image width.

Statistical Methods

Results

The ground truth for each case was determined by merging the findings from both methods to
generate the maximal possible level of detection for each finding. The sensitivity of each
imaging method, for the detection of each tomographic feature, was then calculated as the
proportion of true positives correctly identified as such (Sensitivity = True positives/(True
positives + False negatives)). 95% confidence intervals for the sensitivity of each method were
also determined.

For each OCT device, the percentage ELM visibility was compared using a Wilcoxon signed-
rank test. P < 0.05 was considered to be statistically significant. Statistical analysis and was
performed using commercially available software (Intercooled Stata for Windows, Version 9,
Statacorp LP, USA).

Tomographic Features

The average sensitivity for detection of all features in the study was 94% for FDOCT and 60%
for TDOCT. If questionable grades were excluded, the overall sensitivity for FDOCT decreased
t0 92%, and for TDOCT to 59%. Tomographic features were identical between devices in 18%
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(9/50) of cases. FDOCT detected features that were not visible on conventional TDOCT scans
in 78% (39/50) of cases. In 6 cases (12%), tomographic features, visible on TDOCT, were not
evident on FDOCT.

The detection sensitivity for features of the preretinal space and macular holes is shown in
Table 1. When questionable grades were included, FDOCT was more sensitive than TDOCT
for the detection of the posterior hyaloid face (100% versus 73.3%), vitreomacular traction
(100% versus 42.9%), epiretinal membrane (95.5% versus 63.6%), and lamellar holes (60%
versus 40%).

The detection sensitivity for retinal, subretinal, and retinal pigment epithelium (RPE) findings
is shown in Table 2. When questionable grades were included, FDOCT was more sensitive
than TDOCT for the detection of multiple findings, including: diffuse intraretinal edema (87%
versus 60.9%), subretinal fluid (100% versus 46.2%), large pigment epithelium detachments
(100% versus 81%), and subretinal tissue (100% versus 61.5%). Visualization of photoreceptor
outer segment disruption was also facilitated by FDOCT (94.4% versus 33.3%).

External Limiting Membrane

On average, the ELM was visible across 39% of the TDOCT B-scans in this cohort (range
3-76%). The ELM was visible across an average of 56% of the FDOCT scans (range 5-95%).
The difference between these two populations was statistically significant (p<0.00001) and
represented an increase in the extent of visualization of 45%.

Discussion

In this prospective cross-sectional study, we provide preliminary evidence of the increased
sensitivity of FDOCT for the detection of retinal features of importance in the diagnosis and
management of macular disease.

FDOCT was more sensitive than TDOCT for detection of the structural features of the
vitreomacular interface (e.g. posterior hyaloid face, vitreomacular traction, epiretinal
membrane) (Figure 3). In the most commonly used TDOCT scanning protocols, radial line
scans are positioned to intersect on the foveal center point to minimize the chance that critical
macular findings will be missed in patients with significant pathology or poor fixation. Even
in cases of accurate scanning, TDOCT may fail to detect focal abnormalities occurring in a
juxta- or extra-foveal position if they fall between the radial scan lines. The increased coverage
of the macular area afforded by FDOCT is also useful for the evaluation of cases where
vitreomacular interface abnormalities occur over a broad area. FDOCT also allows improved
detection of epiretinal membranes both because of dense coverage and because of higher
resolution light sources that have improved the axial resolution of modern OCT instruments.
This finding, and the improved visualization of the posterior hyaloid face, may shed additional
light onto the pathogenesis of these disorders.1® 16 Moreover, volumetric rendering of FDOCT
datasets may allow improved qualitative evaluation of the tractional forces occurring in these
disorders and serve as a guide for surgical decision-making.1” Although the sample size in this
study is too small to draw firm conclusions, it appears that the perifoveal concentration of
TDOCT radial line scans is often adequate for the initial diagnosis of full-thickness macular
holes. However, other studies have suggested that the increased axial resolution of FDOCT
may provide additional prognostic information for patients with this disorder and aid the
assessment of postoperative anatomic outcomes.14: 18, 19

In this study, FDOCT was more sensitive than TDOCT for the detection of intraretinal fluid
accumulation in the form of diffuse sponge-like retinal edema. Subretinal fluid accumulation
was also more commonly identified using FDOCT. Detection of these features plays a critical
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role in the treatment of both retinal and choroidal vascular disorders. In the PrONTO study,
treatment of neovascular AMD with ranibizumab was based, in part, on OCT criteria: a loss
of five letters of visual acuity in conjunction with intra- or subretinal fluid on OCT being an
indication for retreatment.? In addition, retreatment in the CATT (Comparison of Age-Related
Macular Degeneration Treatments Trials) and IVAN (Inhibit VEGF in Age-related choroidal
Neovascularization) trials, comparing the safety and efficacy of ranibizumab with that of
bevacizumab, is determined primarily by the presence of intraretinal, subretinal, or sub-RPE
fluid on OCT. Areas of hyperreflective tissue in the subretinal space (corresponding to
fibrovascular tissue, hemorrhage, lipid or thick fibrin), termed “subretinal tissue”, were also
more readily detected on FDOCT. In disorders such as neovascular AMD, the presence of these
areas on OCT may be an indicator of reduced visual acuity.20

