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Abstract: The peripheral retina of the human eye offers a unique opportunity for assessment 
and monitoring of ocular diseases. We have developed a novel wide-field (>70°) optical 
coherence tomography system (WF-OCT) equipped with wavefront sensorless adaptive 
optics (WSAO) for enhancing the visualization of smaller (<25°) targeted regions in the 
peripheral retina. We iterated the WSAO algorithm at the speed of individual OCT B-scans 
(~20 ms) by using raw spectral interferograms to calculate the optimization metric. Our 
WSAO approach with a 3 mm beam diameter permitted primarily low- but also high- order 
peripheral wavefront correction in less than 10 seconds. In preliminary imaging studies in five 
normal human subjects, we quantified statistically significant changes with WSAO 
correction, corresponding to a 10.4% improvement in average pixel brightness (signal) and 
7.0% improvement in high frequency content (resolution) when visualizing 1 mm (~3.5°) B-
scans of the peripheral (>23°) retina. We demonstrated the ability of our WF-OCT system to 
acquire non wavefront-corrected wide-field images rapidly, which could then be used to 
locate regions of interest, zoom into targeted features, and visualize the same region at 
different time points. A pilot clinical study was conducted on seven healthy volunteers and 
two subjects with prodromal Alzheimer’s disease which illustrated the capability to image 
Drusen-like pathologies as far as 32.5° from the fovea in un-averaged volume scans. This 
work suggests that the proposed combination of WF-OCT and WSAO may find applications 
in the diagnosis and treatment of ocular, and potentially neurodegenerative, diseases of the 
peripheral retina, including diabetes and Alzheimer’s disease. 
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1. Introduction 

Since its inception, optical coherence tomography (OCT) [1, 2] has achieved widespread 
adoption in clinical ophthalmology in part due to its ability to visualize retinal tissue in three 
dimensions. While many applications have focused on the central macula [3], commercial 
clinical OCT systems have begun to expand their field-of-view (FOV) from 30° to 55°. Two-
dimensional en face ophthalmic imaging techniques, including fundus [4] and fluorescence 
imaging [5], can record a wider FOV (sometimes >100°), but they cannot monitor peripheral 
disease processes in three dimensions. 

There has been increasing interest to obtain three-dimensional high-resolution images of 
peripheral pathologies [6–8]. This growing interest stems from the notion that the peripheral 
retina offers a unique perspective towards the assessment and monitoring of certain ocular 
diseases [8], including diabetic retinopathy [5], retinal vein occlusion [9], and choroid masses 
[10]. Several wide-field OCT (WF-OCT) systems [8, 11, 12] have been developed previously, 
offering an alternative solution to mosaicking. Current state-of-the-art WF-OCT systems have 
demonstrated impressive capabilities, with >90 dB sensitivities and FOV up to 100° [12]. 
However, as discussed in [12], prior systems suffered from a loss of signal and transverse 
resolution at extreme FOV due to field curvature of the retina, angle-dependent 
backscattering of the retina, lens reflections, and both ophthalmic and optical system 
aberrations. Regardless of the design, any static optical system would have difficulties 
imaging a large FOV in the retina, as the magnitudes of ophthalmic aberrations vary both 
between patients and within patients according to eccentricity [13, 14]. Additionally, studies 
of the isoplanatism at the foveal region revealed isoplantic patches between 0.8° and 2.5° [15, 
16], with individual variations as large as 6° [17]. Since multiple AO corrections would be 
required for a large FOV image, WF-OCT design may necessitate the incorporation of 
adaptive optics (AO) components. 

Traditionally, AO wavefront correction has used closed-loop feedback in which a 
wavefront sensor detects and a deformable mirror (DM) compensates ocular aberrations [18–
23]. Closed-loop configurations have been very successful in imaging foveal photoreceptors 
[24, 25], but wavefront sensors can restrict the design of imaging systems. For example, many 
AO imaging systems use off-axis mirror telescopes to avoid lens surface reflections [26] that 
interfere with wavefront detection. Often the off-axis mirror telescopes make use of long 
focal length and toroidal mirrors [27] in order to reduce static system aberrations [21, 28]. 
While not prohibitive to foveal imaging, these design choices offer trade-offs that could help 
expand closed-loop AO to new applications. 

Recently, wavefront sensorless adaptive optics (WSAO) was applied to ophthalmic 
imaging applications, proving capable of acquiring high-resolution images in both rodent [29] 
and human [30, 31] eyes. WSAO eliminates the wavefront sensor-based feedback loop by 
iteratively correcting the wavefront shape through maximization of imaging metrics, such as 
brightness [32]. While WSAO mitigates problems due to improper wavefront detection, it 
corrects the wavefront shape more slowly. Higher-order correction was demonstrated over the 
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course of tens of seconds [31] and low-order correction has been performed in as little as 6-12 
seconds [30] during in vivo imaging of the human retina. In turn, WSAO offers versatility, in 
that it does not require a wavefront sensor, at the expense of wavefront correction speed. 

In this work, we present an WF-OCT system equipped with wavefront sensorless adaptive 
optics (WSAO) that is capable of acquiring aberration-corrected images throughout a >70° 
visual field. Our proposed system acquires non wavefront-corrected wide-field OCT images 
without mosaicking, which are then used to locate smaller regions of interest that can be re-
imaged with the benefits of WSAO. Our algorithm derives its speed from utilizing raw, 
unprocessed B-scan data (spectral interferograms) for computation of the optimization metric. 
The combination of a lens-based sample arm and WSAO may be well suited for clinical 
adoption, and we exhibit the utility of this new tool by imaging patients in a clinical setting. 
In particular, we used this system to enhance the visualization of anatomical and pathological 
features in the peripheral retina for neurologic diseases. To our knowledge, this represents the 
first example of imaging neurological diseases with adaptive optics OCT in the peripheral 
retina. 

2. Methods 

2.1. OCT sample arm and engine details 

We designed a swept-source OCT imaging system with a custom wide-field sample arm (Fig. 
1). We used a commercially available swept-frequency laser (Axsun Technologies, Inc.; MA) 
with a bandwidth of 100 nm, center wavelength of 1043 nm, and 100 kHz sweep rate. We 
coupled the output of the laser to a fiber-based Mach-Zender interferometer with polarization 
control and an initial splitting ratio of 80:20. The greater split of the power illuminated a 
retroreflector-based reference arm, while the lesser power illuminated the wide-field sample 
arm. The footprint of the sample arm was approximately 400 mm by 600 mm and was 
mounted on a slit-lamp base. The slit-lamp base provided a chin rest that aided in the 
stabilization and alignment of patients as well as the ability to translate the sample arm in the 
x, y, and z directions. 

