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PURPOSE. To better understand the nature of glaucomatous damage of the macula, especially
the structural changes seen between relatively healthy and clearly abnormal (AB) retinal
regions, using an adaptive optics scanning light ophthalmoscope (AO-SLO).

METHODS. Adaptive optics SLO images and optical coherence tomography (OCT) vertical line
scans were obtained on one eye of seven glaucoma patients, with relatively deep local arcuate
defects on the 10-2 visual field test in one (six eyes) or both hemifields (one eye). Based on
the OCT images, the retinal nerve fiber (RNF) layer was divided into two regions: (1) within
normal limits (WNL), relative RNF layer thickness within mean control values 62 SD; and (2)
AB, relative thickness less than �2 SD value.

RESULTS. As seen on AO-SLO, the pattern of AB RNF bundles near the border of the WNL and
AB regions differed across eyes. There were normal-appearing bundles in the WNL region of
all eyes and AB-appearing bundles near the border with the AB region. This region with AB
bundles ranged in extent from a few bundles to the entire AB region in the case of one eye. All
other eyes had a large AB region without bundles. However, in two of these eyes, a few
bundles were seen within this region of otherwise missing bundles.

CONCLUSIONS. The AO-SLO images revealed details of glaucomatous damage that are difficult, if
not impossible, to see with current OCT technology. Adaptive optics SLO may prove useful in
following progression in clinical trials, or in disease management, if AO-SLO becomes widely
available and easy to use.
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Everyday visual functions depend on the integrity of the
fovea and the surrounding central macular region, defined

here as the central 688. Although it has long been recognized
that early glaucomatous damage can affect the macula, until
recently such damage has been largely ignored, as evidenced by
the widespread use of the 24-2 visual field (VF) test pattern,
which poorly samples macular damage.1–6 Recently, there has
been renewed interest in studying macular damage now that in
vivo measures of the retinal nerve fiber (RNF) layer and retinal
ganglion cell (RGC) layer thickness can be made with frequency-
domain optical coherence tomography (fdOCT). Combined VF
and fdOCT data clearly indicate that glaucomatous damage to the
macula is common, can occur early in the disease, involves both
deep local and shallow widespread loss of VF sensitivity, and is
accompanied by a range of RNF and RGC layer thinning.7–9 Here,
we focus on glaucoma patients with deep, local VF damage and
extensive RNF layer thinning in the macula region.

To identify RNF layer loss, a number of imaging methods
have been used, including fundus photography,10–13 scanning
laser polarimetry,14–19 scanning laser ophthalmoscopy,20–22 and
OCT.23–30 However, none of these modalities have the
necessary lateral resolution to allow the study of RNF bundles,
primarily because of aberrations in ocular optics.

Adaptive optics instruments compensate for the aberrations
of the eye.31 Although early work largely studied the
photoreceptors,32–36 recent advances to the adaptive optics
scanning light ophthalmoscope (AO-SLO) have allowed for
unprecedented in vivo visualization of retinal features, includ-
ing retinal pigment epithelium cells, microvasculature, vascular
flow, and the lamina cribrosa.37–47 Further, it has been recently
shown that the RNF bundles can be imaged in controls and
patients with glaucoma.48–52

The purpose of this study was to use AO-SLO data to better
understand the nature of local damage of the macula in
glaucoma patients. We were particularly interested in the AO-
SLO appearance of the RNF bundles in and around the
transition from the relatively healthy to clearly abnormal (AB)
regions, as it is a likely site of disease progression.

METHODS

Subjects

Subjects with deep, local arcuate defects (at least five test
points � �15 dB) on the 10-2 VF total deviation plot
(Humphrey VF Analyzer; Carl Zeiss Meditec, Inc., Dublin, CA,
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USA) were recruited from New York Eye and Ear Infirmary of
Mount Sinai. Inclusion criteria included refraction within 64.0
diopters, pupil dilation of at least 6 mm, clear media, and good
central fixation with a best-corrected visual acuity better than
20/40. Patients with unreliable VF results and media opacities
were excluded. All patients had fdOCT scans, 10-2 VFs, and
AO-SLO imaging within 1 year.

