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Abstract

Imaging of the retinal vascular structure and perfusion was explored by confocal illumination and
nonconfocal detection in an adaptive optics scanning light ophthalmoscope (AOSLO), as an
extension of the work by Chui et al. [Biomed. Opt. Express 3, 2537 (2012)]. Five different
detection schemes were evaluated at multiple retinal locations: circular mask, annular mask,
circular mask with filament, knife-edge, and split-detector. Given the superior image contrast in
the reflectance and perfusion maps, the split-detection method was further tested using pupil
apodization, polarized detection, and four different wavelengths. None of these variations
provided noticeable contrast improvement. The noninvasive visualization of capillary flow and
structure provided by AOSLO split-detection shows great promise for studying ocular and
systemic conditions that affect the retinal vasculature.

1. INTRODUCTION

The human retina is a complex tissue composed of highly metabolic neurons and support
cells that require an efficient vascular network for adequate supply of oxygen and nutrients.
The retinal vasculature is affected in a large number of systemic and ocular conditions
including stroke [1], diabetes [2], age-related macular degeneration [3], macular
telangiectasia [4], retinal vascular occlusions [5], and glaucoma [6]. The high prevalence
and potential severity of vision loss due to these conditions makes monitoring the structure
and perfusion of the retinal vasculature critical.
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The current clinical standard for visualization of ocular vasculature perfusion and leakage
are fluorescein angiography (FA) [7] and indocyanine green (ICG) angiography [8]. These
procedures require the injection of exogenous dyes into the blood stream followed by
fluorescence imaging with ~488 nm (FA) or ~790 nm (ICG) excitation light. The invasive
nature of the injection, potential toxicity of the dyes [9], concerns about light safety [10],
and patient discomfort have led to the exploration of less invasive optical imaging
techniques referred to as motion contrast [11-20]. In these imaging modalities, contrast is
mathematically derived from temporal variations in the amplitude, frequency, or phase of
light collected from the retina. The fundamental assumption underlying this rapidly growing
field is that these temporal changes are caused by the motion of blood cells. The reliance of
these methods on somewhat rapid motion limits their ability to reveal leakage and therefore
make it unlikely that they will fully replace fluorescein and ICG angiography. Moreover,
motion contrast techniques are by definition susceptible to image registration errors, as
residual uncorrected eye motion in an image sequence would generate artifactual contrast.
Motion contrast angiography could, however, provide a lower cost, faster, safer, and less
invasive complement to dye angiography.

Motion contrast angiography has been demonstrated in many different forms including
single point laser Doppler velocimetry [11,12], scanning laser Doppler flowmetry [13,14],
laser speckle flowmetry [15], Doppler optical coherence tomography (OCT) [16],
differential fundus photography [17], and phase variance OCT [18]. When combined with
adaptive optics (AO), these techniques can reveal even the finest retinal capillaries [20-24]
in a way similar to FA [25,26]. Nonangiography ophthalmic AO techniques have also
resolved cellular structure in the vessel walls [27], as well as individual blood cells [20].

Resolving retinal vascular beds in close proximity to strongly backscattering layers such as
the nerve fiber or photoreceptor layers can be challenging when using imaging modalities
with no or poor-axial sectioning. Chui et al. [28] overcame this problem in the AO scanning
light ophthalmoscope (AOSLO) by laterally offsetting the confocal detector. This
arrangement, which was originally demonstrated by Webb et al. [29], allows direct
visualization of the blood vessels and capillary walls, as well as perfusion, through motion
contrast. Here, we extend the work of Chui et al. [28] by exploring four nonconfocal
AOSLO detection schemes and seek to improve the contrast of both the structural and
perfusion images [27]. In addition to varying the dimensions and geometry of the detection
apertures, illumination pupil apodization, polarized detection, and four different illumination
wavelengths were also evaluated.