Evidence from this report also suggests that the increased axial resolution and sensitivity of
FDOCT allows better detection of fine structures such as the external limiting membrane
(ELM) and of photoreceptor outer segment disruption, when present. Disruption of the ELM-
photoreceptor complex plays a critical role in the accumulation of lipoproteinaceous fluid in
the neurosensory retina.?! Detection of an intact ELM on OCT may be an important prognostic
indicator in retinal vascular diseases such as central retinal vein occlusion.22 Evaluation of the
photoreceptor outer segments is of particular importance in patients with retinal dystrophies
and those presenting with unexplained visual loss. In many cases, photoreceptor outer segment
disruption is correlated with reductions in visual acuity?3: 24 — the improved capability of
FDOCT for photoreceptor outer segment visualization may allow better monitoring of disease
progression in patients with these disorders.13

Finally, FDOCT appears superior to TDOCT for the evaluation of the RPE and inner choroid.
Large pigment epithelium detachments were less frequently detected on TDOCT than on
FDOCT. Choroidal vascular disorders, such as neovascular AMD, are commonly associated
with serous, hemorrhagic, or fibrovascular PEDs.2> Accurate delineation of these features is
critical for both qualitative and quantitative evaluation of these disorders. In this report,
FDOCT was also more sensitive for the detection of small PEDs corresponding to drusen. Due
to their slower acquisition speed, TDOCT images are more prone to motion artifacts, making
the identification of drusen more difficult.12 The advent of FDOCT, combined with advances
in image analysis software may extend the clinical utility of OCT to include the evaluation of
drusen, thus providing additional information on the natural history, and effects of intervention
on, patients with AMD.

The increased sensitivity of FDOCT over TDOCT, detected in this study, is predominantly
attributable to the increased sampling of the macular area facilitated by high-speed image
acquisition in these systems. However, in 12% of cases, TDOCT was capable of identifying
tomographic features that were not visible using FDOCT — mainly due to poor image quality
in the FDOCT cases. In four of these cases, FDOCT failed to detect the presence of small
intraretinal cystoid spaces. In the other two cases, FDOCT failed to detect a lamellar hole and
a highly reflective intraretinal interface. In the FDOCT raster scan protocol used in this study
(128 B-scans x 512 A-scans over a 6x6 mm area), each B-scan is separated by approximately
45 um. TDOCT imaging was performed using a radial lines protocol that concentrates image
acquisition at the foveal center and is, therefore, sometimes capable of detecting small lesions
not captured using a grid scanning protocol. FDOCT scanning protocols are still evolving and
the optimal scan density for maximum clinical applicability remains unknown.

One major limitation of this study is the relatively small sample size. In addition, our findings
were limited to a single FDOCT system: 3D-OCT 1000 by Topcon. Although it is likely that
other FDOCT systems offer similar advantages over TDOCT, further study will be required

to confirm this hypothesis and to assess the relative merits of each platform. A further limitation
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of our study was our inability to completely mask from the graders the OCT system from which
images under evaluation were obtained — we attempted to minimize this potential source of
bias through the use of a dual-grader process. Finally, our study was focused on qualitative
comparisons of OCT images — not quantitative comparisons of the two technologies.
Quantitative measurements obtained from OCT systems now constitute a critical component
of many clinical trials for macular disorders.26 As a result, the accuracy of the automated image
analysis software for OCT systems may be at least as important as the hardware specifications
for these systems.

In summary, FDOCT appears superior to TDOCT for the detection of many clinically relevant
features of vitreoretinal disease. The greater sensitivity of FDOCT systems, for the detection
of intraretinal and subretinal fluid, may be of particular importance for the treatment of patients
with neovascular AMD. FDOCT is likely to supplant TDOCT as the standard of care for retinal
specialists in the near future.
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Figure 1.

Retinal Coverage with OCT. (Left) Conventional Time domain OCT data showing sparse
coverage of radial line B-scans. (Right) Fourier domain OCT data projected onto a fundus
image showing dense coverage of the macular area by 3D-OCT B-scans.
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Figure 2.

