








Fig. 3. Zemax optical model illustrating large (a) and small (b) beam diameter configurations. SM7 is affixed to a flip
mount and removed from the beam path to access the alternate TM2a/SM7a path.

2.3 Animal Subjects

Three groups of Sprague-Dawley albino rats were studied. The first group (N=17, age 76+7 days) were used in a study
of retinal layer thickness with OCT. The second two groups were used in the Doppler flowmetry studies. They were
imaged with an LSO similar to the one integrated in the AO multimodal system. The second (N=10) and third (N=6)
groups were 25 and 50 days old when imaged, respectively. Half of each group were room-air-reared (RAR) and the
other half were reared in an oxygen-controlled environment (OxyCycler; Biospherix Ltd., Redfield, NY) wherein the
ambient oxygen concentration was alternated every 24 hours between 50% and 10% from the day of birth until
postnatal day 14 to induce a retinopathy similar to retinopathy of prematurity (ROP) [18]. Before all experimental
procedures, the animals were anesthetized with an intraperitoneal injection of ~75 mg-kg" ketamine and 10 mgkg
xylazine and their pupils dilated with a combination of 2.5% phenylephrine hydrochloride and 1% cyclopentolate
hydrochloride. All animals were prepared and tested with electroretinography (ERG) subsequent to imaging [19]. All
procedures in this study were approved by the Animal Care and Use Committee at CHB and were performed in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

2.4 Imaging Procedure

The multimodal AO system provides adjustable scanning parameters for imaging human and animal subjects. The
horizontal axis of the SLO raster scan is adjustable from 0.5 deg. to 3 deg., while the SLO vertical axis (and OCT B-
scan length) can be adjusted up to the size of the front-end optics (~33 deg.), which is also the size of the LSO image. In
the normal mode of operation, SLO raster scans and OCT B-scans are continuously acquired at one retinal eccentricity.
In the montage or scanning mode, the SLO raster scan is panned across the retina, also producing an OCT raster scan
made up of individual B-scans. Fly-back and snake scanning schemes are used for montage mode.

In a typical imaging session, the pupil of the subject is aligned to the instrument using the LSO and HS-WS images,
then the AO and RT control loops are initiated (if using AO compensation and actively tracking, respectively), and then
the SLO, OCT, LSO, and HS-WS videos are acquired simultaneously. The imaging protocol depends upon the study
but may include a larger raster scan of the macula (10x10 deg.), followed by smaller raster scans (2x2 deg.) at various
eccentricities or centered on various retinal targets. For SLO/OCT registration in humans, the same region was scanned
several times (with and without tracking) to assure that each retinal location was imaged in the presence of eye motion.
For the FDOCT study in small animals, each eye was scanned at 1 deg. intervals from the disc across the horizontal and
vertical meridians. The thickness measurements were made at 2 deg. from the disc. For the LSO Doppler flowmetry
study, the disc was centered on the image and a slow scan was initiated.

2.5 Image Analysis

The multimodal AO system output includes SLO, OCT, LSO, and HS-WS videos. The HS-WS videos are generally
examined only to determine the quality of the AO correction. The OCT images are processed according to algorithms



described previously [20], implemented on the graphical processing unit (GPU) of a video card installed in the system.
For registration of the OCT raster scans, custom software was used to align the SLO frames to one another, and then to
re-sort the OCT B-scans according to the SLO X-y frame shifts from eye movements or montage scanning. SLO frame
registration software was developed at PSI [5,21] and the University of Rochester [22]. Because each OCT B-scan is
aligned to the average SLO x-y shifts, any intra-frame eye motion (warping, skewing, etc.) is not corrected. Any frames
with blinks or excessive intra-frame motion are excluded. In future work, each OCT A-scan in a complete raster (or C-
scan) will be aligned by performing a more precise registration of each horizontal slice of the SLO raster scan.