2. METHODS

A. Human Subjects

Three male subjects (26-29 years old) with mild refractive error (—4.75 D for subject
JC_0200, —1.6 D for subject AD_1025, and 0 D for subject JC_1246) and no known history
of eye disease were recruited for this study, which was approved by the Institutional Review
Board at the Medical College of Wisconsin. The nature and possible risks of the study were
explained to the subjects, after which written consent was obtained. The pupil of the eye was
dilated and cycloplegia was induced with topical application of one drop of phenylephrine
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hydrochloride (2.5%) and one drop of tropicamide (1%). The subject’s head was stabilized
with the use of a bite bar attached to a three axis translation stage, which was used to align
the AOSLO exit pupil with the entrance pupil of the subject’s eye.

B. AOSLO Imaging

A previously described AOSLO [30] was modified to compare five different detection
schemes. This was achieved by placing different spatial filters in the retinal conjugate plane
in front of the light detector(s). The spatial filters used, shown in Fig. 1, were:

1. Centered circular apertures with 1, 6, or 16 Airy disk diameters (ADDs).

2. Annular apertures with 16 ADDs outer diameter and 1, 3, or 6 ADD inner diameter.
This is a form of dark-field detection, which in Webb et al.’s work [29] is referred
to as the “Tyndall or indirect view.”

3. A circular aperture, 16 ADD in diameter with a centered opaque filament oriented
near horizontally, which was 1, 3, or 6 ADD in width. This form of dark-field
detection was recently used by Scoles et al. [31] to visualize the retinal pigment
epithelium cell mosaic in the living human eye.

4. A knife-edge test implemented by blocking a portion of a 16 ADD circular mask
and using a nearly horizontal opaque tape. The edge of the tape within the aperture
blocked half of the aperture plus an additional 0.5, 1.5, or 3 ADD (see Fig. 1).
These values correspond to the annular and filament inner diameters tested, with an
additional half-plane blocked.

5. Split-detection [32] was implemented by collecting the light on the left and right
side of a circular aperture 20 ADD in diameter and a central vertical obscuration 1
or 3 ADD wide, using two different detectors.

The spatial filters were compared by imaging two retinal locations in subject JC_0200 with
790 nm light. The two retinal locations were 0.6° temporal, 0.6° inferior, and 5° nasal, 5°
inferior, relative to fixation. These locations were chosen because they correspond to the
edge of the foveal avascular zone (FAZ), where there is no nerve fiber layer (NFL), and an
area with a strong NFL backscattering signal (~40 um NFL thickness), respectively.

Later, elementary pupil apodization and polarization tests were performed using split-
detection in subject AD_1025 with 790 nm light. The illumination pupil was apodized using
an annular mask with 3.0 and 7.5 mm inner and outer diameter at the pupil of the eye,
respectively. This was done in an attempt to extend the depth of field [33,34].

Polarized detection was tested by illuminating the eye with linearly polarized light (~10:1)

and by filtering the light exiting the eye with a linear polarizer. Images of retinal capillaries
were acquired with the polarizer oriented for maximum throughput, and then at 45 and 90°

relative to that orientation.

Finally, images were also acquired with three other wavelengths (560, 600, and 680 nm
mean wavelength, 10 nm bandwidth) in subject JC_1246.
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C. Light Exposure

Because AOSLO vascular images often contain few distinct features that facilitate accurate
registration, simultaneous image sequences focused on the photoreceptor layer were
recorded using an additional confocal imaging channel. When using 790 nm light for
vascular imaging, 680 nm light was used to image the photoreceptor mosaic. Conversely,
when imaging vasculature with 560, 600, or 680 nm light, 790 nm light was used to obtain a
registration signal. Wavefront sensing was performed using 850 nm light in all experimental
conditions.

The AOSLO light sources used were superluminescent diodes (SLD; Superlum, Co. Cork,
Ireland) for 680, 790, and 850 nm light and a supercontinuum source (NKT Photonics,
Birkergd, Denmark) for 560 and 600 nm light. The 790 and 850 nm SLDs were modulated
and turned on only during the imaging portion of the scanning raster. This improved the AO
correction by only measuring aberrations over the imaged field of view and minimized light
exposure. The optical powers measured at the pupil of the eye during imaging were 80 pW
at 560 or 600 nm, 120 uW at 680 nm, 54 uW at 790 nm, and 5 uW at 850 nm. For the pupil
apodization experiment, the power at the eye of the 790 nm source was reduced by 16% to
~45 uWw.

