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Abstract

Purpose To compare signal penetration

depth and deep structure-visualization of

swept source (SS) and spectral domain (SD)-

optical coherence tomography (OCT) with

and without enhanced depth imaging (EDI)

and B-scan averaging modes.

Methods Volume scans were obtained from

20 eyes of healthy volunteers by DRI OCT-1,

Spectralis using EDI and B-scan averaging,

and Cirrus HD-OCT. The signal penetration

depth was measured as the distance between

the retinal pigment epithelium and the

deepest visible anatomical structure at the

foveal center. Visibility and contrast of the

choroidoscleral junction and of vascular

details within the choroid were assessed

across the entire volume using an ordinal

scoring scale. Outcome measures were

compared using paired t-test and rank-sum test.

Results The mean signal penetration depth

was 498±114mm for Spectralis, 491±85 mm

for DRI OCT-1, and 123±65 mm for Cirrus;

P¼ 0.9708 Spectralis vs DRI OCT-1, Po0.0001

Spectralis vs Cirrus, and Po0.0001 DRI OCT-1

vs Cirrus. Mean ranks for visibility and

contrast of the choroidoscleral junction were

3.83 for Spectralis, 3.98 for DRI OCT-1, and

2.00 for Cirrus; and 3.45 for Spectralis, 2.93

for DRI OCT-1, and 1.58 for Cirrus. Mean

ranks for visibility and contrast of vascular

details were 3.73 (Spectralis), 3.70 (DRI OCT-1),

and 2.23 (Cirrus); and 3.53 (Spectralis), 2.05

(DRI OCT-1), and 1.98 (Cirrus).

Conclusion Signal penetration depths are

similar for SS-OCT and SD-OCT using EDI

and frame averaging, and statistically

significantly lower without EDI/averaging.

Both SD-OCT using EDI/frame averaging and

SS-OCT offer excellent visualization

capabilities for volumetric imaging of the

choroidoscleral interface.
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Introduction

Optical coherence tomography (OCT) is one of

the leading diagnostic tools in modern

ophthalmology.1,2 Among many other clinical

applications, OCT can be used to image deep

structures at the posterior pole such as the

choroid, lamina cribrosa and sclera.3–6 The

introduction of specific techniques allowing

such deep-range imaging has led to a surge of

clinical and research studies investigating these

anatomical compartments in vivo. In particular,

the choroidal layer and its role in vascular and

inflammatory disease have gained tremendous

scientific interest.

In terms of OCT technology, two major

approaches enabling imaging of deep ocular

structures have been established: (1) Spectral

domain (SD)-OCT with conventional light

sources using ‘enhanced depth imaging’ (EDI);

(2) swept source (SS)-OCT using a long-

wavelength light source. Specifically, state-of-

the-art SD-OCT systems use superluminescent

diodes with a central wavelength of 800–870 nm

for illumination, which is optimal for imaging of

the retina, but does not offer large penetration

depths. Moreover, in SD-OCT technology, the

signal strength decays rapidly (‘sensitivity roll-

off’) with increasing spatial distance to the zero-

delay line, which is the axial position of
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maximum sensitivity for signal detection (conventionally

placed near the vitreoretinal interface). Counteracting

this phenomenon, EDI achieves adequate signal strength

from the choroid by placing this region of interest closest

to the zero-delay line.7 On the other hand, SS-OCT

systems show much less sensitivity roll-off versus depth

and therefore offer larger imaging ranges. Together with

the use of a longer wavelength light source (eg, at

1050 nm) with increased penetration properties, SS

technology results in natively better signals from deep

regions, without sacrificing signal strength in other

regions of the image.3,6 Comparisons of these two key

technologies with regard to measurement of choroidal

thickness have been reported previously.8–12 However,

a quantitative comparison of signal penetration depth

has not been performed so far to the best of our

knowledge.

