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Abstract
Aims—To examine the practical improvement in image quality afforded by a broadband light
source in a clinical setting and to define image quality metrics for future use in evaluating spectral
domain optical coherence tomography (SD-OCT) images.

Methods—A commercially available SD-OCT system, configured with a standard source as well
as an external broadband light source, was used to acquire 4 mm horizontal line scans of the right
eye of 10 normal subjects. Scans were averaged to reduce speckling and multiple retinal layers
were analysed in the resulting images.

Results—For all layers there was a significant improvement in the mean local contrast (average
improvement by a factor of 1.66) when using the broadband light source. Intersession variability
was shown not to be a major contributing factor to the observed improvement in image quality
obtained with the broadband light source. We report the first observation of sublamination within
the inner plexiform layer visible with SD-OCT.

Conclusion—The practical improvement with the broadband light source was significant,
although it remains to be seen what the utility will be for diagnostic pathology. The approach
presented here serves as a model for a more quantitative analysis of SD-OCT images, allowing for
more meaningful comparisons between subjects, clinics and SD-OCT systems.

INTRODUCTION
Optical coherence tomography (OCT) is a non-invasive tool that affords cross-sectional
imaging of the living human retina (for review, see Drexler1). Since the introduction of the
first commercial instrument to the ophthalmic community more than 12 years ago, there has
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been exponential growth in its clinical application, coinciding with the development of
spectral domain OCT (SD-OCT). In parallel to the commercial deployment of SD-OCT
systems, a number of groups have demonstrated methods for improving the resolution of
SD-OCT. These include simply averaging multiple frames to increase the signal-to-noise
ratio,23 employing adaptive optics to compensate for the eye’s monocular aberrations,4–8

using high-speed detection to reduce motion artefacts,9–12 and integration of broadband light
sources.13–15 Some of these research devices are reported to achieve axial resolution of
nearly 2 μm in vivo. Nevertheless, the evaluation of SD-OCT images remains largely
qualitative.

There is a need to evaluate image quality objectively and quantitatively. This would be
useful in comparing images across different imaging systems, or in monitoring image
quality over time as selective degradation of specific retinal layers may indicate early
pathology. The outer retinal complex has been of particular interest, as it consists of at least
five distinct layers originating from the photoreceptors and retinal pigment epithelium.16 We
define image quality using two parameters: the resolution in the image and the contrast of
individual retinal layers. Depending on the clinical application, one parameter may be more
useful than the other. To date, the literature has focused largely on qualitative assessments of
image quality (although see Stein et al17), making it difficult to compare data sets
quantitatively across instruments or to assess image quality objectively within a clinical
database on a single instrument.

We compared macular SD-OCT image quality using both a broadband superluminescent
diode source and standard light source in a commercially available SD-OCT. We
implemented two metrics that can be useful in evaluating image quality as a step towards
more quantitative treatment of clinical OCT data. We anticipate the development of
additional image analysis tools as research use of SD-OCT becomes more widespread.

MATERIALS AND METHODS
Subjects

Imaging was performed in the right eye of 10 normal subjects (six male, four female),
ranging in age from 24 to 40 years old with a mean of 28.4 years. Ophthalmic examination
revealed no obvious abnormalities, although six of the subjects had moderate refractive
errors. A Zeiss IOL Master (Carl Zeiss Meditec, Dublin, California, USA) was used to
measure axial length of each eye, and nominal 4 mm horizontal OCT scans through the
macula of each subject were corrected for inter-individual differences in axial length, based
on Leung et al.18 Axial length in our subjects ranged from 23.33 to 27.49 mm; actual
macular scan lengths ranged from 3.89 to 4.58 mm.

Image acquisition
Spectral-domain OCT imaging was performed using a Bioptigen SD-OCT instrument
(Bioptigen, Research Triangle Park, North Carolina, USA). Subjects were instructed to
fixate on a central fixation target and 4 mm horizontal line scans were acquired through the
centre of fixation, roughly corresponding to the foveal centre. Each B-scan comprised 1000
A-scans, and 100 B-scans were obtained in each scan set. Images were obtained with one of
two light sources, either a broadband light source (central wavelength 878.4 nm, 186.3 nm
bandwidth) or a standard source (central wavelength 860 nm, 53.7 nm bandwidth).