We modeled the optical design of the sample arm in ray-tracing software (Zemax, LLC; 
WA) using a wide-field optical model of the human eye [13]. According to Zemax ray-tracing 
simulations, the working distance from the apex of the final lens of the sample arm to the 
apex of the cornea was predicted to be 18 mm over an angular range of 70°, which 
approximated a 19.28 mm arc length on the retina of the model eye [13]. The angular extent 
of the sample arm was determined by simulating the largest angle in the ocular pupil plane of 
the chief ray with no vignetting of a 3 mm beam and using a 6 mm pupil diameter. The on-
axis system performance ranged from a diffraction limited spot of 7.54 µm at the center 
wavelength (1043 nm) up to 10.5 µm at one edge of the spectrum (993 nm), corresponding to 
a beam size of ~3 mm. At the extreme of the off-axis angles, our simulations predicted a spot 
size of 45 µm on the retina of our model eye. This large number was expected due to off-axis 
aberrations in both the system and ophthalmic optics prior to wavefront correction. 

From the 20% interferometer split, a small, achromatic parabolic mirror reflector 
(RC04APC-P01, Thorlabs, Inc.; NJ) collimated light into the sample arm. A relay telescope 
conjugated two 10 mm clear aperture galvonometers (GVS112, Thorlabs, Inc.; NJ). We 
separated the galvanometers in order to reduce the amount of wander in the ocular pupil 
plane, which increases with steeper angles of illumination. Additionally, the deformable 
mirror relay and the objective relay (Fig. 1) conjugated the galvanometers with the 
deformable mirror (Mirao-52e, Imagine Optic, Inc.; MA) and the pupil of the subject’s eye. 
We mounted the entire sample arm on a modified adjustable slit-lamp base. We used a small 
computer monitor (Lilliput 869GL, Lilliput Electronics, Inc.; CA) that displayed a black 
background and red cross as a fixation target for the eye not being imaged. 

The output signal of the WF-OCT system was detected by a 1.0 GHz InGaAs fiber-
coupled balanced receiver (PDB481C-AC, Thorlabs, Inc.; NJ) and relayed to a high-speed 
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12-bit digitizer (ATS9360, Alazar Technologies, Inc.; Quebec, Canada) that was triggered by 
the laser’s optical clock port. The electrical output from the balanced receiver was attenuated 
using two RF attenuators (VAT-7 + , VAT-10 + , Mini-Circuits, Inc.; NY) and low-pass 
filtered (SLP-200 + , Mini-Circuits, Inc.; NY). In order to mitigate the residual effects of 
dispersion mismatch between the sample and reference arms, we applied numerical dispersion 
compensation during the image acquisition [33]. We acquired images with a custom GPU-
accelerated C++/CUDA software program that utilized a high performance GPU (GeForce 
GTX Titan, NVIDIA Corporation; CA). The software program processed and displayed OCT 
images in real-time. The software was capable of processing 1.396 million A-scans/second 
with 1376 samples per A-scan, though the OCT acquisition was considerably below this limit. 

 

Fig. 1. System overview. A ray-tracing diagram of the wide-field sample arm shows the 
positions of the galvo mirrors (GM), galvo relay, deformable mirror (DM), fixation target 
(FT), deformable mirror relay, and the objective relay. The fall-off plot shows an axial 
resolution of 7.24 µm, a peak sensitivity of 103 dB, and a −6 dB fall-off of 5.24 mm. The red 
envelope is a double Gaussian fit to the peak of each pathlength difference. 

We measured peak sensitivity and sensitivity fall-off plots for the WF-OCT system using 
a model eye. The model eye consisted of a 25 mm focal length lens (LB1761-C, Thorlabs, 
Inc.; NJ), a 45 dB double-pass neutral density filter (NENIR20A-C, NENIR20A-C, Thorlabs, 
Inc.; NJ), and a silver-coated mirror with tip, tilt, and axial-translation capabilities. The model 
eye had a similar pathlength to that of the adult human eye. We recorded A-scans at various 
pathlength differences between the model eye and reference arm. All of the A-scan peaks 
were recorded on-axis and with a flat DM shape. We generated a sensitivity fall-off envelope 
by fitting each A-scan peak to a Gaussian and then fitting a double Gaussian to the peak 
sensitivity measured at each pathlength difference (Fig. 1). 

Characterization of the wide-field sample arm and OCT engine can be seen in the fall-off 
plot in Fig. 1. We measured a peak sensitivity of 103 dB with an axial resolution of 7.24 µm 
and a −6 dB sensitivity fall-off at 5.24 mm. The sample arm was capable of achieving a FOV 
of 70°, and we quantified the transmission of our sample arm to be 68%. 

2.2. Wavefront sensorless adaptive optics operation procedure 

We estimated and corrected wavefront aberrations by maximizing the sum of the absolute 
value of spectral interferograms of unprocessed B-scan data. Stationary B-scans at the same 
location were used while correcting the wavefront shape. The width of the B-scans varied 
from 1 to 7 mm (~3.5°-24.3°) according to the size of the volume that was to be imaged after 
WSAO optimization. WSAO correction was only applied to small volume patches; no 
correction was used on the wide-field 70° images as this FOV greatly exceeds the isoplanatic 
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patch. A new wavefront correction was acquired immediately prior to each WSAO corrected 
image. 

The WSAO optimization algorithm (Fig. 2) first swept through a series of 33 predefined 
defocus values (−8D to + 6D) and selected the defocus shape with the maximum intensity. 
The optimization then switched to a modified version of the stochastic parallel gradient 
decent algorithm [31, 35], wherein the perturbation size decreased as the B-scan intensity 
approached larger values. If at any point during the random perturbation sequence the B-scan 
intensity exceeded the brightest recorded intensity, the loop would break and update the 
current mirror shape with the brightest mirror shape (Fig. 2). The algorithm would then 
downscale the change in DM shape by a factor of 0.6 and continue applying the downscaled 
shape until no further improvement in brightness was found. We modified the method 
presented in [31] in order to achieve more repeatable performance on our static model eye 
(data not shown). 

 

Fig. 2. Flow-diagram of the WSAO optimization algorithm. The first part of the algorithm (left 
path) swept through a range of predefined defocus values. After the coarse defocus was 
removed, the algorithm followed the stochastic parallel gradient descent technique laid out 
previously in [31]. If at any point the current brightness of the B-scan image exceeded the 
previously established maximum value, the algorithm broke and updated the mirror to the 
shape associated with the brightest image. 

After initializing, the operator only needed to indicate when to stop the optimization 
procedure. A graph of the optimization metric was displayed in real-time for the operator. As 
the wavefront became corrected, the optimization metric would reach a maximum value. The 
operator then switched the system from correcting the wavefront to imaging the subject. For 
reference, the variation of the intensity metric when no optimization was occurring was 
roughly an order of magnitude smaller than the improvement after wavefront correction. 

We applied parallel processing toolkits (OpenMP [34]) to calculate the optimization 
metric (<2 ms). Our custom C++/CUDA software permitted a new mirror shape to be 
calculated and applied without affecting the OCT acquisition. The Mirao52e mirror has a ~5 

                                                                           Vol. 8, No. 1 | 1 Jan 2017 | BIOMEDICAL OPTICS EXPRESS 22 



ms settling time, which was the bottleneck in the WSAO optimization loop. Toggling of the 
DM from corrected to flat mirror shapes took ~5 ms, so the effects of both voluntary and 
involuntary eye movements [36] were minimized in B-scan image pairs. 