One eye of 10 open-angle glaucoma patients (60.7 6 7.9
years) was prospectively tested, but three eyes had to be
excluded. In one eye, the presence of an epiretinal membrane
made it difficult to visualize the RNF bundles. In a second eye,
the AO images were of insufficient quality for the analysis. In
the third eye, the defect was too close to the fovea center, and
too extensive, to see a region of RNF thickness within normal
limits (WNL). Thus, we studied eight hemi-retinas in seven
eyes, although the three eyes removed, to the extent we could
analyze the images, showed the same pattern of results.

The study was approved by the Columbia University and
New York Eye and Ear Infirmary of Mount Sinai Institutional
Review Boards and adheres to the tenets set forth in the
Declaration of Helsinki and the Health Insurance Portability
and Accountability Act. Written informed consent was
obtained from all subjects.

Swedish Interactive Threshold Algorithm (SITA)-
Standard Protocol

The 10-2 VFs were obtained with the SITA-standard automated
perimetry and all met reliability criteria (fixation losses � 20%,
false positives � 5%, and false negatives � 10%). Both hemi-
retinas of the 10-2 VF were AB in one of the seven eyes, and the
other eyes had defects in the lower retina/upper VF.

Frequency-Domain OCT

All patients had vertical line scans of the macula (6 mm, 1024
A-scans with at least 16 overlapping averages [3D-OCT 1000/
2000; Topcon Corp., Paramus, NJ, USA]). The RNF layer of the
OCT scans was segmented (Fig. 1A) using a computer-assisted
manual segmentation technique.53,54 The green and red lines
in Figure 1A show the borders of inner limiting membrane/
vitreous (green) and RNF/RGC layer (red) on a macular vertical
line scan. The distance between these lines is the RNF layer
thickness.

For each eye, RNF layer thickness was plotted versus
distance from the fovea center as shown by the magenta curve
in Figure 1B for the scan in Figure 1A. The black curve in
Figure 1B is the mean thickness from 54 healthy eyes7 (age
53.2 6 8.1 years) and the gray curves are the 62 SD values.
The region below the 95% confidence interval (in the pink
region) was considered AB. The region occluded by the gray
rectangle corresponds to the central foveal region where the
RNF layer was very thin, as well as variable across individuals.

The RNF layer was divided into two regions: (1) WNL,
portion of the curve falling above the lower gray curve (above
the pink region) in Figure 1B; and (2) AB, portion of the curve
falling below the gray curve (�2 SD) (in the pink region) in
Figure 1B.

Adaptive Optics SLO Imaging

Confocal AO-SLO imaging using 790-nm light was performed
using a previously described custom instrument.55 The
confocal pinhole size was approximately three times the Airy
disk diameter as measured at the detector plane. Pupils were
dilated with one drop of 2.5% phenylephrine hydrochloride
ophthalmic solution (Bausch & Lomb, Inc., Tampa, FL, USA)
and 1% tropicamide ophthalmic solution (Akorn, Inc., Lake

Forest, IL, USA). Subjects were positioned using a dental
impression on a bite bar (Splash! Putty; DenMat Holdings, LLC,
Lompoc, CA, USA) and were instructed to gaze at an internal
fixation target. The fixation target was moved along the vertical
meridian such that the desired region of interest was in view.

Retinal nerve fiber bundles were imaged along a 208 vertical
line centered at the fovea. After the features were located and
in focus, confocal reflectance sequences of 150 frames were
captured using a 18 square field of view. The RNF layer focus
was determined by maximizing image sharpness (qualitatively)
of the innermost RNF layer boundary. The overall imaging time
was approximately 40 minutes, including short breaks as
needed. Frames in each sequence were registered and averaged
to generate images with high signal-to-noise ratio.56 The
resulting images were manually montaged and then coregis-
tered with high-quality fundus photographs using Photoshop
CS6 (Adobe Systems, Inc., San Jose, CA, USA). The OCT images
were registered to the same fundus photographs for compar-
ison with the AO-SLO images.