The human choroid exhibits strong topographic

thickness variations at the posterior pole, being, for

example, thickest subfoveally and thinnest near the optic

nerve head.13 When investigating the choroid, it is,

therefore, of key importance to use volume scanning to

account for this immanent topographic variability.

Previous evaluations of SD- and SS-OCT instruments’

imaging capabilities of the choroid used singular sections

and/or only subfoveal locations. A comprehensive

evaluation of the capability of these devices to resolve the

choroidoscleral junction over the entire macular area has

not been published to date.

In this paper, we present a quantitative comparison of

signal penetration depth of a standard SD-OCT

instrument using the EDI technique and real-time frame

averaging (Heidelberg Spectralis), a commercially

available SS-OCT instrument using a long-wavelength

light source (Topcon DRI-1), and an SD-OCT instrument

without EDI/averaging as a reference (Cirrus HD-OCT).

Volume scanning was used throughout and evaluated for

complete visualization of the choroidoscleral junction

and resolved level of detail within the choroidal

vasculature.

Methods

This prospective, noninterventional case series was

conducted in compliance with the tenets set forth in the

Declaration of Helsinki. Ethics approval was obtained

prospectively from the Ethics Committee at the Medical

University of Vienna. All participants provided written

informed consent before participation in the study.

Participants and imaging protocol

Healthy volunteers with a minimum age of 18 years

without any ocular pathology and refractive error below

±2 diopters were prospectively recruited at the

Department of Ophthalmology, Medical University of

Vienna, Austria. Without pupil dilatation, they were

imaged with the following OCT instruments in random

order by a single, experienced operator (HF): (1)

Spectralis OCT (Heidelberg Engineering, Dossenheim,

Germany, software version 1.5.2.0, 840 nm central

wavelength, scanning pattern 512� 97 A-scans covering

20� 201 using EDI mode and automated real-time

averaging activated at 50 frames), (2) DRI OCT-1 Atlantis

(Topcon Medical Systems Inc., Oakland, NJ, USA,

software version 9.10, 1050 nm central wavelength,

scanning pattern 256� 256 A-scans covering 6� 6 mm

using single frames), and (3) Cirrus HD-OCT (Carl Zeiss

Meditec, Dublin, CA, USA, software version 5.0.0.326,

820 nm central wavelength, scanning pattern 512� 128

A-scans covering 6� 6 mm using single frames). All OCT

examinations of each volunteer were completed within

1 h on the same day.

Image evaluation

All examination findings were exported as raw data and

evaluated in validated custom software at the Vienna

Reading Center by two independent, masked readers

(MS and DP) holding a grader certification. The readers

were masked to the volunteer and the other grader, but

could not be masked to the machine because each

instrument has unique image characteristics. To evaluate

the penetration depth of the OCT signal, the center of the

foveal pit was first identified. At this location, the vertical

distance between the outer border of the retinal pigment

epithelium (RPE) and the outer border of the deepest

visible structure in the image was measured using a

caliper tool (Figure 1). This tool is calibrated according to

the OCT manufacturer’s specification of the pixel-to-

micrometer conversion factor used in each OCT device.

To evaluate the visibility of the choroidoscleral

junction, each OCT volume was individually assessed

and the percentage of visible choroidoscleral junction

graded using an ordinal scoring system as follows:

1, below 10% of the choroidoscleral junction visible;

2, between 11 and 50% of the choroidoscleral junction

visible; 3, between 51 and 90% of the choroidoscleral

junction visible; and 4, over 90% of the choroidoscleral

junction visible. In addition, the overall contrast of the

choroidoscleral junction was graded as follows: 1, not

visible; 2, poor contrast; 3, medium contrast; and 4, high

contrast. To evaluate the capability of the OCT

instrument to resolve fine details at the choroidal level

such as small and large vessels, the identical scoring

systems were applied to grade the percentage of visible

details within the scanned choroidal subvolume and the

level of contrast.
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Statistical evaluation