The Doppler flowmetry technique has been described more thoroughly elsewhere [16]. Briefly, the slow scan is set up
to acquire multiple lines (typically 512) continuously at each retinal location. The resultant x-t image contains all the
flow information encoded in the intensity fluctuations caused by erythrocytes or leukocytes in the blood (or other retinal
structures which may cause Brownian motion). The line is then slowly scanned across the retina but build an x-y-t data
cube. The data cube is then processed (primarily by fast Fourier transform) to produce an x-y-f data cube, or a set of
Doppler power images. The linear array detector integration time determines the maximum resolvable frequency and
minimum frequency step. For the data presented in this paper, the maximum frequency is 2.56 kHz and the minimum
frequency step is 10 Hz. The total scan duration is 102 s. Because each individual Doppler power image can contain
noise, binning schemes are employed to better visualize or quantify flow. Two primary binning schemes are used. The
first combines all the frequency images into three bins: perfusion (20-500 Hz), medium flow (500-1000 Hz), and high
flow (1000-2560 Hz). This binning method can be used to create pseudocolor images by converting the bins into the
color planes of an RGB image. The second binning scheme uses a moving window, where the width of the window is 8
frames and consecutive bins are separated by 4 frames. This results in 62 frequency bins with overlap.

3. RESULTS
3.1 Multimodal AO System Output

The multimodal AO system can be flexibly configured for larger sized scans to map the macula or for smaller scans to
resolve retinal cells such as photoreceptors. Figures 4 and 5 shows examples of these modes in the same subject. In
Fig. 4, the scan was configured for 10-deg. along the vertical axis and the maximum 3-deg. in the horizontal axis for the
SLO channel. The OCT raster size was set to 10-deg. Figure 4 shows a single frame from the raster video. Because a
small fraction of the OCT return light reflects off of the dichroic beamsplitter (D1 in Fig. 1), the OCT beam can be seen
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Fig. 4. Example of multimodal AO output in 38 year old emmetropic subject without retinal disease. Shown is a single
frame of a video acquired in raster mode. The scan is approximately centered on the fovea. (a) SLO image
(2x10 deg.), (b) OCT images (10 deg.), and (c) LSO image (~33 deg.).



in the LSO image (Fig. 4c). Because the two channels are synchronous, the OCT beam appears stationary as a spot
rather than a line in the LSO image. In Fig. 5, the SLO scan size is set to 2 deg. square and the OCT B-scan is taken
from a position corresponding to the center of the SLO raster. As previously mentioned, because they use the same
beam path, the OCT and SLO scans are always perfectly registered to one another.
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Fig. 5. Example of multimodal AO output of primary imaging channels for 2-deg. scan. (a) SLO image and (b) OCT image.
3.2 SLO/OCT Co-registration

SLO/OCT co-registration was demonstrating with multiple strip scans over the same 2%2.5-deg. retinal patch in one
subject. Eight videos of 128 frames (SLO raster scans and OCT B-scans) were collected. The OCT scans were
processed as normal and flattened to the RPE layer (and co-aligned to each other). The SLO scans for each video were
then registered with two software programs developed by PSI [5,21] and U. Rochester [22]. In the first pass, the mean
x-y displacement of the frame with respect to a key frame was calculated and intra-frame distortions were not
considered. The X-y frame shifts in the SLO images were then applied to the corresponding OCT B-scans, which were
then re-sorted to build up the OCT C-scan. Approximately 20% of the frames were not registered because of blinks,
excessive warping caused by eye motion, poor quality, or other exclusions. Approximately 30% of the frames were at
unique X-axis locations. The remaining 50% were at duplicate locations. The large number of duplicates is not
surprising considering 8 scans were collected over the same retinal patch. When perfect lateral pixel registration is
achieved, averaging can be used to increase SNR in the majority of the scans without loss of resolution. This was not
done for the data presented in this paper.