To calculate the AO-SLO image scale in microns per pixel,
axial length measurements were obtained using an IOL Master
(Carl Zeiss Meditec, Inc.). The calculations of individual retinal
magnification factors were based on the Emsley schematic eye
model.57 These magnification factors were then applied to the
AO-SLO images.

FIGURE 1. Measurements from fdOCT for patient 1. (A) A vertical
fdOCT line scan through the fovea of a patient with glaucoma with the
RNF layer borders segmented (green and red lines). (B) Retinal nerve
fiber layer thickness along the line scan in (A) (magenta), along with
the mean (black) and 62 SD (gray) of scans from 54 healthy controls.
The foveal region is occluded because the RNF layer thickness is thin,
as well as variable across individuals. The RNF layer was divided into
two regions: (1) WNL, RNF layer thickness above the�2 SD boundary
(above the pink region), and (2) AB, RNF layer thickness below the�2
SD (in the pink region). Scale bar: 200 lm.
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RESULTS

Eight hemi-retinas (seven eyes) had relatively deep, arcuate
defects in the central 6108 as shown for P1 and P2 in Figures
2A and 3A, respectively; P2 is the eye with both hemifields AB
on VF (Fig. 3A). The vertical OCT scan (B) and AO-SLO images
(C, D) for these patients are also shown in Figures 2 and 3. To
compare these images, they were aligned using blood vessels
as indicated by the red arrows between B and C. The green and
red bars on the left of B show the WNL (green) and AB (red)
regions as defined for this patient based on the RNF layer
thickness analysis in Figure 1C. The border between the WNL
and AB regions is shown as the white dashed line in B and C. In
five hemi-retinas (five eyes), the white dashed line marked the
trailing edge (farthest from the fovea) of the defect as in Figure
2, as the defect was too close to the foveal center to visualize
the RNF bundles of the leading edge. In three hemi-retinas
(three eyes), the leading edge was seen as shown in Figure 3.
The results described below were the same for leading and
trailing edges.

The AO-SLO images clearly differed in the OCT-defined WNL
and AB regions of Figure 2. In the AB region, RNF bundles were
not seen. For example, compare the AB region in Figure 2E to
the WNL region in Figure 2D, which is equidistant from the
foveal center. In the WNL region adjacent to the AB region, the
RNF bundles (Fig. 2G) also appear similar to those in the

healthy region (Fig. 2D). Finally, the transition region between
the relatively normal RNF bundles and regions without bundles
is very narrow. Figure 2F shows a blow up of this region with
arrows pointing to areas of relatively normal (white) and
missing (red) RNF bundles. The gray arrows point to regions
with abnormally appearing RNF bundles of lower contrast.

To describe the results of the other seven hemi-retinas (six
eyes), we can use the results in Figure 2 as an archetypical
pattern. In particular, we define this archetypical pattern as
clearly apparent bundles within the WNL region, absent or
very difficult to discern bundles in the AB region, and a narrow
region of bundles of poor contrast at the border between the
WNL and AB regions.

Adaptive Optics SLO Images Within OCT-Defined
WNL Region

Consistent with the archetypical pattern, seven of the eight AB
hemi-retinas had clear bundles in the WNL regions (see Figs.
2D, 2G, 3E, white arrow); in one eye, the WNL was too small
and too close to fovea to assess. In all hemi-retinas, AO-SLO
images showed high-contrast RNF bundles, with the packing
density of the bundles dependent on eccentricity, as previously
reported.49,50 However, in four of the eight AB hemi-retinas
(four eyes), bundles with markedly reduced contrast were also
seen in the WNL region. This is not surprising; although these

FIGURE 2. (A) The 10-2 total deviation plots for patient 1. (B) The vertical line scan from Figure 1A. (C) The AO-SLO images for the same region
aligned with the OCT scan using the blood vessels as indicated by the red arrows. (D–G) Enlarged portions of the AO-SLO images. Scale bars:
200 lm (B, C); 100 lm (D–G).