For 1024 A-scans/B-scan (10 ms), we updated the mirror shape before the start of each 
subsequent B-scan; however, we acquired a full B-scan after the mirror had reached a steady 
state in order to perform the intensity calculation on a stable image. Therefore, each WSAO 
iteration would take 20 ms, and the entire optimization would last between 3 and 10 seconds. 
To our knowledge, 20 ms is the fastest WSAO iteration speed to date. If eye motion occurred 
during the defocus sweep, the operator restarted the WSAO algorithm. The stochastic parallel 
gradient descent was less sensitive to motion, as long as fixation returned to the original 
position. 

In order to demonstrate that the WSAO algorithm (Fig. 2) was able to correct both 
defocus and higher-order aberrations, we studied the optimization process on the same model 
eye as was used to obtain the sensitivity fall-off plots. For this experiment, we replaced the 
mirror and neutral density filters with a diffuse scattering target. We ran the algorithm in the 
periphery of the model eye, approximately 19.25° off-axis along a meridian 45° from the 
horizontal. Vignetting did not allow us to perform the experiment beyond this radius. The B-
scan size used to calculate the intensity metric was 1 mm for this experiment. A one-diopter 
trial lens was added to the set-up after achieving the best flat mirror focus on-axis. We 
recorded 40 independent optimizations, reporting the value of the optimization metric for 
each new mirror shape during the first 15 seconds of acquisition (Fig. 3(A)). In 40 additional 
runs, we allowed the optimization metric to reach steady state (~300 seconds). We plotted the 
Zernike coefficients applied to the DM after WSAO optimization using the Noll indexing 
scheme for Z4-Z11 (excluding piston, tip, and tilt) for both the 15- and 300-second 
optimization times (Fig. 3(B)). 

2.3. Performance evaluation of WSAO in the periphery of the living human eye 

We quantified the enhancement offered by WSAO in the periphery of the human eye by 
imaging four regions of the peripheral retina in each of five healthy volunteers (n = 5). We 
evaluated the performance of WSAO directly in the living human retina as opposed to a mock 
model eye with static target because the peripheral aberrations of mock model eyes differ 
greatly from those of actual human eyes. Only five of the total seven healthy volunteers were 
used in this experiment as we did not have ample time with each volunteer to run every type 
of experiment. Prior to imaging the periphery, each volunteer’s central refraction was 
corrected with contact lenses or by adjusting the axial position of the final lens. Repeated 
(512 lateral x 1376 axial) B-scans 1 mm in length were acquired in the peripheral retina (>23° 
from the fovea) at inferior, superior, temporal, and nasal locations. Pairs of repeated B-scans 
with and without WSAO correction were acquired <100 ms apart. A new WSAO correction 
was obtained for each B-scan pair. The repeated B-scans were DC subtracted, dispersion 
compensated, log transformed, and averaged 5x prior to analysis. A threshold that excluded 
<0.75% of the outlier pixel values was used to scale the images to an 8-bit display range. A 
total of 40 B-scan images (four locations by five subjects by two mirror shapes) were chosen 
from the larger data set of 314 images by selecting image pairs with the largest brightness 
difference between flat and corrected DM shapes. 

A two-way repeated measures ANOVA with two within-subjects factors (retinal location 
and DM shape) was used to contrast the change in mean B-scan intensity with and without 
adaptive optics correction (40 images). Across the entire processed B-scan width, we 
calculated the mean intensity per pixel between the vitreous-nerve fiber layer boundary and 
the visible choroid. The percent change in B-scan intensity was determined by averaging the 
ratio of mean B-scan pixel intensity for on-off image pairs. A Fischer’s protected least 
significant difference post-hoc test was used to compare differences in image brightness with 
the data split by location. 
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Changes in OCT spatial frequency content with and without WSAO were quantified from 
the same data set (40 B-scan images) acquired in four locations from each of five healthy 
volunteers (n = 5). We calculated the log of the absolute value of the radially averaged 
Fourier spectrum for each processed B-scan, and we used the sum of the radially averaged 
Fourier spectrum for ω/2 > 0.4 as a measure of high frequency content, where ω is the 
frequency on a 2π normalized Fourier spectrum. A two-way repeated measures ANOVA with 
two within-subjects factors (retinal location and DM shape) was used to compare the 
difference in high frequency content with and without adaptive optics correction. The percent 
change in resolution was determined by averaging the ratio of high frequency content for on-
off image pairs. A Fischer’s protected least significant difference post-hoc test was used to 
compare differences in high frequency content when the data was split by location. 

2.4. Patient alignment and clinical imaging protocol 

The WF-OCT system was aligned to human volunteers by translating the slit-lamp base and 
adjusting the location of the fixation target until a foveal B-scan was centered with respect to 
the imaging system. Once centered, we switched the software program to a continuous wide 
FOV retinal volume scan (no WSAO correction) that spanned the full angular range of the 
system (70°). Real-time volume images were rendered en face as an un-averaged SVP. The 
wide-field images were comprised of approximately 1024 A-scans/B-scans and 1024 B-
scans/volume. The reported FOV for a particular wide-field SVP was calculated as 70° times 
the ratio of the horizontal SVP length to the full horizontal scan length including black space. 
We used wide-field B-scans from the foveal region of the volume image to avoid clipping in 
the axial dimension. 

We used the live feed of the wide-field scan to locate smaller regions of interest, such as 
those regions containing high vasculature or abnormal tissue. After the instrument operator 
selected a region from the wide-field scan, the software program adjusted the scan pattern to 
image only the targeted region. The targeted regions would vary in size according to the area 
that the operator selected, but were in the range of 1-7 mm for the data presented in this 
manuscript. In the scenarios where the targeted subfields exceeded the size of the isoplanatic 
patch, WSAO would result in a suboptimal corrected wavefront that was a best fit over the 
FOV being visualized. Repeated B-scans from the center of the volume were used in the 
WSAO process. After a corrected wavefront shape was obtained, an OCT volume was 
immediately acquired. A new WSAO optimization was performed prior to each acquisition. 
We critically sampled the smaller regions, typically with 1024 A-scans/B-scan. 

Pairs of B-scan images were recorded in close succession (<100 ms) in order to visualize 
approximately the same location qualitatively. After a corrected mirror shape was obtained 
with WSAO, we toggled the DM between flat and WSAO corrected mirror patterns in order 
to generate a B-scan pair. For equal comparison of intensity, B-scan image pairs were contrast 
matched with the same intensity threshold such that white and black in the images 
corresponded to the same intensity values. 

We compared volume images by acquiring image pairs sequentially with a flat or 
corrected mirror shape or by toggling the mirror shape midway through a single volume scan. 
New wavefront correction was obtained prior to acquiring each wavefront corrected volume. 
Raw intensity projections, such as summed voxel projections (SVPs) and maximum intensity 
projections, were used to compare the brightness of image pairs. Additionally histogram 
matching [37] of image pairs was used in order to compare the visibility of en face features 
without bias to brightness. 

