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Abstract: We used a confocal adaptive optics scanning laser 
ophthalmoscope (AOSLO) to image the retina of subjects with non-
proliferative diabetic retinopathy (NPDR). To improve visualization of 
different retinal features, the size and alignment of the confocal aperture 
were varied. The inner retinal layers contained clearly visualized retinal 
vessels. In diabetic subjects there was extensive capillary remodeling 
despite the subjects having only mild or moderate NPDR. Details of the 
retinal microvasculature were readily imaged with a larger confocal 
aperture. Hard exudates were observed with the AOSLO in all imaging 
modes. Photoreceptor layer images showed regions of bright cones and dark 
areas, corresponding in location to overlying vascular abnormalities and 
retinal edema. Clinically undetected intraretinal vessel remodeling and 
varying blood flow patterns were found. Perifoveal capillary diameters 
were larger in the diabetic subjects (p<0.01), and small arteriolar walls were 
thickened, based on wall to lumen measurements (p<.05). The results 
suggest that existing clinical classifications based on lower magnification 
clinical assessment may not adequately measure key vascular differences 
among individuals with NPDR. 
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1. Introduction 

Retinal imaging techniques have undergone rapid and significant changes in recent years. The 
use of adaptive optics has allowed precise measurements of many cell types in the retina, 
including photoreceptors [1–9], retinal pigment epithelial (RPE) [10–13] cells, ganglion cell 
axon bundles [14, 15], and erythrocytes [16–19]. Correcting the wavefront aberrations has 
also allowed imaging of capillaries at high resolution; increasing contrast and allowing 
detailed imaging of the perifoveal capillary network [18, 20–24]. The most sensitive of these 
cellular techniques have usually used confocal imaging, including the use of adaptive optics 
with OCT. Adaptive optics retinal imaging has been used to study diabetic retinal changes at 
high magnification [22, 25–27]. [22, 25] Tam and colleagues [22, 25] showed that the 
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capillary network can be quantified using motion contrast techniques and that it was changing 
early in diabetes, and Lombardo and colleagues [27] showed capillary diameter changes using 
a flood illuminated AO system. However confocal AO imaging while producing high contrast 
and allowing excellent mapping using motion contrast procedures, does not always produce 
the best structural images of the blood vessels [18]. Flood illuminated AO imaging can show 
the capillaries and allow quantification [27] but produces relatively low contrasts and is less 
useful for mapping blood flow. Recently, we have reported that imaging techniques sensitive 
to lateral scatter can be highly effective for imaging the retinal vasculature [18, 28], and this 
approach has also been useful in measuring RPE cells [12]. However, to date there have not 
been applications of this approach to studying retinal vascular diseases [27]. Increasing the 
proportion of lateral scatter in the image by varying the size and position of the confocal 
aperture relative to the optical axis was investigated in the current paper applying AOSLO 
imaging to cellular and vascular structures in mild to moderate non-proliferative diabetic 
retinopathy. 

Diabetic retinopathy (DR) and diabetic macular edema (DME) are the most common 
causes of blindness in the working age population in the U.S [29, 30]. There are large 
differences in DR among individuals as well as among different ethnic groups within the U.S 
[31, 32]. Since the eye also could be a potential biomarker for systemic changes related to 
diabetes [33], improved retinal imaging is of great significance. The spectrum of 
neurovascular damage is a consequence of a failure of glycemic control, with consequent 
microvascular damage and resulting hypoxia [34–39]. Diabetic retinal vascular abnormalities 
seen in early to moderate NPDR include pericyte loss, basement membrane thickening, 
arteriole wall thickening, and microaneurysm formation. Some later stages include more 
extensive retinal vascular remodeling, with important clinical changes such as intraretinal 
microvascular abnormalities (IRMA) and capillary nonperfusion being potentially difficult to 
detect by clinical examination. Additionally in DME, fluid accumulates in the retina from 
leakage through the inner or outer blood retinal barriers, usually visible as leakage on 
fluorescein angiography (FA) and clinically seen as retinal thickening. Hard exudates, which 
are the residual protein and lipids from retinal vascular leakage provide one of the more 
evident clinical signs of DME. As DR progresses further, neovascularization of the optic disk 
(NVD) as well as neovascularization elsewhere (NVE) can occur [40]. These signs of diabetic 
retinopathy, the hard exudates, NVD and NVE, are quite evident using traditional imaging 
techniques. However, the earlier vascular changes such as IRMA and capillary nonperfusion 
[22, 35–37, 39] are not always evident clinically. With the development of novel therapies 
and interventions for diabetic control, there is a growing importance for monitoring the early 
stages of diabetic retinopathy [33]. We investigated the ability of adaptive optics retinal 
imaging with different degrees of confocality to detect microvascular changes in a cohort of 
diabetic subjects with mild to moderate NPDR. 