The results of the SLO/OCT co-registration are shown in Fig. 6. The left panels show a composite SLO image (linear
scaling) from one video (Fig. 6a) and a composite OCT image (linear scaling) at the level of the photoreceptors for all
videos (Fig. 6b). The cone mosaic is clearly visible in both images although exact cone-to-cone correspondence was not
achieved. The right panels show en-face OCT images (summed over several A-scans and with normal logarithmic
scaling) at successively deeper layers in the retina (nerve fiber layer, NFL; outer plexiform layer, OPL; photoreceptor
layer, PRL, retinal pigment epithelial layer, RPE; choriocapillaris, CC). The A-scans from which the en-face images
were summed is shown in the OCT B-scan to the right. Evidence of RPE cells and CC capillaries can be seen in the en-
face OCT images.

3.3 Small Animal Imaging

Examples of the multimodal AO output from rats are shown in Fig. 7. The images were AO-corrected, but because the
small animal imaging port has a diameter of 2.5 mm, while the rat's pupil is ~5 mm, the correction was not optimal.
When the rats were imaged with the large diameter (i.e., human) port, the HS-WS spots were extremely large with an
undefined center due to scattering from several layers in the relatively thick retina and non-optimal spacing of HS-WS
lenslets for the optics of their eyes. Thus HS-WS centroiding and AO correction was not possible using rats in the large-
diameter port. The alternate pupil port is configured for optimal AO correction on mice, which have a 2-3 mm pupil.



Fig. 6. Co-registration of SLO/OCT images. (a) Composite SLO images from one video (~2%2.5 deg.). (b) Composite OCT
image generated from 8 registered SLO videos (linear scaling). (c-g) OCT en-face and cross-sectional images at the:
(c) NFL, (d) OPL, (e) PRL, (f) RPE, and (g) CC.

Fig. 7. Multimodal output in albino rats. (a) RAR animal focused on PR/RPE complex. (b) ROP animal focused on the
NFL. Shown from left to right are the SLO, OCT, and LSO images acquired simultaneously.



The upper row (Fig. 7a) shows the output from a RAR rat with the focus set on the photoreceptor layer. The bottom row
(Fig. 7b) shows the output from a ROP rat with the focus set on the NFL. All major retinal layers could be resolved and
segmented. Partially aided by the fact that the albino rats have no melanin in the retinal pigment epithelial (RPE) layer,
the light penetration is extremely deep, and in some rats we could see through the choroid and sclera The majority
(99%) of rat photoreceptors are rods, which could not be resolved in the SLO images, though the mottled pattern in
Fig. 7a is due to the rod photoreceptors. The vessels and nerve fiber bundles can be seen in Fig. 7b, as well as
erythrocytes flowing through capillaries in the accompanying videos.

In order to quantify retinal changes associated with ROP, we segmented the retinal layers with custom developed
software. The results are shown in Fig. 8. Shown are the total retinal (TR) thickness, the inner retinal (IR) thickness, and
the photoreceptor (PR) layer thickness. The TR thickness is from the inner limiting membrane (ILM, vitreous-retina
interface) to the RPE. The IR was defined in this study as the thickness measured from the ILM to the outer nuclear
layer (ONL). The PR layer is from the ONL to the RPE. The results show significant changes in thickness between ROP
and RAR rats for the TR and IR thickness but not for PR thickness. These results agree with previous histological
studies [23]. Also, we found similar results in human subjects with a history of ROP [10].
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Fig. 8. Retinal layer thickness comparison between ROP (#) and RAR (<) rats. Total retinal, inner retina, and
photoreceptor thickness is shown. Example cross-sectional images for ROP and RAR rats is shown to the right.