Adaptive Optics Imaging of Glaucomatous Damage IOVS j January 2015 j Vol. 56 j No. 1 j 676



regions had RNF layer thickness WNL on OCT, they were often
thinner than average compared with controls. On the other
hand, regions without RNF bundles were not seen in the WNL
regions in any eyes.

Adaptive Optics SLO Images at the Border of OCT-
Defined AB and WNL Regions

Similar to the archetypical pattern, four AB hemi-retinas (three
eyes) had relatively abrupt border between the WNL and AB
regions containing a few bundles of lower contrast, as shown
in Figures 2F and 3E. However, in four hemi-retinas (four eyes),
this region was not abrupt; P5 is an extreme example, as
bundles could be discerned throughout the AB region (Fig.
4A). Although a clear transition was seen in the other three
eyes, the region with AB bundles varied in width from 0.75 to
38.

Adaptive Optics SLO Images Within AB Region on
OCT

Like the archetypical pattern, the AB regions had areas without
RNF bundles in all but one hemi-retina (P5, Fig. 4A). In six of
the eyes, the AB region contained dark, circular structures 5 to
25 lm in diameter, as seen in Figure 4B for two of the eyes.
Although the size of these structures is consistent with RGCs,
displaced amacrine cells, and/or portions of Müller cells, we
cannot be sure of their origin.

In addition to P5 (Fig. 4A), two hemi-retinas (two eyes)
differed from the archetypical pattern in having bundles well
within the AB region, not simply at the border with the WNL.
Interestingly, in these two hemi-retinas, a small area of bundles

with reduced contrast was sandwiched between regions
without bundles; P2 had one of these regions (Fig. 3D, gray
arrow). The other region, shown for P4 in Figure 4C, is easier
to discern. Notice there are clear bundles within the gray
rectangle with regions without bundles (red arrows) both
above and below.

DISCUSSION

Using AO-SLO, we examined the RNF bundles in relatively
healthy and clearly AB retinal regions in the vicinity of local
arcuate defects of the macula. Below we summarize the
appearance of these regions and then discuss the implications
for following progression.

The Appearance In and Around Regions of Arcuate

Damage

To organize the results, we defined an archetypical pattern.
The archetype had a WNL region with normal-appearing
bundles, an AB region without bundles, and a relatively sharp
border between them with only a few AB bundles with
reduced contrast. Only two hemi-retinas (two eyes) approxi-
mated this pattern. Other hemi-retinas differed from the
archetype. First, four hemi-retinas (four eyes) contained a
relatively wide region of AB-appearing bundles of uneven and
lower contrast on one or both sides of the border between the
WNL and AB regions. One hemi-retina appeared to have
bundles throughout the AB region, although they were of
lower contrast and barely visible in places. Second, two hemi-

FIGURE 3. (A) The 10-2 VF total deviation plots for patient 2. (B) The vertical line scan for patient 2. (C) The AO-SLO images for the same region
aligned with the OCT scan using the blood vessels as indicated by the red arrows. Scale bars: 200 lm.
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retinas (two eyes) had clear bundles well within the AB region;
these were sandwiched between regions without bundles.

These results are easy to reconcile with what we know of
glaucomatous damage, which is assumed to occur at the disc.
Assume, for example, that the damage at the disc was local and
complete, destroying all local axons in a region, but preserving
the neighbors. This local and complete damage should result in
the archetypical pattern of damage. Although the archetypical
pattern was seen in two eyes, the others exhibited other
patterns of damage. Thus, the AO-SLO results suggest that the
RNF damage at the disc is not homogeneous. Uneven damage
can leave islands of RNF bundles and incompletely damaged
regions of AB-appearing bundles.