Certain microvascular changes are not readily visible with the wide-field imaging that is 
in general clinical use. However, by using near infrared light to improve retinal penetration 
[41], along with laser scanning and a confocal aperture to control unwanted scattered light 
[18, 28], retinal microvascular structures can be imaged at high contrast and high resolution 
by correcting for each subject’s individual optics. For retinal vessels that are perfused, the 
flow of erythrocytes and other cells can be imaged over time [16, 17, 23] to provide perfusion 
maps [21, 23]. The perfusion maps allow us to directly evaluate whether capillaries have 
intact flow without requiring a contrast agent such as sodium fluorescein. These two types of 
images, the structural images, obtained based on reflectance, and the perfusion map, were 
examined to test whether the more clinically advanced microvascular changes such as 
capillary closure and IRMA, are seen in mild to moderate NPDR. Additionally, the image sets 
were utilized to quantify the wall to lumen ratio of small retinal arterioles (15 to 55 μm) and 
the diameter of foveal capillaries in this diabetic population compared to appropriate 
nondiabetic controls. 
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2. Methods 

2.1. Subjects 

A series of seven diabetic subjects were imaged. Subjects were recruited from the Indiana 
University School of Optometry or the Department of Ophthalmology at the Indiana 
University School of Medicine for testing in Bloomington, Indiana. Prior to imaging, these 
subjects were graded by a retinal specialist ophthalmologist (A-D.T.P) as having mild to 
moderate nonproliferative diabetic retinopathy (NDPR) based on the Early Treatment 
Diabetic Retinopathy Study staging criteria (Table 1). Six of the seven subjects were Type 1 
diabetics; the last (D07) was Type 2. Results were compared to control subjects. For 
measurements of capillary diameter, we used a set of seven healthy control subjects 
approximately matched in age. For arteriolar wall to lumen ratio comparisons, our technique 
requires slightly larger blood vessels than the capillaries [42]. For this comparison we used a 
different group of eight normotensive control subjects. The study was approved by the 
Indiana University Institutional Review Board and adheres to the tenets set forth in the 
Declaration of Helsinki and the Health Insurance Portability and Accountability Act 
regulations. Written informed consent was obtained from all subjects. The control subjects 
were age-, gender-, and declared ethnicity-status matched, with 3 females in each group. 
Mean age was 44 ± 6.6 years for the diabetics and 48 ± 8.2 years for the capillary controls and 
43 ± 13 years for the normotensive controls, with no age difference between groups (p>0.05). 
All subjects had a comprehensive ophthalmic examination prior to diagnostic testing. All 
diabetic subjects had chronic hemoglobin A1c greater than 8.0, a clinical diagnosis of mild or 
moderate NPDR, and no other retinal disease. The control subjects did not have diabetes or 
other retinal disease. Each subject participated for approximately 1 hour, not including 
recruitment, consent, and explanation of the data, and travel. 

Table 1. Subject information. M: male. F: female. HbA1c: Hemoglobin A1c. CD: 
capillary diameter. WLR: average wall to lumen ratio for subject. 