Electroretinography (ERG) was performed on the same animals subsequent to AO-FDOCT imaging. Significant
differences were found between the ROP and RAR rats for nearly all ERG parameters, in agreement with previously
published results [19]. In Fig. 9 the ERG KP2 parameter is plotted as a function of TR, IR, and PR thickness for the
ROP and RAR rats. KP2 is a measure of post-receptor sensitivity and is plotted in ALogNormal unit, which normalizes
the log intensity unit to the mean of the control values. In this study we found significant correlation between KP2 and
TR (p < 0.01), IR (p < 0.01), and PR (p = 0.03) for both groups, but no correlation between KP2 and the ROP data
alone.
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Fig. 9. Comparison of retinal thickness to ERG KP2 parameter for ROP (#) and RAR (<) rats. The comparison shows the
thickness of: (a) TR, (b) IR, and (c) PR (including ONL).



3.4 LSO Doppler Flowmetry

Examples of pseudocolor Doppler flowmetry maps and their corresponding segmented images for RAR (top row) and
ROP (bottom row) rats are shown in Fig. 10. The young rats are shown to the left and the older rats are shown to the
right. As described above, the pseudocolor maps were created by binning the frequency images into perfusion
(<500 Hz), medium flow (500-1000 Hz), and high flow (>1000 Hz) and encoding these bins into the color planes of a
RGB image. In the older ROP rats, the vessel appear to be highly directional compared to the RAR rats.

Fig. 10. Pseudocolor flowmetry map in RAR (top row) and ROP (bottom row) rats. Pseudocolor and segmented images
shown from young (a,b,e,f) and old (c,d,g,h) rats.

The pseudocolor flowmetry maps were segmented and the total pixels associated with each flow range were summed
(Fig. 11). Significant differences were found in the ROP rats compared to the control rats in the older group. The ROP
rats had a lower percentage of perfusion pixels and a concomitant higher percentage of high flow pixels. No difference
between ROP and RAR was found in the younger group.
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Fig. 11. Segmentation results in ROP (#) and RAR (<) rats in young (a) and old groups (b) for the three frequency classes
that make up the pseudo-color flowmetry map.



The flowmetry maps created with the moving window were also analyzed. Histograms were created of the maximum
frequency for each pixel's frequency profile in a data cube. The data were thresholded prior to histogram creation to
exclude pixels where flow was outside of the measurable range (either not present or too high). The maximum
frequency is defined as the frequency where the pixel intensity value is half maximum. For the fixed scaling used in the
processing of these data cubes, the maximum intensity typically occurred at the lowest frequency bin. Figure 12 shows
the histograms averaged for RAR and ROP rats in the young (Fig. 12a) and old (Fig. 12b) groups. In the young animals,
the ROP rats have a higher number of peaks at a lower frequency, while in the older animals, the RAR rats have a
higher number of peaks and a more narrow frequency range. The total number of frequency profiles within each group
varied (that is, each average histogram curve had unequal areas) because of the varied number of excluded pixels (from
thresholding).
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Fig. 12. Maximum frequency histogram for fixed scale profiles in RAR and ROP rats for the young (a) and old (b) groups.
Shown is the maximum flow histogram as a function of frequency for all pixels (excluding mask) averaged for all eyes
for each group.

4. DISCUSSION

The multimodal AO system is a powerful platform for high resolution imaging of cells and fine structures in the retina.
We have demonstrated three capabilities in this paper: Simultaneous SLO/OCT imaging leads to perfect registration
between these modes, and this can be used to precisely align cross-sectional B-scans to build up an OCT C-scan with
less motion artifacts. An alternate port allows imaging with a reduced pupil diameter better matched to smaller animals
and a longer depth-of-focus in humans. The auxiliary LSO imager provides global orientation but can also be used for
advanced techniques such as Doppler flowmetry.

