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ABSTRACT

Recent progress in retinal image acquisition techniques, including optical coherence tomography (OCT) and scanning
laser ophthalmoscopy (SLO), combined with improved performance of adaptive optics (AO) instrumentation, has
resulted in improvement in the quality of in vivo images of cellular structures in the outer layers of the human retina.
Despite the significant progress in imaging cone and rod photoreceptor mosaics, visualization of cellular structures in the
inner retina has been achieved only with extrinsic contrast agents that have not been approved for use with humans. In
this paper we describe the main limiting factors in visualizing inner retinal cells and the methods we implemented to
reduce their effects on images acquired with AO-OCT. These include improving the system point spread function (AO
performance), monitoring of motion artifacts (retinal motion tracking), and speckle pattern reduction (temporal and
spatial averaging). Results of imaging inner retinal morphology and the improvement offered by the new UC Davis AO-
OCT system with spatio-temporal image averaging are presented.
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1. INTRODUCTION

Over the last two decades, all three retinal imaging modalities that are used in ophthalmic clinics [i.e., fundus camera,
scanning laser ophthalmoscope (SLO) and optical coherence tomography (OCT)] have been combined successfully with
adaptive optics (AO) making possible imaging of different aspects of retinal morphology and function. The most
successful AO instruments have been implemented for in-vivo photoreceptor imaging, including recent reports on foveal
cones [1,2] and rod photoreceptors [3]. We note that several groups reported imaging of macroscopic inner retinal
morphology (in some cases without AO) including capillary beds and nerve fiber layer (NFL) bundles [4,5]. Despite this
progress, visualization of the cellular structures in the inner retina has not been achieved.

AO-OCT may have the greatest potential for successful imaging of cellular features in the inner retina due to its
high sensitivity and dynamic range [6]. However there are several factors that limit our ability to obtain successful
images of inner retinal cells. These include motion artifacts, high speckle contrast, size of the point-spread function
(PSF), and the optical properties of inner retinal structures. In this paper, we characterize and reduce the negative effects
of the aforementioned factors by using several innovative image acquisition, manipulation and processing techniques.

Briefly, retinal motion artifacts can be reduced by implementation of an AO system that combines an SLO with
spectrometer-based Fourier-domain OCT to allow simultaneous data acquisition with two modalities [7] and extraction
of retinal motion data from AO-SLO frames to monitor motion artifacts in AO-OCT volumes and line scans.

Speckle contrast is reduced by temporal and spatial averaging. Results of imaging and visualization of inner retinal
morphology with the new UC Davis AO-OCT/AO-SLO system is shown on cross sectional B-scans.
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2. MATERIALS AND METHODS

The imaging system used to acquire data presented in this manuscript has been developed in the VSRI laboratory over
the last several years. Some details on combined AO-OCT/AO-SLO system can be found in our recent Biomedical
Optics Express paper [7]. Therefore we will only describe its main characteristics. Briefly, in our AO-OCT/AO-SLO
system, the OCT light serves as the beacon for wavefront sensing in the AO sub-system. The light source for OCT in the
current configuration is a superluminescent diode (SLD) Broadlighter operating at 836 nm with 112 nm spectral
bandwidth (Superlum LTD), allowing 3.5 pum axial resolution at the retina. The light source for the SLO sub-system is
also an SLD from Superlum Ltd., operating at 680 nm with 10 nm spectral bandwidth. A pupil diameter of 6.7 mm was
used in imaging to allow for up to 3 pum lateral resolution when AO correction is optimized. In the current system
configuration we use the whole pupil (13.5mm) of a high stroke 97-actuator ALPAO membrane magnetic deformable
mirror. This improves the psf of our AO-OCT system. Light reflected from the sample is combined with the light from
the reference mirror, and then sent to a spectrometer where the CCD line detector (SM2, e2V), 14 kHz line rate at 2048
pixels and 14x14um pixels, acquires the OCT spectrum. B-scan imaging frame rates (frames/s) are 27 fps, for 512 A-
scans and 18 fps for 1000 A-scans using 2048 detector pixels. A bite-bar and a forehead-rest assembly have been
mounted on a motorized X-Y-Z translation stage to reduce head motion and allow precise positioning of the subject’s

eye pupil.