We registered and segmented retinal layers in OCT volume data with our previously 
developed DOCTRAP software [38], allowing for specific retinal regions, such as one 
containing the choriocapillaris or deep capillary layer, to be visualized independently. In 
order to demonstrate improved imaging of high frequency features with and without WSAO 
correction, we calculated the log of the absolute value of the radially averaged Fourier 
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Spectrum for specific retinal layers within volume image pairs. The entire B-scan width was 
used in the calculations. Additionally, we integrated the high frequency content of the radially 
averaged Fourier spectrum for ω/2 > 0.4 in order to quantify the overall change in high 
frequency content. 

2.5. Clinical imaging details 

A pilot trial of WF-OCT imaging with WSAO was conducted in nine human subjects in a 
clinical setting. The subjects were either healthy (n = 7) or had mild cognitive impairment, 
also known as prodromal Alzheimer’s disease (n = 2) [39]. The optical power at the pupil 
plane was ~1.8 mW, which is below the 8-hour ANSI maximum permissible exposure limit 
for a static beam. Dilation of the volunteer’s pupils was accomplished by darkening the room. 
All human subject research was approved by the Duke University Medical Center 
Institutional Review Board. 

3. Results 

3.1. WSAO algorithm performance 

The time course of the WSAO algorithm taken in the periphery of the model eye was plotted 
in Fig. 3(A) for the first 15 seconds of optimization. The inset in Fig. 3(A) depicts the 
algorithm’s performance over 300 seconds of optimization. These time plots are longer than 
the optimization time used while correcting aberrations in the living human eye (3-10 
seconds) in order to demonstrate the steady-state behavior of the stochastic algorithm. The 
error bars correspond to the standard deviation of the optimization metric over the 40 runs for 
a given time point. It can be seen that a large portion of the aberrations are removed during 
the defocus sweep, which lasts less than 0.7 seconds (black vertical dashes, Fig. 3(A)). 
Afterwards, higher-order aberrations begin to get corrected. The stochastic parallel gradient 
descent portion of the WSAO algorithm is random, and as expected, the standard deviation of 
the optimization metric grows with time. While the algorithm does not reach a steady state 
within 15 seconds, Fig. 3(B) shows that the resulting wavefront correction applied to the DM 
after 15 and 300 seconds were very similar. Zernike coefficients were calculated from mirror 
voltages through multiplication with a calibration matrix recorded by a wavefront sensor. The 
root-mean-square error between the 15- and 300-second acquisitions was 0.0089 μm. 

 

Fig. 3. Plots exhibiting the performance of the WSAO algorithm in the periphery (19.25° off-
axis) of a static model eye. The time course over the first 15 seconds (left) and 300 seconds 
(left inset) demonstrated an increase in the optimization metric beyond the initial defocus 
sweep, suggesting that higher-order aberrations also were corrected. The error bars 
corresponded to the standard deviation over 40 WSAO optimizations. The corrected wavefront 
shape on the DM after 15 and 300 seconds was plotted (right), where the error bars once again 
corresponded to the standard deviation over 40 runs. The RMS error between the 15- and 300-
second optimized DM shapes was 0.0089 μm. The high degree of overlap suggested that 
higher-order aberrations were being corrected reliably for the 15-second optimization window. 
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3.2. Quantifying the increase in B-scan intensity and high spatial frequency content in 
the periphery of the living human eye 

From the omnibus repeated measures ANOVA test for intensity, a main effect of WSAO 
correction was found with p<0.05, implying that WSAO correction resulted in a statistically 
significant increase in signal. Both location and the interaction of location with WSAO 
correction (slope in Fig. 4) were not statistically significant, suggesting that the magnitude of 
improvement offered by WSAO was not location-dependent. Post-hoc testing showed that at 
each location there was a significant increase in image brightness with WSAO correction. 
These results were visualized in Fig. 4 for both specific retinal locations and the combined 
total. An improvement in average pixel brightness of 10.4% and 5.9% was observed 
throughout the various locations for the 40 and 314 image data sets, respectively. It is 
important to keep in mind that the numerical values reported for the increase in average pixel 
brightness were calculated after the OCT images were log10 transformed. Additionally this 
metric averages intensity changes in retinal layers without much signal, such as the outer 
nuclear layer, in addition to those layers that are hyper-reflective, such as the photoreceptor 
layers and retinal pigment epithelium (RPE). 

For the second omnibus repeated measures ANOVA test, performed on the radially 
averaged Fourier spectrum, a main effect of WSAO correction was found with p<0.05, which 
implied a statically supported improvement in high frequency content with WSAO correction. 
Once again, both location and the interaction of location with WSAO correction (slope in Fig. 
4) were not statistically significant. Post-hoc testing showed that at each location there was a 
significant difference in high frequency content between WSAO on and off images. The mean 
B-scan resolution improvement with and without WSAO correction was plotted in the line 
graphs of Fig. 4. An average B-scan resolution improvement of 7.0% and 3.3% was observed 
throughout the various locations for the sets of 40 and 314 images, respectively. In 143 out of 
157 image pairs (91%), an increase in mean B-scan intensity was accompanied by an increase 
in high frequency content. 

 

Fig. 4. Plots depicting the change in mean B-scan intensity (left) and high spatial frequency 
content (right) with and without WSAO correction at various locations in the peripheral retina 
(>23°). The error bars of the line plots correspond to the standard error (n = 5) for within-
subjects variability. The lines connecting the pairs of points represent the interaction of the 
main effect of location with WSAO correction. 

3.3. Imaging results of WF-OCT and WSAO in healthy eyes 

Figure 5 exhibits the baseline imaging performance achieved by the proposed WF-OCT 
system without WSAO correction. Using WF-OCT, we acquired high-quality (1024 lateral x 
1376 axial) foveal OCT B-scan images (Fig. 5(A)) that were comparable with smaller FOV 
imaging systems [40, 41]. Axially, the photoreceptor layers and external limiting membrane 
were visualized, while laterally, both the inner nuclear layer and choroid had defining 
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features. With respect to image brightness, both the ganglion cell layer and inner plexiform 
layer were distinguished and the choroid was penetrated deeply. 

The (1024 lateral x 977 lateral x 1376 axial) unaveraged wide-field SVP (Fig. 5(B)) taken 
with our proposed system was evidence that the FOV spanned the full angular range of the 
sample arm and was able to be acquired in a single continuous scan with minimal motion 
artifacts. The wide-field imaging mode was only used for locating regions of interest, so no 
WSAO was applied. Turning off the room lights helped dilate the volunteer’s pupils and 
reduce vignetting. The ocular pupil was the limiting aperture of the optical system, as was 
evident in Fig. 5 where there was not a sharp boundary at the edge of the retina. WSAO 
correction can be applied to smaller subfields throughout the FOV spanned by Fig. 5(B) 
without changing subject fixation. 