Although high quality cross-sectional images of the retina with little motion artifact can be obtained with FDOCT, eye
motion continues to be a challenge in resolving cells and structures in the en-face plane. Recently, several groups have
resolved cones in OCT images with various techniques. Some have simply used systems that acquire 3-D data sets at
very high rates [13,24]. In some cases this has enabled resolution of cones, though in a continuous mosaic only for very
small retinal patches at high eccentricities. Other groups have used AO and high speed OCT imaging, also with success
and better resolution of cones near the fovea [25]. Transversal OCT, which scans rapidly in the en-face plane (similar to
an SLO), has also been used to resolve cones and discriminate changes in them associated with the diurnal cycle [26].
We propose herein another technique of OCT/SLO co-registration to achieve resolution of the cone mosaic (or other
anterior retinal layers and structures) across wider fields for more rapid quantification of structural metrics.

Although we have demonstrated resolution of cones in an OCT image across a 2 deg. field of view (Fig. 6b), distortions
from motion are still present. This is due to several things, most prominently the fact that the OCT frame rate is modest
(13 kHz) because it has been slowed down to match the SLO frame rate for simultaneous imaging. We are currently
developing methods to acquire OCT images at faster rates while maintaining SLO/OCT registration. Also, because the
registration was based upon the mean x-y displacement of the entire image, intraframe distortion is still present. We
have also begun to configure the registration software to account for x-y displacements of single horizontal strips in the
SLO image, thus providing individual registration of every OCT A-scan to its proper retinal coordinates. Finally, we
have also tested this SLO/OCT registration scheme with an active tracker. We anticipated that the tracker would provide



further registration to achieve en-face frames with a reduced number of repeat scans and an equivalent or reduced
number of gaps. This was indeed the case: a similar number of gaps was achieved with 5 scans (640 B-scans) compared
to 8 (1024 B-scans) in the data set presented above.

We also demonstrated AO imaging in small animals with the multimodal system. Although the alternate port was
designed to be used on mice (~2.5 mm pupil) and we expected less-than-optimal AO correction in rats (~5 mm pupil),
the imaging quality was sufficient to determine key structural differences in the retina of ROP rats compared to RAR
rats. Although the rod mosaic could not be resolved in rats, the retinal images from these animals did exhibit a mottled
appearance associated with the presence of rods when focused at the photoreceptor layer. The ROP rats had a thinner
total retinal and inner retina but no difference was found in the photoreceptor layer, in agreement with previous
histological findings [23] as well as high resolution imaging results in human subjects with a history of ROP [10]. The
thinner inner retina correlated with degraded post-receptor ERG responses for both groups. However, the ERG
responses correlate with thickness more for RAR than ROP rats. Thus the ROP rats appear to have a thinner inner retina
and a disruption of post-receptor visual pathways, but the degraded responses don't appear to depend upon the degree to
which thinning occurs. Obviously more studies and more animals are needed to confirm these results. Further high
resolution imaging of inner retinal layers will also provide a greater context from which to study this visual dysfunction.
A simple thickness correlation, though a good initial start, provides no information on how the post-receptor retinal cells
and wiring are disrupted. In the near term, we plan to perform full segmentation of at least nine retinal layers as well as
measure any thickness changes with eccentricity.

The Doppler flowmetry study also demonstrated the capabilities of the multimodal AO system. In this study we
observed that the vessels in the ROP rats appeared more directional. This may indicate some degree of retinal
stretching. We found that the ROP rats have higher large vessel area and concomitant lower capillary area compared to
RAR rats. It also appears that the ROP rats have more static flow profiles than the RAR rats during the course of their
development from 25 to 50 days. We have also found increased tortuosity in the ROP rat vasculature. These findings
indicate key differences in vascular remodeling, development, and function in ROP. Future analysis will correlate these
results with ERG taken from the same animals immediately after imaging.

These studies indicate that a massive amount of information can be extracted from the high resolution images and
videos obtained from the multimodal AO imager. The biggest challenges for routine use of the system in research or
clinical applications involves development of automated analysis tools to extract quantitative metrics. Many of these
can be generalized across a broad spectrum of applications - for example, photoreceptor cone mapping is probably
useful for most vision and disease applications. However, extraction of other measures may be more specific to the
investigation at hand.
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