Subject No. Age 
(Year) 

Gender NPDR HbA1c Duration 
(Year)

CD WLR 

D 01 31 M Moderate 9 22 5.6 0.58 
D 02 50 M Mild 8.1 21 7.7 0.48 
D 03 47 F Mild 9.2 20 8.0 0.82 
D 04 47 F Mild 8.7 16 9.0 2.4 
D 05 39 F Mild 8.3 10 6.5 0.38 
D 06 45 M Mild 9.1 25 8.8 1.7 
D 07 48 M Moderate 9.1 6 6.9 0.64 

2.2. Imaging 

Infrared SLO fundus imaging and SDOCT imaging were performed first (Figs. 1 and 2, 
panels A and B) (Spectralis, Heidelberg Engineering, Heidelberg, Germany). This clinical 
imaging localized retinal areas in the diabetic subjects for further study with the AOSLO, and 
provided cross-sectional views of retinal reflectivity and thickness maps that could then be 
related to the high resolution AOSLO imaging [15]. A 20 by 15 deg raster scan centered at 
the fovea consisting of 144 horizontal optical b-scans was obtained in each subject. The 
macula was densely sampled to obtain comparison images of small structures, with a 
separation between each b-scan acquisition of 30 microns. The axial and lateral resolutions of 
the SDOCT were 7 and 14 microns, respectively. In addition, each subject had measurement 
of axial lengths using the IOL Master (Carl Zeiss Meditec, Carlsbad, CA). 

AOSLO imaging was performed using the Indiana AOSLO [43]. This system uses a 
woofer tweeter wavefront control system [44, 45] to provide en face, high-resolution images 
of retinal structures, with the capability of focusing on superficial or deeper retinal layers. 
Images were obtained at 28 Hz frame and 15 kHz line rates, typically 100 consecutive images 
were digitized at each retinal location for later processing. Template images were 
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automatically selected from each video segment, and then other frames from the same retinal 
region were aligned to the template video frame to create video sequences with eye 
movements removed. To compare diabetic eyes to normal eyes we used two types of images 
computed from the aligned video data. First, structural images were computed from the 
averages of the reflected light (Figs. 1 and 2, panel C); second, perfusion maps of the retinal 
vasculature were computed from the variance of reflectivity over time [21]. 

 

Fig. 1. Retinal images from 35-year-old control subject (C 01), comparing a wide-field SLO 
en-face image, SDOCT cross section, and AOSLO high resolution montage. (A), 30 x 30 deg. 
wide-field SLO en-face image showing the region of interest. (B), SDOCT cross section, with 
the location as indicated by the black arrow in A. (C), Montage of AOSLO reflectance images, 
corresponding to the white rectangle in A. Scale bar = 100 μm. 

Each subject underwent a standard imaging protocol, plus a directed portion where 
imaging was concentrated on a region of interest that was identified from the wide field 
imaging. For the standard imaging protocol, the AOSLO was first focused on the foveal 
photoreceptor layer, which typically provides a bright target for focusing. A strip of retina 
was imaged using a relatively small confocal aperture (2x the Airy disc diameter) to enhance 
the contrast of light reflected from the retina, sampling from the fovea to 12 degrees 
temporally. The regions of interest selected from the SDOCT with the corresponding SLO 
images were then used with a clinical planning module to target specific locations moving 
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laterally away from fixation [15] and the photoreceptor layer in this region was imaged (Fig. 
3(A)). The AOSLO confocal aperture 

 

Fig. 2. Retinal images from 31-year-old diabetic subject (D 01) with moderate NPDR. (A), 30 
x 30 deg wide-field SLO en-face image. (B), SDOCT cross section, with the location as 
indicated by the black arrow in A, demonstrating the lack of visible edema or hard exudate. 
(C), Montage of AOSLO reflectance images, corresponding to the white rectangle in A, 
showing diffuse capillary remodeling and vessel loops (white arrow), vessel lumen changes, 
and hard exudates (black arrow). (D). Blow up from region of arrow showing a vessel loop as 
well as changes in small blood vessel wall appearance over space (white arrow). Scale bar = 
100 µm. 

was then increased in size to 10x the Airy disc diameter to allow more scattered light to be 
sampled. This change in confocal aperture size improved detection of the moving 
erythrocytes within the retinal vessels and then the same region of the retina was imaged 
again (Fig. 3(B)). The depth of focus changed from roughly 70 microns to more than 120 
microns. For these images the AOSLO was focused at a retinal depth above the 
photoreceptors where capillaries were clearly visualized (approximately the inner-nuclear 
layer). Thus, two sets of matching image data, using the smaller and larger confocal apertures, 
and focused on different retinal layers were produced. Montages of approximately 4 by 3 deg. 
were produced at each targeted region following the imaging session, video sequences were 
analyzed, and average images as well as perfusion maps were constructed [21]. Video 
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sequences were generated from registered images to provide movies to determine blood 
perfusion (Fig. 3(B), Media 1). 