GraphPad Prism version 6.03 for Windows (GraphPad

Software, La Jolla, CA, USA) was used for statistical

analysis. Continuous variables (averaged between the

two observers) were visualized as box plots, where the

whiskers represent the minimum and maximum values,

and compared using one-way analysis of variance and

Tukey’s correction for multiple comparisons. The

interobserver reproducibility for continuous variables

was assessed using linear regression analysis and Bland–

Altman plots. Ordinal variables were visualized using

scatter plots, and compared using Friedman’s rank-sum

test and Dunn’s correction for multiple comparisons. All

ordinal gradings of the two readers were grouped for

statistical analysis. Cohen’s k was used to evaluate the

overall agreement between the observers for ordinal

variables. The formal significance level was set at

Po0.05.

Statement of ethics

We certify that all applicable institutional and

governmental regulations concerning the ethical use of

human volunteers were followed during this research.

Results

Twenty-three eyes of twelve volunteers were included.

Mean (± SD) age was 23.8±1.8 years. Of the 23 eyes,

three were excluded because of incomplete data due to

OCT machine malfunction at one of the recording

sessions. Accordingly, 20 eyes of 10 volunteers had

complete data enabling pair-wise comparisons. Mean

subfoveal choroidal thickness was 340± 62 mm for

Spectralis and 325mm±63 for DRI OCT-1.

Signal penetration depth

The mean distance between the lower border of the RPE

and the outermost visible structure below the center of

the foveal pit was 498±114mm for Spectralis, 491±85mm

for DRI OCT-1, and 123±65 mm for Cirrus; P¼ 0.9708

Spectralis vs DRI OCT-1, Po0.0001 Spectralis vs Cirrus,

and Po0.0001 DRI OCT-1 vs Cirrus. Corresponding box

plots are shown in Figure 2. There was an excellent

reproducibility between the two graders (r2¼ 0.987,

Po0.0001). Blant–Altman plots showing reproducibility

and 95% limits of agreement for each of the individual

OCT machines are provided in Figure 3.

Visualization of the choroidoscleral junction

The median scores for choroidoscleral junction visibility

were 4 for Spectralis, 4 for DRI OCT-1, and 2 for Cirrus.

The mean ranks were 3.83 for Spectralis, 3.98 for DRI

OCT-1, and 2.00 for Cirrus, P40.9999 Spectralis vs DRI

OCT-1, Po0.0001 Spectralis vs Cirrus, and Po0.0001 DRI

OCT-1 vs Cirrus. The median scores for choroidoscleral

junction contrast were 4 for Spectralis, 3 for DRI OCT-1,

and 2 for Cirrus. The mean ranks were 3.45 for Spectralis,

2.93 for DRI OCT-1, and 1.58 for Cirrus; P¼ 0.049

Spectralis vs DRI OCT-1, Po0.0001 Spectralis vs Cirrus,

Figure 1 Determination of signal penetration depth. At the center of the fovea, the vertical distance between the outer border of the
retinal pigment epithelium and the outermost visible structure in the same vertical column was measured using a caliper tool in
custom software.

Figure 2 Comparison of signal penetration depths. Although
the mean penetration depths are similar for Spectralis and DRI
OCT-1, Cirrus shows significantly lower mean values.
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and Po0.0001 DRI OCT-1 vs Cirrus. Corresponding

scatter plots are shown in Figure 4.

Visualization of vascular details in the choroidal layer

The median scores for vascular detail visibility

were 4 for Spectralis, 4 for DRI OCT-1, and 2 for Cirrus.

The mean ranks were 3.73 for Spectralis, 3.70 for

DRI OCT-1, and 2.23 for Cirrus; P40.9999 Spectralis

vs DRI OCT-1, Po0.0001 Spectralis vs Cirrus, and

Po0.0001 DRI OCT-1 vs Cirrus. The median scores for

contrast within the choroidal layer were 4 for Spectralis,

2 for DRI OCT-1, and 2 for Cirrus. The mean ranks were

3.53 for Spectralis, 2.05 for DRI OCT-1, and 1.98 for

Cirrus; Po0.0001 Spectralis vs DRI OCT-1, Po0.0001

Spectralis vs Cirrus, and P40.9999 DRI OCT-1 vs

Cirrus. Corresponding scatter plots are shown in

Figure 5.