Photochemical light toxicity was minimized by acquiring images with 560 and 600 nm light
on nonoverlapping retinal areas. With a 1.25° field of view and a frame rate of 17 Hz, the
exposure was selected to be least five times below the ANSI Z136.1 maximum permissible
exposure for all wavelength combinations [35,36].

D. Image Processing and Analysis

For the pair of simultaneously acquired images using the split-detector method (Ch.1 and 2
in Fig. 1), a third sequence (referred to as the split-detector sequence) was calculated as the
image difference between the two detectors divided by their sum.

Image sequences with 300 frames were acquired for all experimental settings. Of those, the
200 frames with the highest normalized cross-correlation when compared against a manually
selected reference frame were registered using strip-based registration custom software [37]
after removing the sinusoidal warping induced by the resonant optical scanner. An average
image from each registered sequence was then created to visualize the retinal vasculature
structure. The same sequences were processed to create motion contrast images that revealed
the vascular perfusion, in a similar fashion to that used by Chui et al. [23]. This was
accomplished by calculating the standard deviation of each pixel across the registered image
sequence. These motion contrast images will henceforth be referred to as perfusion maps.
No additional filtering or processing was performed to the images presented in this work.

The intensity profiles of individual capillaries along a short segment for all detection
schemes were plotted. Each cross-section curve was normalized to its intensity in a ~6 um
band 10 um away from the capillary center. These arbitrary values were chosen to aid a
coarse comparison of the different detection schemes.
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3. RESULTS

A. Image-Plane Spatial Filter Comparison

Spatial filters are compared in subject JC_0200 at the corner of the FAZ in Figs. 2-4, with
reflectance in Fig. 2 and perfusion maps in Fig. 3. Capillary cross sections boxed in Figs. 2
and 3 are shown in Fig. 4 to allow comparison of capillary reflectance and perfusion map
contrast across modalities. Further comparisons at the more eccentric location in the same
subject (5° nasal and inferior from fixation) are shown in Figs. 5 and 6.

1. Circular Apertures—The confocal images of the edge of the FAZ collected with a 1
Airy disk circular pinhole (top left panel of Fig. 2) had a strong reflectance signal along the
capillary center line with dark adjacent areas. This reflection was not uniform along the
vessel length, and the bright areas possibly corresponded to astrocyte end-feet, pericytes,
and/or vascular endothelial cells [27]. As the aperture size increases (top row of Fig. 2),
thereby effectively transitioning from confocal to bright-field imaging, the vascular walls
become more apparent, the overall contrast is reduced, and the image background becomes
more uniform (Figs. 2—4). Interestingly, the larger apertures caused the capillary reflectance
profile to change from having a single peak (unipolar) to having one peak and one trough
(bipolar) relative to the background.

In retinal locations with relatively thick NFL, such as that shown in Fig. 5, the strong
reflectance signal from the NFL prevented the visualization of the microvasculature for all
circular detector sizes. Also, the granular NFL appearance means that residual errors in
image registration create larger granular artifacts in the perfusion maps that cover the entire
image.

2. Centered Obscurations—When imaging with the annular apertures or circular
apertures with filaments, only the inner diameters were varied while the outer diameter was
maintained at 16 ADD. The reflectance images (second and third rows of Fig. 2) and
vascular cross sections (same rows, Fig. 4) did not change noticeably with either type of
detection aperture or inner obscuration size. As with the large circular apertures, the
capillary profiles were typically (but not always) bipolar. The perfusion maps on the other
hand (Fig. 3 and red dashed curves in Fig. 4), showed a clear reduction in contrast with
increasing obscuration size.

The same observations can be made from the images at 5° inferior and nasal from fixation
(second and third rows of Figs. 5 and 6). Notably, the larger obscurations resulted in a
stronger attenuation of the NFL signal, thus revealing the capillary network that serves the
NFL more clearly. The perfusion maps at this retinal eccentricity (Fig. 6) were comparable
to that of the FAZ, showing a contrast reduction with increasing inner diameter. This
suggests that the confocal signal, which is blocked with the central circular (annular
aperture) or rectangular block (filament), contains a nonnegligible amount of flow
information.