 

Fig. 3. AOSLO montage from the same subject (D 01) in Fig. 2, sampled from a different 
retinal location (black box in Fig. 2(A)). (A), The appearance of the photoreceptor layer 
beneath the retinal microvascular changes over space and are often darker (arrows) under 
regions of vascular remodeling, but not always, (note the top left region of the images to the 
right of the letters). (B). Numerous vessel abnormalities are visible, in particular capillary 
loops (long white arrow, Media 1), vessel doubling (long black arrow), vessel loop (short 
white arrow), and non-perfused / ghost capillary (short black arrow, Media 2). Scale bar = 100 
μm. 

2.3. Vascular measurements 

The large aperture imaging allows us to measure vessel sizes and arteriole wall thickness. For 
this study we measured the wall to lumen ratio for arterioles between 15 and 55 microns in 
size. Measurements were made on one to three arterioles per subject within the specified size 
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range. Arterioles were discriminated from venules based on both the direction of motion 
within the vessels and with reference to the wide field SLO images. We determined the lumen 
based on the ability to see motion of cells on the video, and the wall as a region distinctly part 
of the vessel but without moving cells. We then computed the wall to lumen ratio from these 
two components. This was not possible for capillaries because it was not always possible to 
image capillary walls (Fig. 2(D), arrow, see ref [28].). Thus, to compare capillary diameters 
we computed the total diameter of capillaries selected from near the edge of the foveal 
avascular zone. The distance of the measured capillaries from the fixation location for 
patients and controls was determined by having the subject fixate a specific region on the 
raster, which was visible to the subject. For each data point, manual measurements were made 
five times along a short vessel segment using the Adobe Photoshop CS5 (Adobe Systems, 
San Jose, CA) measurement tool, drawing a line orthogonal to the blood vessel each time. In 
pilot experiments, we investigate the effect of grader on measurements by having two 
different graders measure 21 arterioles. Comparing grader measurements gave an intraclass 
correlation of 0.99, and so for the data reported we used results from a single grader. The 
mean wall to lumen ratios and the perifoveal capillary diameters for diabetic versus control 
subjects were compared on a per subject basis with repeat measures ANOVA. Distances from 
fixation to the measured capillaries were compared using a t-test. We also compared 
measurements between graders and found that the diameter measurements were reproducible 
to within 5% (data not shown). 

3. Results 

Retinal microvascular changes and spatially related photoreceptor image changes were 
evident for all diabetic subjects in all AOSLO image types. For the diabetic subjects, the 
AOSLO photoreceptor layer images showed regions of bright cones and dark regions (Fig. 
3(A)). These dark regions typically matched areas of overlying vascular remodeling (Fig. 
3(B)) as well as areas of overlying retinal edematous changes (Fig. 4(E)) although there were 
not always darkened or abnormal appearing photoreceptors below areas of retinal remodeling 
(upper left corner of Fig. 3(A) and 3(B)) . In some cases these dark regions were apparent 
even with relatively small changes such as a haziness of the inner retinal layer images (upper 
arrow in Fig. 3(A) and 3(B)). 

Remodeled retinal capillaries and microaneurysms were clearly visualized in diabetic 
subjects, particularly with the AOSLO focused on the inner retinal layers and using the larger 
confocal aperture (Figs. 2(C), 3(B), 4(C), and 5(A)-5(E)) to capture more of the light 
scattered from the vasculature [18]. The apparent differences from the control subjects 
included the presence of irregular branching of retinal blood vessels, the presence of shunt 
vessels, capillary sprouts, and variable diameter of vessel branches as well as the well 
documented irregularities of retinal layers apparent in SDOCT images (compare Fig. 1, 2, and 
4). Microaneurysms of varying shape with blood flow ranging from occlusion to rapid 
spiraling flow were observed. In both mild and moderate NPDR, capillary dilation and 
capillary tortuosity were prevalent. Because the morphology of these changes were so 
variable no clear grouping was evident, however there were numerous capillary sprouts, an 
early stage of IRMA, as well as “hairpin” or “duplicated” capillaries (Figs. 3(B) and Media 
1). 