2.1. Speckle contrast reduction

Speckles are inherently connected with OCT as this technique uses coherent detection to extract depth scattering profiles
from combined sample and reference arm spectra. One of the widely accepted ways of speckle contrast reduction
includes averaging of multiple OCT B-scans. This method is supported by some clinical OCT systems and includes
frame registration [8] before averaging to reduce unnecessary blurring of retinal features. It is important to average
frames that exhibit minimum motion artifacts and that show similar retinal structures. Otherwise, vertical eye motion
shifts the B-scans to different retinal locations. These frames are than averaged, i.e., each pixel value is calculated as an
average intensity from all frames, to create one frame. Figure 1 illustrates the results of this procedure when using our
clinical OCT system (4.5um axial resolution) with different numbers of averaged frames.

Fig. 1. UHR-OCT B-scan (5mm) acquired with a UC Davis clinical system. a): single frame; b): An average of 10 OCT B-
scans; ¢): An average of 24 OCT B-scans; d): An average of 50 OCT B-scans.
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Clear reduction in speckle contrast can be observed between these images. Additionally, contrast reduction is improved
with increased number of B-scans. We discuss examples involving data acquired with our AO-OCT in result section of
this manuscript.

3. RESULTS

In this section we show the results of tracking retinal motion and describe some consequences for AO-OCT data sets.
Then, averaged AO-OCT B-scans are compared to retinal histology images.

3.1. Retinal motion tracking

What is unique in our new approach is the use of motion data derived from SLO images to monitor retinal motion
artifacts in OCT volumes, enabling tests of efficiency of spatio-temporal speckle averaging in controlled settings. This
allows us to determine what amount of temporal averaging is used for given data sets. Figure 2 shows retinal fixation
patterns and true traces of AO-OCT 3D and line scans on the retina after applying motion correction to AO-OCT
scanning patterns.
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Fig. 2. Results of tracking retinal motion during AO-OCT/AO-SLO data acquisition T=4.45s. Top: retina fixation traces
during data acquisition; 125 pixels = 1°. Relatively stable fixation periods are marked by the same color and fixation
durations for these periods are indicated in the same color. Bottom Left: real traces of the AO-OCT raster during 3D
(2°x2°) acquisition. Bottom Right: real traces of the AO-OCT raster during line acquisition (~2°). The standard OCT
(15um) and AO-OCT / AO-SLO (3um) imaging beam spots are marked purple and red, respectively.

Note that relatively large retinal motion during fixation results in sparse and non-uniform sampling of 3D AO-
OCT data sets. One can see that when properly chosen OCT B-scans were used for averaging in line acquisition a
controlled amount of spatial averaging could be achieved. Therefore we decided to explore line B-scan averaging as
a method to enhance our AO-OCT image quality by lowering speckle contrast.

It is worth mentioning that the effect of retinal motion during AO-OCT data acquisition is amplified by a
relatively small field of view (FOV) of the AO-OCT data sets. Therefore retinal motion distortion is less relevant
when large retinal FOVs are used, which is typically the case for OCT data sets or when ultra-high speed image
acquisition is implemented [9] allowing reduction of single volume data acquisition time well below 1s. Figure 3
shows retinal motion traces from Fig. 2 scaled to the 1x1mm, 5x5mm and 10x10mm retinal scanning areas that are
commonly used in AO-OCT (1x1mm) and OCT data acquisition schemes.
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Fig. 3. Retina motion traces from Fig. 2 scaled to the 1x1mm, 5x5mm and 10x10mm areas used to acquire AO-OCT and
OCT data sets. The OCT beam spot of 15um is shown for comparison.

This figure also shows why, despite retinal motion artifacts, one can successfully visualize volumetric structures of
the retina for OCT data sets. Specifically, in large FOV data acquisition, retinal motion is smaller than scanned retinal
features of the retinal morphology of interest. In 3D AO-OCT, due to the retina motion that might be in the order of the
whole scanning range, patients with excellent fixation are needed to obtain meaningful microscopic volumetric
morphology.