The theoretical axial resolution in OCT is inversely proportional to the spectral bandwidth of
the light source, as given by equation 1.
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1

The λ and Δλ are the centre wavelength and bandwidth, respectively, of the light source used
for imaging and n is the assumed refractive index of the tissue, 1.333. The theoretical axial
resolution is 1.4 μm for the broadband source and 4.6 μm for the standard source. The power
of the two sources was matched as close as possible using a 50/50 power splitter on the
broadband source. The measured power at the cornea was 746 μW for the broadband
configuration and 755 μW for the standard source, both below the maximum permissible
exposure for this wavelength and optical configuration.19

Previous work has shown that speckle noise in OCT images can be reduced by averaging
multiple registered B-scans together.23 The same principle was applied with SD-OCTscans
acquired in this study to maximise image quality. Scans were directly exported from the
OCT machine and read into ImageJ20 (National Institutes of Health, Bethesda, Maryland,
USA) for processing. Frames from scans that were distorted due to large saccades or eye
blinks were removed. Then a rigid body registration using the ImageJ plugin ‘StackReg’21

was applied to generate a stabilised frame sequence for subsequent averaging. For any given
subject, the same number of frames was used to generate averaged images for the broadband
and standard light sources. For one subject we used 25 frames to generate each image, for
another we used 52 frames, and for the other eight we used 40 frames from each scan set.

Standard versus broadband light source
Two 4 mm horizontal OCT scan sets were acquired (each consisting of 100 B-scans), first
using the broadband light source (central wavelength 878.4 nm, 186.3 nm bandwidth) and
then the standard source (central wavelength 860 nm, 53.7 nm bandwidth). This sequence
was repeated a second time, for a total of four scans per eye. Switching between sources
took approximately 5 min. Each scan was exported into ImageJ and a single registered
average image was generated for each scan set as described above. Visual inspection and
then quantitative mapping of the inner limiting membrane (ILM) contour22 was done for
each subject to confirm that their broadband and standard-source images were acquired from
the same retinal location. It was estimated that the scans between sessions deviated by less
than 50 μm in retinal location, which is the distance between two adjacent B scans.

To compare image quality achieved using the standard and broadband light sources, the
peak-to-trough ratio and local contrast of five hyper-reflective retinal layers, ILM, external
limiting membrane (ELM), inner segment (IS)/outer segment junction (OS) and two retinal
pigment epithelium layers, were evaluated for all four averaged images. First, longitudinal
reflectivity profiles (LRP)23 were generated at three locations along each averaged scan: the
foveal centre, 0.8 mm temporal to the fovea and 0.8 mm nasal to the fovea. Each LRP used
for analysis was an average of the five surrounding A-scans at each of the three locations, so
these were perpendicular to the total image. From the LRP the local contrast was computed
for the above five layers of interest. We define local contrast as a normalised measure of the
contrast of a reflective layer, as given by equation 2.

2

The signal of the neighbouring troughs for each layer of interest was computed as an
average of the neighbouring lower-reflecting layers in the OCT image (using the absolute
local minimum). For example, for the ILM, the neighbouring layer trough signal comes
from the vitreous and either the outer nuclear layer for the foveal measurement, or the
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ganglion cell layer for the nasal and temporal measurements. For the ELM, the neighbouring
layer trough signal comes from an average of the outer nuclear layer and the inner segment
layer. The reported value of local contrast for each layer is an average of the measured
contrast for the two averaged images for the broad-band and standard source imaging
conditions.

The improvement in resolution was evaluated by comparing the full-width half-height
(FWHH) of the ELM layer in the registered and averaged images generated by the standard
and broadband light sources. Using ImageJ, five plot profiles, drawn perpendicular through
the ELM in the temporal retina, were averaged together. The averaged profiles were fit to a
Gaussian function in order to objectively compute FWHH for each of the two light sources.
Resolution was computed from the average image created from one broadband scan set and
one standard-source scan set for each subject.