 

Fig. 5. Demonstration of WF-OCT system’s large (70° or ~22 mm x 22 mm) FOV and uniform 
intensity distribution in a healthy volunteer. No WSAO correction was applied in these images. 
A 5x averaged foveal B-scan (A) with the deformable mirror in the flat position (AO off) was 
shown (blue dashed line) in context of the un-averaged wide field-of-view SVP (B), which 
depicted the imaging range of the wide-field sample arm. A 5x averaged wide-field B-scan (C) 
taken across the horizontal meridian (yellow dashed line) demonstrated good choroidal 
penetration even in the periphery of the retina. The orange and white dotted lines correspond to 
the locations of the independently acquired B-scan images shown in Figs. 6 and 8, while the 
purple dotted box corresponds to the independently acquired volume image of Fig. 7. 

5x averaged (1024 lateral x 1376 axial) repeated B-scans (no WSAO correction) that 
spanned the central meridian of the volume scan (Fig. 5(C)) demonstrated strong tissue 
reflectance across the field-of-view. The various retinal tissue layers were distinguished both 
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centrally and at relatively large eccentricities. In the far periphery, however, it was important 
to notice that the retinal layers began to blur together due to aberrations as the best focus was 
aligned to the foveal region. Additionally, deep choroid penetration allowed for defining 
features like blood vessels to be visualized, but with slightly less definition, in the peripheral 
extrema. 

Peripheral (1024 lateral x 1376 axial) B-scans (Fig. 6), centered approximately 13° of 
radial eccentricity from the fovea, emphasized the qualitative differences in both brightness 
and resolution when using uncorrected (Fig. 6 left) versus WSAO optimized images (Fig. 6 
right). These B-scans were centered on 13° eccentricity because there was not a similar region 
of dense vasculature located in the far periphery that could emphasize the enhancement in 
lateral resolution accompanied by WSAO optimization. Uncorrected images depicted the 
baseline peripheral image quality expected from our wide-field OCT system. The mean pixel 
intensity of Fig. 6 increased by 14.3% when the DM took the corrected wavefront shape. This 
increase in brightness was clearly distinguished in the RPE as well as the upper retinal cell 
layers. Blood vessels also exhibited an increase in brightness in their central regions as well 
as a sharper contrast in the shadowed layers below. The high frequency content of Fig. 6 
improved by 7.4% with WSAO. An improvement in the sharpness of features was visualized 
in the region near the choriocapillaris as well as in the upper retinal vasculature. Bright vessel 
features (yellow arrows, Fig. 6) near the choriocapillaris appear clear in WSAO on images, 
whereas dull and blurry features were present in WSAO off images. 

 

Fig. 6. Averaged (5x) repeated peripheral B-scan images (~3.4 mm wide) from the location 
marked by the white line in Fig. 5 when the deformable mirror had a flat (left) and optimized 
(right) mirror shape. The contrast levels were matched such that white and black corresponded 
to the same intensity value in the images. There was an increase of 14.3% in average pixel 
brightness and 7.4% in high frequency content with WSAO. 

We contrasted the vasculature observed by two en face (815 lateral x 775 lateral x 1376 
axial) maximum intensity projections (Fig. 7): one taken with a flat mirror shape (Fig. 7 top) 
and the other taken with a WSAO corrected mirror shape (Fig. 7 bottom). The two volumes 
were acquired at different time points (~10 s), but the ability to zoom into a region from the 
wide-field image made it relatively easy to navigate to the same imaging location. The images 
were centered at 15.5° of radial eccentricity and were ~6.0 mm wide. The edges of this FOV 
reached as far as 26°. The WSAO corrected image showed sharper and smaller vessel 
features, some of which were not observable in the flat mirror case (yellow arrows, Fig. 7). 
There was an obvious increase in image brightness of 9.6% after WSAO optimization as well. 
The digitally enlarged and histogram matched regions (Fig. 7 right) demonstrated that the 
clear differences in the visibility of vasculature were not a result of sub-optimally displayed 
images. 

We extracted 5x spatially averaged (500 lateral x 1376 axial) B-scans (Fig. 8) from the 
volume data sets of Fig. 7 (orange dotted lines). Digitally enlarged regions surrounding blood 
vessels (colored boxes, Fig. 8) compared baseline peripheral OCT images (Fig. 8 top) with 
the same regions acquired with an aberration corrected DM shape (Fig. 8 bottom). WSAO 
optimized images were brighter than regular OCT B-scan images. The brightness increase 
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with WSAO was especially localized to the inner plexiform layer, inner nuclear layer, and 
photoreceptor layers. The digitally enlarged images of Fig. 8 also highlighted the areas of the 
B-scan in which lateral resolution improvements from WSAO were most clearly visualized. 
There were much sharper retinal vessel boundaries and choroidal features (yellow arrows, 
Fig. 8) when WSAO was used. Overall, Fig. 8 asserted how WSAO optimization can improve 
the image brightness and clarity in the periphery of healthy human eyes. 

 

Fig. 7. Maximum intensity projections (A, B) of the region indicated by the purple box (~6.0 
mm x 4.4 mm) in Fig. 5 when the deformable mirror conformed to the flat (top) and optimized 
(bottom) mirror shapes. The contrast levels were matched in the left pair of images such that 
white and black in the images corresponded to the same intensity values. The area bounded by 
the colored boxes in the left pair of images were enlarged digitally and histogram matched (C, 
D) in order to more fairly compare vessel visibility without bias to image brightness. 

We exhibited the enhanced visibility of high frequency features due to WSAO 
optimization for various retinal tissue layers (Fig. 9). The (500 lateral x 500 lateral x 1376 
axial) maximum intensity projected image (white dash-dot boxes) demonstrated the point in 
the volume scan where the mirror shape was toggled from a flat (bottom-half Fig. 9) to 
corrected (top-half Fig. 9) mirror shape. Tracing a single vessel across the toggle boundary, 
the vessel boundary got blurrier and enlarged due to the loss of lateral resolution. 

SVPs (988 lateral x 988 lateral x 1376 axial) of two retinal layers (yellow and blue boxes, 
Fig. 9) were generated to contrast the visibility of features in specific layers with and without 
WSAO. While it could be observed qualitatively that there were smaller, brighter, and more 
sharply defined features in the region containing the choriocapillaris (yellow dotted boxes, 
Fig. 9), a radially summed Fourier spectrum showed an increase of 17.0% in the high 
frequency content when using WSAO. The region containing the choriocapillaris was defined 
as a 0.16 mm depth range below Bruch’s membrane. The deep choroid layer, defined as 0.16-
0.48 mm below Bruch’s membrane (dashed blue boxes, Fig. 9), exhibited a similar, though 
slightly less obvious, 10.4% increase in high frequency content, which was to be expected as 
the deep choroid had larger, low frequency features. Also, there was a distinct increase in 
image brightness of 15.6% between the two regions of Fig. 9. 
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Fig. 8. Spatially averaged (5x) peripheral B-scan images (~3.4 mm wide) taken from the 
location marked by the orange line in Figs. 5 and 7 when the deformable mirror had a flat (top) 
and optimized (bottom) mirror shape. The image pairs were contrast matched. The small 
colored boxes are digitally zoomed regions from the large image on the left. 