Figure 3 Bland–Altman plots for interobserver agreement. For all three devices, the 95% limits of agreement (dotted lines) were
below 50mm.

Figure 4 Scores for visualization of the choroidoscleral junction. Visibility is highest for DRI OCT-1, whereas Spectralis shows the
highest contrast scores.

Figure 5 Scores for the visualization of details within the choroidal layer. Visibility is also highest in this measure for DRI OCT-1,
whereas Spectralis shows significantly superior contrast scores.
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The interrater reliability for all ordinal variables was

k¼ 0.69 (Po0.0001), showing substantial agreement

between the observers.14

Discussion

The present study demonstrated that the signal

penetration depths of an SD-OCT instrument using the

EDI technique and B-scan averaging (Heidelberg

Spectralis), and a new SS-OCT device using a longer

wavelength light source (Topcon DRI OCT-1) were very

similar. Both instruments showed statistically

significantly increased penetration depths compared

with the reference standard without EDI, Cirrus HD-

OCT, when using volume scanning. In our study, the

signal penetration depth per se was measured as opposed

to the choroidal thickness alone. Thus, it went beyond

previously published reports by evaluating the deepest

location where anatomical detail could be resolved.

There has been great interest in visualizing and

studying the choroid as EDI was popularized by Spaide

et al7and introduced into many commercially available

SD-OCT systems. Following a long prototype stage, the

first commercially available SS-OCT instrument has now

been introduced and studies are required to compare

these two technologies. Previous reports, however, only

compared the choroidal thickness measurements and did

not consider the penetration of the OCT signal beyond

the choroidoscleral junction, which cannot be inferred

from thickness comparisons alone.8,11,12 Choroidal

thickness is an important factor in determining if the

choroidoscleral junction can be identified by OCT, owing

to the increasing distance from the external limit of the

choroid to the zero-delay line of the OCT instrument in a

relatively thicker choroid, or the increased light

scattering induced by a thicker choroid.11 Our study

counteracts this limitation by introducing signal

penetration depth as a new measure that has not been

evaluated previously. We believe that the penetration

depth of an OCT system is of higher clinical relevance

because it allows conclusions to be drawn about

situations of, for example, choroidal thickening beyond

the normal range.

In relation to the mean choroidal thickness of 340 mm as

measured in our study (a value similar to those in

previously published reports), our results indicate that

adequate penetration depths reaching well into the sclera

could routinely be achieved with both Spectralis and DRI

OCT-1.13 Unless the choroid is extremely thickened such

as in acute central serous chorioretinopathy with average

values of about 500mm reported, both instruments would

allow examination of the choroidal layer in its entire

extent.15 On the other hand, Cirrus HD-OCT, a regular

SD-OCT instrument without an EDI mode in volume

scanning, showed a mean penetration depth of 120mm,

which means that it can only measure the thickness

of a rather thin choroid. However, in patients with

choroidal thinning such as in typical age-related macular

degeneration,13,16 or in pathologic myopia,12 SD-OCT with

regular scanning protocols may suffice to image the choroid

adequately, particularly if automated algorithms including

the choroidal vasculature as landmarks are used.17

As the macular choroid exhibits a significant topographic

thickness asymmetry (being thickest under the fovea;

thinner nasally than temporally and thinner inferiorly than

superiorly), this study also assessed the visibility of the

choroidoscleral junction and the anatomic details within

the choroidal vasculature taking account of the entire

recorded 6� 6 mm OCT volume.18 When evaluating the

visibility and contrast of the choroidoscleral junction,

490% of the choroidoscleral junction was visible in almost

all cases using DRI OCT-1 and in three-quarters of the

cases using Spectralis. At least 50% of the choroidoscleral

junction was visible in all cases for both Spectralis and DRI

OCT-1. Less than 50% of the choroidoscleral junction was

visible in most cases using the Cirrus instrument.