3. Knife-Edge—Similar to the annular and circular apertures with a filament, the
reflectance images in Fig. 2 showed comparable capillary walls contrast regardless of the
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position of the straight edge of the obscuration. There was, however, a contrast reduction in
the perfusion maps with increasing aperture blockage, albeit smaller than that observed
when using filaments or circular apertures.

At the more eccentric retinal location (Fig. 5), the blocking of the confocal signal attenuated
the light from the NFL, revealing the microvasculature in both the reflectance and perfusion
maps. Of note, is that the contrasts and/or sharpness of the cellular structures in the largest
blood vessel walls increased with obscuration size. In this imaging modality, there was also
a clear bipolar appearance of the vessel walls regardless of the vessel orientation.

4. Split-Detector—One of the most notable features of the split-detector images is that
low spatial frequency background variations attenuate with increasing detector separation.
These images show high bipolar capillary contrast and what appears to be a mosaic of
cellular structures, although without well-defined edges that would permit cell counting. The
corresponding perfusion maps show moderate contrast with very uniform and minimal
background, which makes these images the most amenable to automated vasculature
segmentation when compared to the other detection schemes discussed previously.

When imaging at the more eccentric retinal location (Fig. 5), the NFL signal in the split-
detector images was virtually negligible. This was likely the result of blocking the confocal
signal as well as taking the difference between the two halves of the image plane signals. As
with the images from the edge of the FAZ, the perfusion maps derived from the split-
detector image sequences had the least image registration artifacts because of the substantial
reduction of the NFL signal. Furthermore, this technique also provides the strongest
(bipolar) contrast of the cellular structures flowing within the blood vessels (Media 1 in Fig.
10) and forming the walls of the larger vessels (Fig. 5).

Given the superior contrast of vascular and perfusion maps of the split-detection, we
selected this method for further refinement and investigated pupil apodization, polarization,
and wavelength.

B. Split-Detector and Pupil Apodization

In an attempt to extend the depth of field of the split-detection without sacrificing transverse
resolution, we elongated the illumination point spread function by placing an annular pupil
in the illumination path [34,38]. The resulting images acquired in subject AD_1025 show
that the apodization blurs split-detector images with a reduction in image contrast in both
reflectance and perfusion maps (Fig. 7).

C. Split-Detector and Exit Polarization

Given the development of polarization sensitive ophthalmoscopes [39—41] that exploit the
birefringence properties of the human eye [42—-44], we explored the effect of polarized split-
detection. This was accomplished by placing a linear polarizer in the pupil conjugate plane
in front of the detector while illuminating the eye with linearly polarized light in subject
AD_1025. The images acquired at the edge of the FAZ and at 5° inferior-nasal (see Fig. 8)
appeared blurred and had reduced contrast with the linear polarizer in place. Both
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degradations increased as the polarizer was rotated away from maximum transmission
because of a reduction in the signal.

D. Split-Detector and Wavelength

Finally, split-detector vascular imaging using visible wavelengths was evaluated as a
potential avenue to increase contrast. This was accomplished by comparing images collected
with 560 and 600 nm light against images acquired with 680 nm light. The images acquired
in subject JC_1246 (see Fig. 9) showed higher contrast for 680 nm light compared to 560
and 600 nm light, and there were no obvious differences between the two shorter
wavelengths. Perfusion maps acquired with shorter wavelengths had a substantially noisier
background, which makes the segmentation of capillaries more challenging.

4. DISCUSSION

The AOSLO images captured with circular apertures cover the whole axial sectioning range,
from the most confocal detection possible (1 ADD) to, effectively, bright-field imaging (16
ADD). In this transition, the intensity cross section of capillaries changed from unipolar to
bipolar, which suggests that two different contrast mechanisms are at play. This was
unexpected because nothing in the anatomy or the detection scheme suggests a preferential
side of the capillary structure. This result might suggest that rays of light impinging on the
central region of the retinal conjugate plane (~1 ADD) in front of the detector create the
unipolar vessel profiles, whereas the rays outside the confocal region provide the bipolar
signal. This observation was consistent across all detection methods tested.