3.2. Speckle contrast reduction on AO-OCT data sets

Here we present a result of speckle contrast reduction on an AO-OCT data set acquired over a 0.5mm horizontal range.
Similarly to OCT B-scan averaging we also have to choose AO-OCT frames that exhibit minimum motion artifacts and
that show similar retinal structures. These frames are then averaged, i.e., each pixel value is calculated as an average
intensity from all frames. Figure 4 shows results of this averaging for 6, 11 and 20 frames. The reduced number of
averaged frames used to produce these images when compared to OCT frame averaging is due to the fact that only a
small number of B-scans captured the same retinal features.

Fig. 4. AO-OCT B-scan (0.5mm) acquired with the UC Davis AO-OCT/AO-SLO system. a): single frame, b): An average
of 6 AO-OCT B-scans. ¢): An average of 11 AO-OCT B-scans. d): An average of 20 AO-OCT B-scans.

Again, clear reduction in speckle contrast can be observed with averaging with an increased number of B-scans.

3.3. Comparison between AO-OCT and OCT data sets

We now compare the results of visualizing 6mm retinal B-scans acquired for the same subject with clinical OCT and
AO-OCT systems. Both averages are based on multiple B-scans (15-30), the number depending on motion artifacts
present during data acquisition. OCT images were created by averaging B-scans acquired during one OCT line scan
acquisition. AO-OCT data was created by stitching 7 AO-OCT averaged B-scans acquired at 7 different retinal
eccentricities with AO-OCT line scan acquired over Imm. For AO-OCT averaging we also chose only frames that
exhibit minimal motion artifacts and show similar retinal structures.
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Fig. 5. a) Mosaic of 7 averaged AO-OCT B-scans acquired with the UC Davis AO-OCT/AO-SLO system. b): An average of

25 OCT B-scans acquired with the UC Davis clinical OCT system. The red rectangle points to the area that is
compared in Fig. 6.

Note that AO-OCT images offer much more detailed views of retinal structures when compared to OCT averaged
B-scans. This is due to improved lateral and axial resolution as well as increased numbers of total A-scans per B-scan
(1000 A-scans for averaged OCT-B-scan and ~6,000 A-scans for the mosaic of 7 averaged AO-OCT B-scans).

Figure 6 shows zoomed-in areas of 1mm at about 6° Temporal Retina (TR) from both images. Additionally a
histology cross section, with similar magnification, of the inner retina is shown for comparison.

Fig. 6. Comparison between AO-OCT and OCT data sets and corresponding retinal histology from about 6° TR. a) An
averaged AO-OCT B-scan (From Fig. 5.a.); b): Magnified view of an averaged OCT B-scan (from Fig. 5.b.); ¢)
Magnified section of the inner retina from AO-OCT scan (From Fig. 6.a.) with corresponding retinal histology (from
http://www.bu.edu/histology/p/0790200a.htm [10])
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Despite lateral “blurring” caused by averaging of several AO-OCT B-scans, detailed inner retinal morphology can be
seen in that image. Moreover different retinal layers exhibit different “granulation” and contrast of the small features
within each layer. Application of B-scan averaging suggests that the “granulation” represents the scattering centers
within these retinal layers and that it is not created by random speckle noise.

4. CONCLUSIONS

We have implemented an AO-OCT/AO-SLO system for extracting retinal motion data present during AO-OCT image
acquisition. It is evident that volumetric AO-OCT imaging is possible only in patients with very good fixation or with
very high-speed image acquisition OCT systems. Using this information we decided to focus our effort on creating
averaged B-scans with reduced speckle contrast to make possible better visualization of cellular morphology of inner
retina. We plan to implement this strategy in the future to image different retinal structures on both healthy and diseased
subjects to further test the feasibility of this method. As a result, averaged AO-OCT B-scans should be easier to interpret
for clinicians. We hope that both methods help to establish AO-OCT as a powerful clinical imaging modality. In the
future additional speckle reduction methods such as angular compounding [11-12] or frequency compounding [13] will
be considered to further limit speckle contrast and reduce the number of B-scans that have to be averaged.
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