3.4. Imaging results of WF-OCT and WSAO in eyes with pathology 

The data of Fig. 10 was acquired in a volunteer Alzheimer’s suspect with mild cognitive 
impairment and 2 + nuclear sclerosis cataracts. In the centrally located (1024 lateral x 1376 
axial) wide-field B-scan (dotted yellow line, Fig. 10 bottom), the region near the fovea looked 
healthy; however, at the left extent of the periphery (>30°), some slight pathologies (yellow 
arrow, Fig. 10 bottom) emerged in the RPE layer. A 12.5° peripheral (725 lateral x 1376 
axial) wide-field B-scan (dashed blue line, Fig. 10 top) exhibited pathologies that extend from 
the periphery to even more centrally located regions of the eye. 

After identifying a general region of pathology in the 65° wide-field SVP (no WSAO 
correction), we zoomed into an area of interest (purple dotted box, Fig. 10) and imaged it with 
the benefits of WSAO. The (725 lateral x 400 lateral x 1376 axial) volume and (725 lateral x 
1376 axial) B-scan data of Fig. 11 were single, un-averaged images where the contrast levels 
were matched such that white and black corresponded to the same intensity values. 

We show in Fig. 11 the effect of using WSAO when acquiring high-resolution images in 
eyes with neurodegenerative diseases such as Alzheimer’s disease. In Fig. 11, WSAO 
increased the brightness of ~27° peripheral maximum intensity projected volumes (925 lateral 
x 200 lateral x 1376 axial) by 26.3% and made fine features sharper: the inner nuclear layer 
was better separated from the plexiform layers, and the choroidal vasculature was more 
clearly defined. While the brightness of the bulges in the photoreceptor layer looked relatively 
uniform in the flat mirror case, a clear change in brightness across the B-scan (925 lateral x 
1376 axial) was observed in the outer photoreceptor layer when imaged with the corrected 
mirror shape. In the left portion of the B-scan images of Fig. 11, the retinal layers could not 
be distinguished, and therefore segmented, without WSAO. 
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Fig. 9. Panel showing the differences in structure in a maximum projection image (~5.0 mm x 
5.0 mm) of the retina (A, white dashes and dots), SVP of the region containing the 
choriocapillaris layer (C, yellow dots), and SVP of the deep choroid layer (D, blue dashes) 
when the deformable mirror was turned from off (bottom half) to on (top half) midway through 
the scan. The B-scan image (B) shows the location of the retinal layers used to display the 
SVPs of the various retinal layers. Radially averaged Fourier Spectrum (E, F) were plotted for 
the AO off (red line) and on (green line) portions of the SVPs. An increase in high frequency 
content was seen visually from the SVPs and quantitatively from the graphs of the radially 
averaged Fourier Spectra. 

4. Discussion 

4.1. Isoplanatic patch over a wide visual field 

Aberration correction retains the highest fidelity within the isoplanatic patch [42]. Since the 
aberrations of the human eye vary with retinal eccentricity, it was important to consider the 
region of isoplanatism when designing the WSAO subcomponent of our system. Using the 
wide-field eye model of [13], we plotted the RMS wavefront error versus retinal eccentricity 
(Fig. 12). The eye model of [13] was generated from measured wavefront aberration data 
acquired in a population of 101 eyes [14] and represents the mean of the population. The eye 
model was designed with a 4 mm pupil diameter in order to match the pupil size of the 
measured population. 

Figure 12 demonstrates that wavefront error is dominated by defocus and astigmatism in 
the peripheral regions. Figure 12 also shows that the magnitude of wavefront error varies 
more rapidly in the periphery. Following the work of [43], isoplanatism is defined as field 
variations in RMS wavefront error less than λ/2π = 0.17 µm (λ = 1043 nm). Given this 
definition, the quadratic shape of Fig. 12 indicates that the isoplanatic patch size varies in 
accordance with retinal eccentricity. In order to recover some of the isoplanatism lost to the 
rapidly varying aberrations of the peripheral retina, we opted to use a smaller beam diameter 
of 3 mm. In comparison to the 6-7 mm beams that are typically used in closed-loop adaptive 
optics, a 3 mm beam will emphasize correction of lower-order aberrations, such as defocus 
and astigmatism, and have a larger diffraction limited spot size. Since low-order terms 
dominate peripheral aberrations, correcting them can help in achieving a more uniform lateral 
resolution, albeit within one isoplanatic patch at a time. 
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4.2. Design trade-offs using a 3 mm beam diameter 

Availability of galvanometers with high scan speeds, wide angle ranges, and large clear 
apertures limited the sample arm design. In order to use uniform magnification optical relays, 
we needed galvanometers that supported a >3 mm beam at an optical scanning range of 
+/−40°. By geometry, this imposed a minimum clear aperture of beam diameter/cos(steering 
angle + mechanical scanning angle). A 3 mm beam diameter, 20° mechanical scanning angle, 
and 45° angle to steer the beam in a new direction, resulted in a clear aperture of 7 mm. It is 
important to note that the steering angle can be reduced only until the physical hardware 
components begin to overlap, which is equivalent to twice the mechanical scanning angle. In 
order to keep up with the 100 kHz A-line rate of our OCT engine, a >7 mm diameter 
galvanometer would need to scan its full angle range in 10 ms for 1000 A-scans per B-scan. 
We were unable to achieve these specifications with commercial galvanometers. 

 

Fig. 10. Un-averaged wide-field (65° or ~20.5 mm x 20.5 mm) images taken from a subject 
with mild cognitive impairment (prodromal Alzheimer’s disease) and cataracts. The colored 
lines in the wide-field image (B) corresponded to the peripheral (A) and central (C) B-scan 
locations. The peripheral B-scan image showed clear retinal pathology (yellow arrows) 
throughout the horizontal scan, whereas the central B-scan image only showed pathology in 
the extreme of the horizontal scan (yellow arrow). The purple dotted box represents the 
location of the volume image of Fig. 11. 
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Fig. 11. Maximum intensity projection (A) of peripheral (27°) vasculature when the 
deformable mirror was switched between the unoptimized (top) and optimized (bottom) mirror 
shapes. WSAO increased the brightness of the en face volume projection (~4.4 mm x 4.4 mm) 
by 26.3%. Corresponding B-scans for regions without (B) and with (C) wavefront correction 
were shown on the right. The volume image was acquired in the location indicated by the 
purple dotted box in Fig. 10. 

Alternatively, angle magnification after the galvanometer relay, as was used in our final 
design (Fig. 1), loosened the specification on the angle range and, subsequently, the minimum 
clear aperture diameter. Angle magnification, however, was coupled with beam diameter 
demagnification. In order to account for this loss, a larger beam diameter was used at the 
input to the system, but not so large as to exceed the galvanometer clear aperture. As we had a 
DM with a 15 mm pupil diameter and wanted to magnify the beam to fill its active area, 
magnifying relays were natural choices for our sample arm design. Additionally, since we 
anticipated defocus and astigmatism on the order of a few diopters in the periphery [13], we 
did not place the DM at the start of the imaging system because the wavefront corrected beam 
might clip at the galvanometers. Overall, the angle range and clear aperture for high scan 
speed galvanometers shaped the design of our WF-OCT sample arm. 