Larger circular apertures provided less contrast overall, but they allowed for the
visualization of the vascular walls at the FAZ in reflectance with a more uniform
background. The uniform background was beneficial in that it attenuated image registration
artifacts in the perfusion maps. However, the poor visualization of blood vessels within the
NFL with this technique means that a centered circular detection aperture is not optimal for
vascular structure or perfusion outside the FAZ.

Of the tested conditions, the split-detection produced the highest contrast in structural
(reflectance) and perfusion maps. Multiple scattering is the most likely source of contrast in
all of the scanning ophthalmoscopes that block the confocal signal [28], including the four
tested here, but a concrete mathematical description of these imaging modalities is still
lacking. A possible explanation could be as follows: integrating the two-dimensional light
intensity distribution along one direction in the pinhole plane of an AOSLO yields a one-
dimensional (1D) function. Like all 1D functions, it can be decomposed as the sum of a
symmetric and an anti-symmetric component. If this 1D intensity function, which
corresponds to a single pixel in the image, is formed by the incoherent addition of photons,
then annular masks and circular masks with or without filament will only provide
information about the symmetric component of the intensity distribution at the aperture
plane. Split-detection, as proposed here, is effectively the ratio of the anti-symmetric to the
symmetric component of the intensity distribution, while the knife-edge is a combination of
both. This means that the virtual elimination of the NFL signal in the split-detector images
indicates that the NFL outside the central 1 ADD produces a mostly symmetric intensity
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distribution in the image plane. Vasculature, however, can be seen in images acquired with
all of the detection techniques, provided it is not overwhelmed by the NFL signal. This
strongly suggests that retinal vasculature generates both symmetric and anti-symmetric
intensity distributions at the detection plane. Because of the attenuation of the NFL signal
with the split-detection method, this technique provides superior vessel wall contrast, as well
as superior contrast of the perfusion maps, compared to the other detection techniques.

The disadvantage of such an asymmetric detection scheme is the perfusion maps of vessels
oriented parallel to the split-detector edge (vertical, in this case) appear as two parallel lines
outlining the perfused lumen, as illustrated in Fig. 10. Interestingly, the vertical portion of
the capillary appears larger than the horizontal one in the perfusion map image. This should
be further investigated before using this technique to quantify perfused lumen diameter.
These artifacts could potentially be eliminated by dividing the nonconfocal signal using four
quadrant detectors, and then generating an image that is a combination of horizontal and
vertical split-detection.

One of the most striking features of split-detection is the high contrast of individual blood
cells flowing through the retina capillaries, as seen in Media 1. Individual raw images also
show the effect of the asymmetric detection with each blood cell appearing dark on the left
and bright on the right, which strongly resemble images collected using differential phase
microscopy techniques [45,46].

An additional benefit of split-detection is the contrast in the wall structures in the large
vessels (white arrows in bottom right panel of Fig. 5). These structures correspond well with
those reported by Chui et al. [27], and they are likely endothelial cells and/or pericytes.

Neither annular pupil apodization nor variations in the exit polarization seemed to enhance
the contrast or SNR in split-detector images or their corresponding perfusion maps. This
must be kept in mind when using instruments with polarizing elements in the imaging path.

The reasons for inferior contrast in reflectance and perfusion maps when using visible
wavelengths are not trivial. For reasons that we do not fully understand but might relate to
patient comfort, both AOSLO image (qualitative) sharpness and the wavefront sensor data
indicates that the tear film breaks faster when using 560 and 600 nm light than when using
680 or 790 nm light. The tear film breakup affects the image sharpness both directly and
indirectly through poor AO correction. We do not expect intraocular scattering to
significantly degrade split-detector images because it should produce a relatively uniform
background and most likely would create a symmetric intensity profile that would be
removed with the subtraction of the signal from both detectors.

5. CONCLUSIONS

We have investigated the use of nonconfocal detection for imaging retinal vasculature in an
AOSLO. The data indicates that among the five detection schemes investigated, the split-
detector performs best in terms of revealing vessel and capillary walls with the most detail
and contrast across all retinal locations and depths. Standard deviation maps derived from
split-detector image sequences revealed perfusion with minimal background and repeatable

J Opt Soc Am A Opt Image Sci Vis. Author manuscript; available in PMC 2015 June 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sulai et al.

Page 9

artifacts. These artifacts need to be better understood before reliable lumen diameter
quantification can be achieved.