Blood flow patterns were variable, sometimes including local stasis (Media 2) and 
microaneurysms (Media 4). For the capillary observed without flow (black arrow Fig. 3 and 
Media 2), the lack of flow was observed for a total period of 2 min. In some instances, 
regions of retina that did not appear distorted on clinical SDOCT b-scans images were found 
to be abnormal on AOSLO imaging. These abnormalities included non-perfused capillaries as 
well as irregularly shaped capillaries, consistent with retinal ischemia (Fig. 2(C) and Media 2 
and Media 5). 
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Hard exudates were clearly visualized, and were more extensive than might be expected 
from the clinical grade or the wide-field SLO and SDOCT images (Fig. 2 and Figs. 4(A) and 
4(B)). The AOSLO, showed hard exudates with sizes less than 10 microns, too small to be 
readily detected by SDOCT (Fig. 4(C)). 

Microaneurysms were typically seen in the diabetic subjects, but were not seen in the 
control subjects (Fig. 5(A)-5(E)). Microaneurysms differed in the degree of dilation and 
appearance of the nearby capillaries, some of which had darker walls and/or larger lumens 
than other nearby capillaries (Fig. 5). In addition, the microaneurysms varied in that some had 
blood flow throughout the cross-section of the microaneurysm while others had only a central 
thread of visible blood flow, and some were intermediate (Fig. 5(B)-5(E)). The large confocal 
aperture allowed determining the motion contrast images using less than 3 sec. of imaging per 
location. 

 

Fig. 4. Retinal images from 47-year-old diabetic subject with mild NPDR and clinically 
significant macular edema. (A), 30 x 30 deg wide field SLO image showing hard exudates and 
edema. (B), SDOCT cross section, with the location as indicated by the black arrow in A, 
showing extensive hard exudates and intraretinal fluid. (C), montage of AOSLO reflectance 
image also showing corresponding extensive hard exudates (white arrows), and in addition 
surrounding numerous capillary abnormalities including vessel looping (black arrow). The 
dark region in the lower right corner is a typical appearance of loss of reflectivity due to the 
accumulation of fluid. Scale bar = 100 µm. (D), Enlargement of region of multiple hard 
exudates, showing sizes as small as 5 μm. (E), comparison of a region of edema as indicated 
by cysts in the inner retina, top- imaging focused on photoreceptors using a 2x Airy disc 
aperture, bottom- same region with offset aperture focused on blood vessels. For C scale bar = 
100 μm, for D and E Scale bar = 50 μm. 

In addition to these qualitative observations we measured quantitative changes in the 
blood vessels. For the perifoveal capillaries, the diabetic patients had an average capillary 
diameter of 8.2 μm (standard deviation (SD 1.1 μm), while the normal subjects had an 
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average diameter of 6.1 μm (SD of 0.75 μm). This difference between groups was significant 
(repeat measures ANOVA, p <0.01). These capillaries were measured at or near the edge of 
the foveal avascular zone and there was no significant difference in distance from fixation for 
the diabetic (283μm, SD 62μm) and normal subject (309 μm, SD 81μm; p = 0.5, t-test). In 
these measurements, we avoided measuring the obviously dilated capillaries seen in IRMA or 
feeding microaneurysms and only measured those with seemingly normal architecture. The 
arterioles used for wall to lumen ratio measurements were primarily sampled during the 
directed imaging portion of the measurements since our standard locations (at the fovea and 
along the temporal midline) had few arterioles. For the vessels measured, we obtained a wall 
to lumen ratio of 0.48 (SD 0.28) in normal subjects and a ratio of 1.1 (SD 0.87) in diabetics. 
This difference was significant (ANOVA, p<0.05). 