 

Fig. 12. RMS wavefront error versus retinal eccentricity as predicted by a wide-field eye 
model [13] for low-order (left) and high-order (right) aberrations. The eye model was designed 
to reproduce the mean aberrations measured in 101 eyes. A 4 mm pupil was used to generate 
this data. Both the magnitude and rate of change of RMS wavefront error are greatest in the 
periphery, where low-order aberrations dominate. 
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We designed and built our sample arm using off-the-shelf commercial optics. While 
custom lenses may achieve smaller working distances, better angular support, precise angular 
magnification, and the ability to preemptively compensate angle-dependent ocular 
aberrations, low-dispersion wide-angle custom lenses can be very expensive. As the most 
influential aberrations in the retinal periphery are low-order (Fig. 12), correcting field 
curvature with a few custom lenses would permit a lower dynamic range DM to be used. 
However, while custom lenses may be able to correct the population average, individual 
variation in wavefront error could be as large as 0.5 µm [13]. With this in mind, we chose to 
use the extra dynamic range of the DM to remove the system aberrations in addition to the 
aberrations of the human eye. 

In order to obtain the greatest benefit from adaptive optics, a large 6-7 mm diameter beam 
should enter the eye. Unfortunately, pupil wander is an especially difficult issue in WF-OCT 
as the beam begins to vignette substantially at larger eccentricities. We conjugated the two 
orthogonal galvanometers using a uniform magnification 4f relay in the current design. 
According to our Zemax simulations, this resulted in pupil wander of ~1.7 mm at 35° 
eccentricity. Given a 3 mm beam diameter, the beam should avoid clipping at the pupil and 
galvanometer scanners. While a slightly larger beam diameter could have been incorporated 
without vignetting, obtaining precise angle magnification would require custom lens relays. 

In summary, we were able to achieve a +/−35° angle range for a 3 mm beam diameter 
using commercially available lenses and galvanometer scanners. Using Zemax ray-tracing 
simulations, we verified that vignetting should not occur throughout this angle range given a 
maximum pupil wander of ~1.7 mm and a 3 mm beam diameter. Given that the peripheral 
aberrations are strongly influenced by low-order terms, a 3 mm beam diameter was well 
suited to correct these aberrations at the expense of a larger diffraction limited spot size. 
Custom lens designs could have enabled more optimized solutions, although we selected less 
expensive commercial optics and used a DM with a large dynamic range to account for both 
system and patient aberrations. While the overall wavefront correction may have been 
suboptimal, our results demonstrated that WSAO correction with a 3 mm beam was sufficient 
to visualize features of interest in the peripheral retina, such as blood vessels (Fig. 7) and the 
drusen-like structures in Alzheimer’s disease suspects (Fig. 11). Future studies may wish to 
explore the advantages of using larger beam diameters, but in this study, hardware was not 
available that permitted a larger beam diameter. 

4.3. Trade-offs of WSAO versus closed-loop AO 

The main reason we chose WSAO over traditional closed-loop AO is due to WSAO’s 
versatility in the design of the WF-OCT sample arm. WSAO permitted us to design a smaller 
sample arm footprint since we did not have to include a wavefront sensor. In comparison, 
closed-loop adaptive optics systems use long focal length toroidal mirrors [27] to reduce 
optical aberrations and to prevent surface reflections from interfering with the wavefront 
sensor measurement [26]. In order to obtain a large (>70°) field-of-view, reflective telescopes 
would need to be used in very off-axis arrangements to avoid beam clipping. The steep angles 
of incidence would likely result in large magnitudes of off-axis aberrations, such as 
astigmatism and coma. 

Lens-based closed-loop AO systems minimize surface reflections through polarization 
[26] or coherence [44] gating, although it is important to keep in mind that these systems are 
still vulnerable to improper wavefront detection. Closed-loop AO aberration correction is 
only as good as the wavefront detection accuracy [45], and weak wavefront signals are 
particularly relevant to this study because many of our target population have cataracts. 
Additionally, off-axis wavefront detection, as was the case for our WF-OCT system, is prone 
to error and requires the use of sensitive phase unwrapping techniques [46]. If a reliable 
wavefront measurement cannot be achieved, closed-loop correction is not possible. 
Eliminating the wavefront sensor afforded flexibility in the design of our lens-based wide-
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field sample arm, and future iterations may seek to incorporate a wavefront sensor in order to 
be able to account for faster aberration dynamics. 

WSAO is less sensitive to eye motion because it integrates wavefront correction over the 
course of 3-10 seconds. As long as the majority of WSAO correction occurs within an 
isoplanatic patch, the effects of eye motion are mitigated. Unfortunately, this also means that 
WSAO is unable to correct for temporal dynamics in the ocular aberrations. This 
subsequently implies that WSAO may not be able to provide as good of wavefront correction 
as closed-loop AO, unless its convergence time is improved. If the convergence time of 
WSAO was similar to closed-loop AO, then WSAO would suffer from similar issues related 
to eye motion. Overall, optimization time plays an important role when correcting wavefronts 
in vivo due to the parasitic effects of voluntary and involuntary patient motion [36] as well as 
tear film dynamics [47, 48]. Despite the aforementioned shortcomings, our initial clinical 
encounters showed that WSAO provided sufficient aberration correction for enhanced 
visualization of important peripheral features. 

4.4. Trade-offs of a WSAO intensity metric calculated from unprocessed B-scan data 

Because we calculated our intensity metric from unprocessed B-scan data rather than 
processed volume data, our WSAO iteration speed was considerably faster than previous 
WSAO-OCT techniques [29, 30, 32, 49]. For example, the acquisition time required to obtain 
even a relatively small volume (300 lateral x 100 lateral x 1376 axial) is on the order of 300 
ms for a 100 kHz A-scan rate. At the same A-scan rate, our 1024 A-scans/B-scan data can be 
acquired in 10 ms, so we can iterate our mirror up to 30x faster than volume-based iteration 
methods. Since WSAO algorithms take 100-1000 iterations to correct the wavefront shape 
[32, 50], iteration speed becomes proportional to the total optimization time. Improving the 
convergence speed [50] or robustness to eye motion of the optimization algorithm is another 
topic of interest, although it is outside the scope of this manuscript. To our knowledge, this 
was the first report of a WSAO optimization metric using raw spectral interferograms. 

Using an intensity metric calculated from unprocessed B-scan data had trade-offs. 
Previous works used the summed intensity of processed OCT images as their optimization 
metric. By Parseval’s theorem, power is conserved through a Fourier transform. Therefore, 
summing the intensity in the spatial domain was mathematically equivalent to summing the 
intensity in the spectral domain. Taking advantage of this relationship allowed us to eliminate 
the Fourier transform and iterate our WSAO technique at higher speeds. The downside of this 
technique was that we were unable to select specific retinal layers or focal planes. Rather, our 
technique resulted in a wavefront that maximized the collective signal from all retinal layers. 
As the retinal nerve fiber layer and photoreceptors contributed the largest signal intensity, our 
WSAO technique applied greater weight to the correction of these two layers but still had an 
impactful effect on other regions such as the one near the choriocapillaris (Fig. 9). While 
calculating the optimization metric from specific retinal layers may be possible, this approach 
may be more complex and computationally expensive to perform in the spectral domain. 