Evaluating intersession variability
In order to constrain the contribution of intersession variability to any observed differences
between the two light sources, we did a control experiment on one subject. Using the
broadband light source, an OCTscan was obtained on one subject every 2 h for 48 h. A
registered average image was generated from each scan, using 30 frames from each scan set.
The local contrast was then analysed as described above to evaluate layer contrast as a
function of time.

RESULTS
Improvement in image quality and resolution using broadband light source

As has been observed by others,23 the use of multiple frames produces an image with
reduced speckle noise, and these averaged images were what we used for subsequent
analysis. To visualise the improvement in image quality afforded by the use of the
broadband light source, we obtained images of the same retina using the two different light
sources (figure 1). While the image intensity appeared lower and may be judged as a lower
quality image based on a metric-like signal strength, there was a marked improvement in the
contrast of the retinal layers. This is visualised by inspecting an LRP from the same retinal
region in both images (figure 1), with the peaks of the highly reflecting layers being more
easily resolved from the neighbouring layers. To quantify this improvement in image
quality, the mean local contrast for five hyper-reflective retinal layers was calculated. For all
layers, a significant improvement in the mean local contrast (figure 2A) was present, with an
average improvement by a factor of 1.66 seen when using the broadband light source (range
1.17–2.14).

In addition to an improved image contrast, an improvement in resolution was also observed
in the plot profiles taken through the ELM. The FWHH of the ELM was reduced on average
by a factor of 1.9 across subjects (range 1.58–2.35) when using the broadband light source
(data not shown).

In order to assess whether the difference between light sources could be affected by low
repeatability of the scan protocol, one subject was imaged every 2 h for 48 h. The same
image analysis was performed on these images and image quality was found to be
remarkably stable, assessed by monitoring layer contrast as a function of time (figure 2B). It
is important to note that while every effort was made to ensure the exact same retinal
location was scanned each time (through visual inspection and quantitative mapping of the
ILM contour22), there could be residual errors in scan location. The mean local contrast for
any given layer varies by about 11% over the entire experiment, suggesting that intersession
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variability was not a major contributing factor to the observed improvement in image quality
obtained with the broadband light source.

Visualisation of IPL lamination
Visual signals are transferred from the photoreceptor cells to the retinal ganglion cells via
bipolar cells. There are nearly a dozen different types of bipolar cell involved in this process,
and the major distinguishing feature of the cone bipolar cells is the level of stratification of
their axons within the inner plexiform layer (IPL). The IPL is where bipolar cells and
ganglion cells form their synapses. When using the broadband source, an interesting
sublamination of the IPL was observed (figure 3A). These horizontal striations were present
in nearly all the images generated with the broadband light source, and are reminiscent of
the laminar organisation of the IPL observed in monkey (figure 3C)24 and mouse retina
(figure 3B).2526 These striations reflect the fact that synapses aggregate in discrete layers
within the IPL.

DISCUSSION
The combination of a high-resolution, efficient and clinic-friendly OCT system with robust
image processing techniques represents a significant advance over existing commercially
available SD-OCTsystems. We have shown that a commercially available SD-OCT
instrument equipped with a broadband light source can provide improved contrast and
resolution of outer retinal layers. A local contrast analysis demonstrated an improved
contrast of the retinal layers as well as better resolution of the IS/OS layer, as seen by a
narrower FWHH when using the broadband light source.

The approach presented here can serve as a model for a more quantitative analysis of OCT
images, allowing for meaningful comparisons between subjects, clinics, and OCTsystems.
Rather than place qualitative labels on the image and/or devices such as ‘super’, ‘ultra’,
‘high’ or ‘low’, a more quantitative description of image quality is within reach and would
go a long way to help clinicians to make decisions about which imaging tool best fits their
needs. This is especially relevant as additional technological advances are made in SD-OCT.