4. Discussion 

We found that we could obtain clear visualization of a wide variety of retinal vascular and 
non-vascular changes in subjects with mild to moderate NPDR using an AOSLO. By 
incorporating multiply scattered light into the images i.e. by using the large aperture [46], we 
were able to clearly see the smallest capillaries and the remodeling of the capillaries that 
occurred in the diabetic eyes as well as map the capillaries with intact flow using a variance 
based method [21]. The structural imaging enabled us to image the vascular walls and to 
quantify increases in the wall to lumen ratio of arterioles and increases in perifoveal capillary 
diameters in diabetic subjects. These changes were seen not only near microaneurysms (Fig. 
6) but more extensively (Figs. 2 and 6). Because we collect video data, we were able to detect 
capillaries, and also to determine whether they were perfused, which is not possible using 
vascular imaging techniques that depend primarily on blood flow or dyes to generate contrast. 
Our results apparently differ somewhat from a recent report [27] that indicates a decrease in 
capillary lumens in individuals with longer duration diabetes. Both studies have relatively 
small sample sizes, and there are several important differences. First, we measured total 
diameter of the capillaries, while Lombardo et al measured the lumens. Also, the reported 
sizes differ, since the capillary lumens of their diabetic subjects were similar to our control 
subjects’ total diameters. The most likely difference is simply population differences mixed 
with the choice of vessels to be measured. We used a fixed location near the fovea without 
marked edema because we noted large capillary to capillary diameter changes in areas with 
edema and IRMA (for instance Fig. 2(D) shows both narrow and broad capillaries). 
Additionally, since basement membrane is definitely thickened in the capillaries of diabetics 
[47], it is possible that capillary diameters are increased while lumens are decreased. The 
present study was intended to assess our ability to make reliable measurements in diabetic 
subjects, and only larger, longitudinal studies will clarify the true prognostic value of the 
measurements 

The increase in retinal thickness from the fluid leakage in DME is typically quantified 
using SDOCT, either over time or compared with normative values from control subjects. 
Our findings suggest that AOSLO imaging ca provide complementary information because 
fluid accumulation is readily visualized as darkening of the image, presumably due to 
increased intraretinal scatter, and hard exudates even of only a few microns in diameter are 
readily detected. Improvements in detection and quantification are desirable because while 
anti-VEGF and other anti-inflammatory therapies are successful, there remains a wide range 
in the success for specific patients and over time for these interventional treatments [48, 49]. 
A better method of monitoring the effects of treatment may be helpful. While the use of 
retinal thickness from OCT provides a quantitative metric against which to measure 
improvement after treatment, 
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Fig. 5. AOSLO reflectance images (left column, Panels A, B, C, D, and E) and corresponding 
perfusion maps (right column, Panels F, G, H, I, and J), in a control subject (top row) and 4 
diabetic subjects obtained during the directed portion of the imaging session. A and F, 49-
year-old normal subject, showing relatively uniform capillary network and vessel diameters, 
except in the lower left corner where the normal low density of capillaries at the foveal center 
occurs (Media 3). B and G, 50-year-old diabetic subject with mild NPDR, showing 
microaneurysms of varying sizes that differ in the degree of perfusion. These microaneurysms 
had a wide range of apparent blood flow velocities including stasis (Media 4). C and H, 
Capillary doubling (black arrow) with distinct blood flow in each branch. D and I, Dilated 
capillary with fusiform shape (black arrow). The video (Media 5) shows a pressure wave that 
occurred at approximately 1 second intervals in the corresponding capillary. E and J, 
Structural image and perfusion map of an unusually large microaneurysm surrounded by 
dilated capillaries. Scale bars = 50 μm. 

this method is made more variable by neural loss and can be normal after microvascular 
changes have already occurred. Thus, the retinal thickness metric does not report on whether 
there is an improvement in capillary perfusion, or if an individual already has extensive 
capillary remodeling and ischemia. The retinal ischemia demonstrated by capillary non-
perfusion or remodeling may actually lead to a thinner, not necessarily thicker, retinal 

#200935 - $15.00 USD Received 15 Jan 2014; revised 15 Jan 2014; accepted 21 Feb 2014; published 27 Feb 2014
(C) 2014 OSA1 March 2014 | Vol. 5,  No. 3 | DOI:10.1364/BOE.5.000961 | BIOMEDICAL OPTICS EXPRESS  972

http://www.opticsinfobase.org/boe/viewmedia.cfm?uri=boe-5-3-961-3
http://www.opticsinfobase.org/boe/viewmedia.cfm?uri=boe-5-3-961-4
http://www.opticsinfobase.org/boe/viewmedia.cfm?uri=boe-5-3-961-5


measurement. Furthermore, although the SDOCT provides excellent images of hard exudates, 
these are not incorporated in a metric based solely on thickness. Additionally, it is often 
difficult or impossible to detect structurally abnormal or nonperfused intraretinal capillaries 
clinically, or even with current commercially available diagnostic devices such as SDOCT. 
While OCT flowmetry techniques hold great promise for delineating the intact vasculature 
[50–53], the AOSLO approach can image occluded capillaries (Fig. 3(B), Media 2) 