An elementary interpretation of the distribution of light on the retina conjugate plane was
proposed to explain some of the findings across the different detection schemes evaluated
here. The bipolar cross section of the capillary intensity profiles in the nonconfocal detection
schemes remains unexplained, despite the absence of a preferential direction or side, as in
the case of annular apertures.

The image plane nonconfocal split-detector method demonstrated here is similar to the
differential amplitude method proposed by Wilson and Hamilton [32]. Other phase [47] and
split-detector methods [46,48,49] have been proposed in microscopy and the encouraging
results of this paper will hopefully inspire the translation of more microscopy techniques to
ophthalmoscopy.

Despite our incomplete understanding of the source of contrast and appearance of the split-
detector images, this technique shows great potential as a high-resolution noninvasive
screening and monitoring tool for conditions that affect the retinal vasculature.
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Fig. 1.

Masks placed in the retinal conjugate plane in front of the AOSLO point detector(s), with

black denoting opaque regions. The arrows indicate the sizes referenced in the text. Split-
detection is the only detection scheme with two detectors (Ch. 1 and 2).
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Fig. 2.
Reflectance AOSLO images of the inferior-temporal corner of the FAZ (0.6° temporal and

inferior from fixation) collected in subject JC_0200 using the following detection apertures:
circular, annulus, circular with an opaque filament, knife-edge, and split-detector. The red
boxes indicate the vessel segment from which the intensity profiles in Fig. 4 are plotted.
Scale bar is 50 pm across.
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Fig. 3.
Perfusion maps corresponding to the image sequences averaged to create Fig. 2. The red

boxes indicate the vessel segment from which the intensity profiles in Fig. 4 are plotted.
Scale bar is 50 um.
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Fig. 4.

Intensity profiles of the vessel boxed in the reflectance images of Fig. 2 (blue, solid) and the
perfusion maps of Fig. 3 (red, dashed). Each curve is normalized to its background
(nonvessel values) and the shaded regions correspond to +1 standard deviation away from
the mean. The vertical axes refer to gray levels in arbitrary units. Scale bar is 20 um across.
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Fig. 5.
Reflectance AOSLO images at 5° nasal and inferior from fixation collected in subject

JC_0200 using the following detection apertures: circular, annulus, circular with an opaque
filament, knife-edge, and split-detector. Scale bar is 50 um across.
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Fig. 6.
Perfusion maps corresponding to the image sequences averaged to create Fig. 5. Scale bar is
50 pum.
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Fig. 7.
Split-detection AOSLO reflectance (first and third columns) and perfusion (second and

fourth columns) images collected in subject AD_1025 with and without an apodized
illumination pupil at the edge of the FAZ (0.6° temporal and inferior from fixation) and at 5°
nasal and inferior from fixation (SN5I). Scale bar is 50 um across.
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Fig. 8.
Split-detection AOSLO reflectance (first and third columns) and perfusion (second and

fourth columns) from subject AD_1025 collected with linearly polarized illumination and a
linear polarizer in different orientations in the exit pupil. The orientations indicated on the
left are relative to the orientation for maximum transmission. Scale bar is 50 um across.
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Fig. 9.
Split-detection AOSLO reflectance and perfusion images collected in subject JC_1246 using

different wavelengths. Each retinal eccentricity imaged with 560 or 600 nm was re-imaged
with 680 nm for comparison. The locations are as follows: 560 nm—12° nasal, 4° inferior (1
ADD) and 7° nasal, 4° inferior (4 ADD). 600 nm—13° nasal, 5° superior (1 ADD) and 7°
nasal, 5° superior (4 ADD). All locations listed in degrees of visual angle relative to
fixation. Scale bar is 50 um across.
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Fig. 10.
Split-detection motion contrast (perfusion) artifacts due to the asymmetric intensity profile

of blood cells (bright on the left, dark on the right; Media 1). Top row: Split-detector
reflectance and perfusion images collected in subject JC_0200 at 3° nasal to fixation.
Bottom row: Cross sections through a single capillary at the points along its path boxed in
the top row images. The vertical axis refers to gray levels in arbitrary units. Scale bars are 20

ym across.
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