4.5. Applications for aberration correction in WF-OCT 

Increasing the signal intensity with WSAO leads to better defined retinal layers in the 
peripheral region of the eye. Visibility of retinal layers is important when diagnosing ocular 
diseases [51] as well as when monitoring a patient’s responsiveness to treatment [52, 53]. 
Retinal layer thickness is an important biomarker of ocular diseases including glaucoma [51], 
retinitis pigmentosa [54], diabetic macular edema [55], and age-related macular degeneration 
[52, 53]. For example, a thinning retinal nerve fiber layer can indicate a loss of ganglion cells, 
which can lead to peripheral and then central vision loss [56]. Additionally, categorizing the 
source of retinal thickness changes into geographic atrophy [57] and drusen [53] can help 
when evaluating the severity of age-related macular degeneration [52]. Increasing signal with 
adaptive optics may improve the accuracy of segmentation when measuring layer thicknesses 
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[38] or closed-contoured features [58] such as photoreceptors or blood vessels. By increasing 
the OCT signal in the peripheral retinal, the additional layer-specific details afforded by 
WSAO may enable manual and automatic segmentation algorithms to study the evolution of 
disease processes that would otherwise not be accessible. 

Improving the lateral imaging resolution with WSAO also can be important for clinical 
imaging systems. We justified an increase in imaging resolution with WSAO by measuring a 
statistically significant increase in high frequency content in the B-scan image pairs of Fig. 4 
and the en face projected images of Fig. 9. This approach is analogous to prior AO studies 
where cone spacing and other high frequency features are compared using Fourier spectra 
[22, 59]. 

We anticipate that the improved high frequency content offered by WSAO will be of 
particular interest when imaging intricate microvascular networks. We hypothesize that 
WSAO can better visualize the site of a retinal blockage or microaneurysm when assessing 
and treating diabetic retinopathies [5, 8]. Additionally, wide-field OCT angiography [60, 61] 
may offer a promising alternative to fluorescein angiography [9, 62], which can aid in the 
evaluation of diabetic macular edema. Many disease biomarkers manifest in the peripheral 
retina [5, 8, 9, 62], and earlier visualization of these diseases could lead to more effective 
treatment strategies. 

WF-OCT with WSAO capabilities may provide key insights when observing the various 
stages of a given pathology. For example, it was interesting to visualize the distribution of 
drusen-like structures under the RPE layer of the prodromal Alzheimer’s subject in Fig. 10. 
These structures appeared in the periphery, but not in the central macula. We note that the 
drusenoid structures in dry age-related macular degeneration tend to be more frequent in the 
macula [52]. Thus, a larger study is warranted to investigate the origins and pathologic 
significance of these potential imaging biomarkers of early Alzheimer’s disease. 

In current wide-field OCT systems, the peripheral regions of the eye are dim and difficult 
to observe [12]. While averaging can help to recover signal intensity, it would also increase 
motion blurring and subsequently reduce the system resolution. Additionally, averaging 
cannot improve the lateral resolution by correcting optical aberrations. In comparison to 
WSAO, averaging not only results in an inferior image, but obtaining a sufficient number of 
redundant images is not always possible in a clinical setting. 

4.6. Advantages of wide-field imaging 

Our custom wide FOV OCT sample arm enabled our system to switch rapidly between wide-
field SVPs (Figs. 5, 10) and targeted regions of interest (Fig. 11), and to image the same area 
of interest multiple times (Fig. 7). Switching from a wide-field scan to a targeted high-
resolution scan was seamless from the viewpoint of the volunteer, as they needed only to 
maintain fixation. Volunteers did not have to adjust their gaze nor did the system need to be 
realigned in order to image different regions of the retina. 

Figure 10 illustrated the utility of the wide-field scanning mode in locating peripheral 
pathologies. With limited field-of-view commercial OCT systems or two-dimensional en face 
imaging systems, most of the pathology in this subject would have been difficult to observe. 
Even the central portions of the B-scan of Fig. 10 top are not typically accessible with 
commercial systems. With WF-OCT, the location of peripheral pathologies potentially could 
be identified in un-averaged wide-field SVPs. 

4.7. Effect of retinal curvature on WF-OCT 

The curvature observed in Figs. 5 and 10 were due to the pathlength mismatches between the 
peripheral retina and the reference arm. It is important to keep in mind that this curvature was 
not a direct measurement of the eye’s physical shape [63]. The curvature at the periphery of 
the retina could be exaggerated by adjusting the pupil entry position of the beam. If the beam 
did not enter near the center of the pupil, the retina would appear exceptionally curved [64] 

                                                                           Vol. 8, No. 1 | 1 Jan 2017 | BIOMEDICAL OPTICS EXPRESS 36 



and sometimes extend beyond the depth range of our system. We incorporated extended depth 
imaging [65] into our WF-OCT system, which was able to account for this additional 
curvature, though it was not always necessary if good patient alignment was achieved. 

5. Conclusion 

In this paper, we demonstrated a novel WF-OCT system equipped with WSAO for enhanced 
imaging of targeted subregions of the retinal periphery. Our relatively compact (400 mm x 
600 mm) lens-based WF-OCT sample arm achieved a 70° field-of-view, which is twice the 
FOV of many commercial OCT systems, and allowed us to locate pathologies rapidly in a 
wide field-of-view scan, zoom into pathological features, find the same targeted region at 
different time points, and search around a targeted area of interest. Since fast DM iteration 
speed was important, we developed a WSAO technique that could iterate at the speed of 
individual B-scans (~20 ms) by computing the optimization metric from raw spectral 
interferograms. With WSAO wavefront correction, we quantified in the living human 
peripheral retina a 10.4% increase in B-scan intensity and a 7.0% increase in the radially 
averaged Fourier spectrum for high frequency features. Specifically for the region containing 
the choriocapillaris and deep choroid layers, we observed a 17.0% and 10.4% increase in high 
frequency content with WSAO. A pilot clinical study on seven healthy volunteers and two 
subjects with prodromal Alzheimer’s disease showed the enhanced visualization of anatomic 
and pathologic features in the peripheral retina with WSAO wavefront correction. Overall, 
WSAO helped to distinguish tissue layer boundaries, fine details of the choroid, and smaller 
microvasculature. WF-OCT could even identify the location of pathologies as far as 32.5° 
from the fovea in raw un-averaged B-scans. Further optimization of the WSAO technique 
could aid in WF-OCT’s widespread adoption in the diagnosis and treatment of ocular, and 
potentially neurodegenerative, diseases of the peripheral retina, including diabetes and 
Alzheimer’s disease. 
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