Fourier domain (FD)-OCT (top left) and Time domain (TD)-OCT (top right) images from the
same eye. The external limiting membrane (ELM) was marked on each OCT B-scan (middle
left) + (middle right) where clearly visible using the Pencil tool from Adobe Photoshop. ELM
was visible across 77% of the FDOCT scan (bottom left) in contrast to 59% of the TDOCT
scan (bottom right) from the same eye.
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Figure 3.

Time domain (TD)-OCT (first row) and Fourier domain (FD)-OCT (second row) B-scans
showing subfoveal photoreceptor outer segment disruption (white box). TDOCT (third row)
and FDOCT (fourth row) B-scans showing more widespread disruption (white box).
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Comparison of time domain and Fourier domain optical coherence tomography: Preretinal space and Macular

Holes
Clinical Finding Time
domain
OCT
Sensitivity

% (95% CI)

Fourier
domain
OCT
Sensitivity
% (95% ClI)

Time domain OCT
Sensitivity without
Questionables % (95%
Cl)

Fourier domain OCT
Sensitivity without
Questionables % (95%
Cl)

Preretinal Space

Hyaloid Face 73.3(44.9-
92.2)

Vitreomacular Traction 42,9 (9.9-
81.6)

Epiretinal Membrane 63.6 (40.7 —
82.8)

Macular Holes

Lamellar Hole 40 (5.27 -
85.3)

Full-Thickness Macular Hole 100 (2.5-
100)

100 (78.2 -
100)

100 (59 —
100)

955 (77.2 -
99.9)

60 (14.7 -
94.7)

100 (2.5 -
100)

46.7 (21.3-73.4)

100 (2.5 — 100)

75 (47.6-92.7)

50 (1.26 — 98.7)

100 (2.5 — 100)

100 (78.2 — 100)

100 (2.5 - 100)

100 (79.4 - 100)

50 (1.26 - 98.7)

100 (2.5 — 100)
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Comparison of time domain and Fourier domain optical coherence tomography: Retina, Subretinal Space, and
Retinal Pigment Epithelium

Clinical Finding

Time Fourier
Domain domain
OCT OCT
Sensitivity Sensitivity

% (95% Cl)

% (95% CI)

Time domain OCT
Sensitivity without
Questionables % (95%
Cl)

Fourier domain OCT
Sensitivity without
Questionables % (95%
Cl)

Retinal Findings

Intraretinal Cystoid Space
Diffuse Intraretinal Edema

Highly Reflective Intraretinal
Interface

External Limiting Membrane

Photoreceptor Outer Segment
Disruption

Subretinal Findings
Subretinal Fluid

Subretinal Tissue

Retinal Pigment Epithelium
Large PED
Triple Highly*Reerctive Band
at Level of RPE

Small PED/Drusen

Bruch Membrane

86.2 (68.3 - 82.8 (64.2 -
96.1) 94.2)

60.9 (38.5 - 87 (66.4 —
80.3) 97.2)
48.4(30.2 - 90.3 (74.2 -
66.9) 98)

62.8 (46.7 - 100 (91.8 -
77) 100)
33.3(13.3- 94.4(72.7 -
59) 99.9)

46.2 (19.2 - 100 (75.3 -
74.9) 100)

61.5 (31.6 - 100 (75.3 -
86.1) 100)
81(58.1— 100 (83.9 -
94.6) 100)

17.6 (3.8 - 100 (80.5 —
43.4) 100)
82.1(63.1- 92.9 (76,5 -
93.9) 99.1)

58.8 (32.9 - 100 (80.5 -
81.6) 100)

76 (54.9 — 90.6)

421 (20.3 - 66.5)

50 (28.2 - 71.8)

45 (29.3 - 61.5)

20 (4.33 - 48.1)

66.7 (29.9 — 92.5)

50 (18.7 - 81.3)

77.8 (52.4 - 93.6)

16.7 (2.09 - 48.4)

66.7 (46 — 83.5)

66.7 (34.9 - 90.1)

84 (63.9 - 95.5)

100 (82.4 — 100)

90.9 (70.8 - 98.9)

100 (91.2 — 100)

93.3 (68.1 - 99.8)

100 (66.4 — 100)

60 (26.2 - 87.8)

100 (81.5 - 100)

100 (73.5 - 100)

100 (87.2 — 100)

100 (73.5 - 100)

*

“Triple Highly Reflective Band at Level of RPE” refers to the three outer retinal bands believed to correspond (from inner to outer) to: (1) the photoreceptor
inner segment-outer segment junction, (2) interface between photoreceptors and RPE (the inner RPE surface), and (3) the outer RPE surface. In lower
quality scans, the latter two bands may be merged into a single band.
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