Spectralis achieved superior contrast scores, with

excellent contrast in about 50% of cases, whereas DRI

OCT-1 showed medium contrast in all instances and

Cirrus showed very low contrast scores overall.

The results were similar for visibility and contrast of

vascular details within the choroid. Almost identical

excellent visibility results were shown for Spectralis and

DRI OCT-1. However, with regard to the contrast levels

of vascular details, Spectralis gave superior results,

whereas Cirrus and DRI OCT-1 showed similar, medium

to low contrast levels. SD-OCT is susceptible to an effect

known as ‘fringe washout’, which is signal loss due to

motion, as SD-OCT uses a camera detector that integrates

in time. During the integration time, if motion occurs, the

OCT signal is degraded or lost. SS-OCT is less susceptible

to fringe washout because of its higher speed and

instantaneous sampling nature. For choroidal vascular

contrast, this effect works in the advantage of SD-OCT,

because when there is motion, that is, blood flow in the

vasculature, the OCT signal is weaker and shows as dark,

thereby enhancing the image contrast.

In contradiction of a previous study by Adhi et al, our

results do not indicate a much improved visualization of

the choroidoscleral junction by SS-OCT over SD-OCT

using the EDI mode. Although the SS-OCT device

showed a trend toward superior complete, volumetric

visualization of the choroidoscleral junction, SD-OCT

using EDI delivered better contrast within the regions of

interest. This is likely due to the use of B-scan averaging

(n¼ 50) in the Spectralis device, which removes speckle

noise and therefore improves visualization of low

contrast features.19 However, lengthy acquisition times
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(in the range of 100-fold compared with SS-OCT in this

study) are a major issue and may become a severely

limiting factor in any patient population that lacks stable

fixation. Even without B-scan averaging, the level of

contrast provided by the SS-OCT machine was high

enough for the graders to comfortably delineate the

choroidoscleral junction. Combining SS-OCT technology

with B-scan averaging may provide even higher depth

penetration and contrast levels.

This study is limited in its sample size, participant

selection and scanning protocol selection. Our small

sample and the inclusion of both eyes of single

volunteers may have introduced a sampling bias. As only

healthy participants were included, extrapolation of our

conclusions to patients with chorioretinal disease and/or

optical media opacities may be limited. Better

penetration through media opacities is a further

advantage of the long-wavelength SS-OCT device which

could not be evaluated here.18 Furthermore, the

comparison of a single-frame scanning pattern with SS-

OCT and a frame averaging scanning pattern with the

Spectralis instrument may be an unfair comparison.

However, frame averaging is not available for volume

scans in DRI OCT-1, and the use of B-scan averaging is

considered the clinical standard for the Spectralis.

Therefore, it seems prudent to compare the instruments

in their standard clinical application setting.

In conclusion, this study demonstrated similar signal

penetration depths for SS-OCT without EDI or frame

averaging(DRI OCT-1) and SD-OCT using EDI and frame

averaging (Spectralis), and statistically significantly

lower penetration depths in SD-OCT without EDI/frame

averaging (Cirrus) in healthy volunteers. Both Spectralis

and DRI OCT-1 offered excellent visualization

capabilities with regard to volumetric representation of

the choroidoscleral interface and vascular details within

the choroid, with a slight visualization advantage for DRI

OCT-1 and a better contrast for Spectralis. Given these

similar outcomes, the improved scanning speed, larger

signal range, and better penetration through media

opacities of SS-OCT may result in superior overall

clinical applicability of these devices in the future.

Summary

What was known before

K Spectral domain optical coherence tomography is the
current standard technique for imaging of the choroid
and deep structures at the posterior pole.

What this study adds
K The new technology of swept source optical coherence

tomography delivers similar signal penetration depths
and volumetric imaging capabilities compared with the
clinical standard.
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