 

Fig. 6. (A). AOSLO reflectance images showing thickened arteriole walls (white arrow) and 
widespread tissue changes (apparently roughened surface). Panel A is an image from the same 
region of the subject shown in Fig. 3. Scale bar = 50 μm. B, C microaneurysms and capillary 
remodeling including loops and hairpins. The layering of cells surrounding microaneurysms 
can be seen (black arrows) as well as capillary remodeling (white arrows). Scale bar = 25 μm. 

Our results, together with the results of Tam [22, 25], make a strong case that the current 
classifications of diabetic retinopathy that are based on lower resolution and lower contrast 
imaging methods provide insufficient specific information about the status of the retina. 
Imaging with AO opens the possibility of distinguishing among patients who are undergoing 
retinal changes that permanently threaten sight. There is a clear demonstration that at least 
some of the small vessel remodeling is not a fleeting phenomenon, since the capillary changes 
were repeatable and progressed over 16 months [25]. However, this long term follow-up was 
of a single case with a classification of severe non-proliferative diabetic retinopathy [25]. The 
argument could be made that these changes are not necessarily typical of mild or moderate 
non-proliferative diabetic retinopathy, and might be found only shortly before advancement to 
proliferative diabetic retinopathy. Also there simply is considerable variability across patients 
[54]. Thus, we analyzed a broader range of cases with an emphasis on Type 1 diabetes to 
show that the vessel remodeling is beginning in earlier stages of diabetic retinopathy in some 
patients, but cannot be detected by the usual clinical instruments. By combining the blood 
flow based measurement of vascular integrity with the structural imaging enabled by the 
AOSLO using an offset aperture we also showed that both the capillaries and mid-sized 
arterioles were also changing in these patients. These results taken together point to some 
patients having many small changes in the retinal vasculature across the retina, even though 
these are not apparent on clinical examination. 
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Further, our results clearly point out significant vessel remodeling in mild to moderate 
nonproliferative diabetic retinopathy, not limited to capillary dilation. Our results are 
consistent with both endothelial cell proliferation and also the migration of endothelial cells 
necessary to provide new blood vessel formation such as the vessel loop in Figs. 2 and 3, i.e. 
more than bends in thickened capillaries. 

This type of imaging applied to the realm of clinical research opens the possibility of 
improving our understanding of the development of those diabetic retinal changes effecting 
vision of individuals based on a much more finely graded phenotype. In diabetic retinas, there 
is an inter-related set of microvascular changes that develop over time [22, 35, 37–39, 55]. 
Certainly there are distinct patterns or phenotypes seen in clinical populations [54, 56]. 
Diabetic retinopathy at one extreme shows a purely ischemic diabetic maculopathy with loss 
of capillaries dominating, similar to the poorly perfused capillary bed seen in Fig. 3. Another 
pattern of focal edema is leakage dominated by microaneurysms, and at another extreme, a 
pattern of diffuse macular edema, with a range of intermediate variants similar to Fig. 4. 
Improved understanding is needed to determine both the patterns of capillary changes which 
occur over time in different patients and to test whether the changes seen with AOSLO 
correspond to the clinical classification and whether they are better prognosticators of the 
eventual clinical outcome [56]. 

In summary, using large aperture AOSLO imaging has allowed us to visualize directly 
numerous capillary abnormalities in subjects with mild and moderate NPDR, indicating that 
pre-neovascular processes are already occurring in some individuals. These observed changes 
could contribute to the variability in response to treatment in diabetic patients. Thus, these 
microvascular changes that include extensive blood vessel remodeling, non-perfusion, and 
vascular leakage resulting in small hard exudates, could hold the key for improved clinical 
classification of diabetic patients, better understanding of the mechanisms of diabetic 
retinopathy, and development of more effective therapies through better patient monitoring of 
pharmacological intervention using this technology. 
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