Horizontal striations within the IPL were also observed and are believed to represent
synaptic sublamination. In most SD-OCT images it is possible to discriminate the nerve
fibre layer from the ganglion cell layer and the ganglion cell layer from the IPL. This IPL
sublamination has not previously been observed using the standard source or two other
commercial SD-OCT systems in our clinic. It would be interesting to examine this
lamination in patients with advanced photoreceptor degeneration, as one might be able to
visualise downstream disruptions in retinal circuitry known to occur after a loss of
photoreceptor input.27

As stated earlier, the axial resolution in OCT is inversely related to the bandwidth of the
imaging light source. Thus, an improvement in resolution is expected between the two light
sources by a factor of about 3.2. However, it was observed that the FWHH of the ELM
decreased by only a factor of 2. Probably the biggest factor preventing the realisation of the
full theoretical benefit of the broadband light source is that the human eye is wrought with
chromatic aberration. The predicted change in focus for our broadband light source
(λmax=878.4 nm, Δλ=186.3 nm) is nearly 0.5 D.28 Further improvement in resolution
approaching the theoretical improvement could be realised by implementing an
achromatising lens to compensate for the eye’s chromatic aberration.29 In addition, the
spectrometer in the system is calibrated for the narrow band source and thus the benefit of
deeper penetration of the longer wavelengths is not fully captured when using the broadband
source.
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Last, there are additional advances in clinical OCT imaging on the horizon. Adaptive optics
has also been shown to increase the resolution of OCT by correcting for the eye’s
monochromatic aberrations,4578 making it possible to visualise individual cone
photoreceptors in the outer retina. However, recently it has been shown that simply
increasing the speed of the line scan camera can mitigate the effects of retinal motion and
enable visualisation of the peripheral cone mosaic.12 Systems incorporating both high-speed
and adaptive optic correction of the eye’s aberrations would provide even better resolution.
Nevertheless, these advances are not currently commercially available in the form of a
clinical imaging system. Quantitative analyses such as those described here will be useful in
determining the benefit of advanced technology as it becomes available.
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Figure 1.
Imaging the retina with a broadband light source. Registered and averaged images of the
retina from a 27-year-old woman obtained with the broadband light source (A) and the
standard optical coherence tomography (OCT) light source (B). Despite a slight reduction in
image intensity, contrast is improved when using the broadband light source. Longitudinal
reflectivity profiles (LRPs) obtained at the white vertical line for the broadband (C) and
standard source (D) images. In the OCT images, the grey scale represents signal amplitude
—low reflecting layers indicate nuclear layers while high reflectivity typically comes from
synaptic layers in the healthy retina. ELM, external limiting membrane; ILM, inner limiting
membrane; IS/OS, inner segment/outer segment junction; NFL, nerve fibre layer; OPL,
outer plexiform layer; RPE, retinal pigment epithelium. Assignment of layers is based on
literature consensus.163031
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Figure 2.
Improved resolution of retinal layers with the broadband source. (A) To quantify the
improvement in image quality, we calculated mean local contrast for five retinal layers
(inner limiting membrane (ILM), external limiting membrane (ELM), inner segment/outer
segment junction (IS/OS), retinal pigment epithelium (RPE) 1, RPE2). For all layers, there
was a significant improvement in contrast (paired t test): **p=0.0001, ***p<0.0001. Error
bars represent one SD of the 10 subjects. (B) Layer contrast for the ELM (white bars) and
IS/OS (black bars) over a 48 h experiment where the same retina was imaged every 2 h.
Layer contrast was computed for all layers. The local contrast deviated from the mean by
12.3% for the ILM, 16.6% for the ELM, 8% for the IS/OS, 10.6% for RPE1, and 10.7% for
RPE2. Error bars represent one standard deviation, determined from the nasal, foveal and
temporal data points at each time point for this single retina.

Tanna et al. Page 9

Br J Ophthalmol. Author manuscript; available in PMC 2012 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Visualisation of inner plexiform layer (IPL) sublamination. (A) Registered average of 60 B
scans (broadband source). The IPL sublamination is visible as three bright bands and two
darker bands: this is easily seen in the longitudinal reflectivity profiles (LRPs) taken
between the two sets of arrowheads. For comparison, immunostained mouse25 (B) and
monkey24 (C) retinas showing the stratification of the IPL are shown (images reproduced
with permission). INL, inner nuclear layer; OPL, outer plexiform layer.
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