Although the pattern of results we observe is not surprising,
it is easier to see these patterns with AO-SLO due to the
superior spatial resolution compared with that of perimetry or
OCT. Figure 5 illustrates the difference in spatial detail possible
between the AO-SLO used here and a commercial fdOCT scan.
This image is from the same general region shown in Figure 4C,
but it covers a larger area with a lower magnification. The gray
arrow in Figure 5 points to the same rectangular region with
preserved bundles seen in Figure 4C. Although it is possible
that this region corresponds to the region with the white
arrow with the question mark on the fdOCT in Figure 5A, it is
hard to be certain. In any case, the details seen on AO-SLO are
certainly lost. Another example can be seen in Figure 5B,
where there appears to be an AB region of one or two bundles
in a region of normal-appearing bundles.

Possible Implications for Following Progression

Detecting and following the progression of glaucomatous
damage is a challenge for the clinician. Although AO-SLO is not
ready for routine clinical use (see limitations below), it may
provide a way to better understand progression and even to
detect it in clinical trials. The edge of the archetypical defect,
the isolated region of preserved bundles, and the AB-appearing
bundles within damaged regions are potential locations for
detecting progression. It is certainly possible that an examina-
tion of these regions with AO-SLO will detect progression
sooner than perimetry or clinical OCT scans, given the
difference in spatial resolution discussed above. Of course,
this assumes that these regions are likely locations for
progression. Su et al.58 simulated a group of eyes with
extended follow-up with a cross-sectional analysis of the 10-2
VFs from 80 eyes with local macular defects similar to those in
the present study. According to their analysis, these defects
widened and deepened over time. Previous OCT data from two
of the patients in the current study support this conclusion. In
particular, P1 had a circumpapillary circle scan at the time of
the AO-SLO imaging, as well as one approximately 28 months
earlier. The width of the RNF layer defect increased between
the two tests. Similarly, the width of both the superior and
inferior RNF defects seen for P2 on circumpapillary circle scans
increased in width over a 35-month period. Whether local
regions of preserved bundles seen on AO-SLO also will change
with time remains to be tested.

FIGURE 4. Examples of AO-SLO images within OCT-defined AB regions. (A) Retinal nerve fiber bundles seen throughout the AB region. (B) The AB
regions without RNF bundles and with circular structures. (C) Retinal nerve fiber bundles (gray rectangle) sandwiched between regions without
RNF bundles (red arrows). Scale bars: 100 lm (A, C); 25 lm (B).
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Limitations and Caveats

Although it is relatively easy to distinguish regions without
bundles from those with bundles, we do not have a good
quantitative measure of the spectrum from normal, healthy
bundles to those that are just barely perceptible. For our
purposes here, we used ‘‘normal-appearing,’’ and ‘‘clearly
reduced in contrast.’’ Although contrast is a natural possible
measure, there is a range of contrasts seen in healthy controls.
Perhaps in the future it will be possible to develop a contrast
that is normalized for eccentricity and for individual scan
quality. Alternatively, with appropriately matched healthy
controls, perhaps RNF bundle width may prove useful.50

In terms of caveats, AO-SLO is not ready for routine clinical
use. First, it is difficult to get acceptable images on patients
with cataracts, dry eyes, small pupils, high refractive error, or,
as we have learned, with epiretinal membranes in the region of
interest. Second, the images obtained here took approximately
40 minutes to obtain. Finally, data analysis is time consuming,
as the image registration software and the montaging require
extensive user input. On the other hand, as stated above, AO-
SLO should be a viable technique in clinical trials in which a
measure of progression (or improvement) is needed. For this
purpose, restricting imaging to local regions of interest could
substantially shorten the time for both imaging and analysis.

SUMMARY AND CLINICAL IMPLICATIONS

With AO-SLO, the details near the borders between OCT-
measured RNF layer thickness within and outside normal limits
can be visualized. These are possible regions of progression of
glaucomatous damage and one can see details in these regions
that are difficult or impossible to see using OCT scans, or to
measure using perimetry. Thus, AO-SLO may have a role in
clinical trials needing a measure of progression.
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