Hypodense Regions (Holes) in the Retinal Nerve Fiber
Layer in Frequency-Domain OCT Scans of Glaucoma
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Purposk. To better understand hypodense regions (holes) that
appear in the retinal nerve fiber layer (RNFL) of frequency-
domain optical coherence tomography (fdOCT) scans of pa-
tients with glaucoma and glaucoma suspects.

MEeTtHODS. Peripapillary circle (1.7-mm radius) and cube optic
disc fdOCT scans were obtained on 208 eyes from 110 patients
(57.4 = 13.2 years) with glaucomatous optic neuropathy
(GON) and 45 eyes of 45 controls (48.0 = 12.6 years) with
normal results of fundus examination. Holes in the RNFL were
identified independently by two observers on the circle scans.

Resurts. Holes were found in 33 (16%) eyes of 28 (25%)
patients; they were not found in any of the control eyes.
Twenty-four eyes had more than one hole. Although some
holes were relatively large, others were small. In general, the
holes were located adjacent to blood vessels; only three eyes had
isolated holes that were not adjacent to a vessel. The holes tended
to be in the regions that are thickest in healthy controls and were
associated with arcuate defects in patients. Holes were not seen in
the center of the temporal disc region. They were more
common in the superior (25 eyes) than in the inferior (15
eyes) disc. Of the 30 eyes with holes with reliable visual
fields, seven were glaucoma suspect eyes with normal visual
fields.

Concrusions. The holes in the RNFL seen in patients with GON
were probably due to a local loss of RNFL fibers and can occur
in the eyes of glaucoma suspects with normal visual fields.
(Invest Opbthalmol Vis Sci. 2011;52:7180-7186) DOIL:10.1167/
iovs.11-7716

laucoma damages retinal ganglion cells (RGC) and their
axons. This loss of RGC axons leads to thinning of the
peripapillary retinal nerve fiber layer (RNFL) and to character-
istic optic disc changes. Optical coherence tomography (OCT)
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permits in vivo imaging of the peripapillary RNFL; the recently
improved resolution of frequency domain (fd) OCT allows
imaging of the macular RGC layer as well.

Numerous fdOCT studies of glaucoma patients have docu-
mented thinning of the RNFL (see Refs. 1, 2 for review) and,
more recently, of the RGC layer.>~® Many of these studies have
suggested ways to calculate the thickness of one or more layers
of the fdOCT scan so as to improve the sensitivity and speci-
ficity of tests for glaucomatous damage. Because fdOCT is still
a relatively new technique, additional information may be
revealed in these scans that might improve our understanding
of glaucomatous damage.

We have observed hypodense regions (holes) in the RNFL
of some patients with glaucomatous optic neuropathy (GON).
Our purpose was to better understand the prevalence and
location of these regions.

METHODS

We examined 208 eyes of 110 patients (mean age, 57.4 * 13.2 years)
with GON and 45 eyes of 45 controls (48.0 = 12.6 years) with normal
disc examinations. Consecutive patients with GON referred for multi-
focal VEP testing were included if they had well-centered scans with
quality scores better than 65 and little motion artifact. Written in-
formed consent was obtained from all subjects. Procedures followed
the tenets of the Declaration of Helsinki, and the protocol was ap-
proved by the Committee of the Institutional Board of Research of
Columbia University.

Peripapillary circle (1.7-mm radius) and 6 mm X 6 mm cube scans
of the optic disc (3D-OCT 1000 and 3D-OCT 2000; Topcon Inc,
Paramus, NJ) were obtained. For the peripapillary circle scans, each of
the 16 overlapping (averaged) B-scans had 1024 A-scans, whereas the
cube scan had 512 A-scans for each of the 128 B-scans. Figure 1A
shows the location of the circle scan for one of the patients. To identify
hypodense regions (holes) in the RNFL, two of the authors examined
the circle scans. When they disagreed, a third author adjudicated. The
resolution of the cube scans was, of course, poorer than the resolution
of the circle scans, and cube scans were only used to confirm that the
holes extended beyond the circle scan image (see Fig. 3).

RESULTS

A typical peripapillary scan is shown in Figure 1B for a right
eye. A magnified view of the region within the white box is
presented in Figure 2A, where blood vessels can be identified
by the shadows they cast. The red ellipses show a cluster of
three small holes to the left of a large blood vessel, with a larger
hole falling to the right of the same vessel. Twenty-eight (25%)
of the 110 patients had holes in at least one eye. Of the 208
eyes with GON, 33 (16%) had at least one hole. Holes were not
found in any of the healthy control eyes.
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FIGURE 1. (A) The locus of the fdOCT circle scan (green circle) is shown with a 360° scale to indicate
disc location. 0° is the most temporal part of disc and occurs at 9 o’clock for a right eye and 3 o’clock
for a left eye. (B) Circle scan of eye 33. White box: region with holes, enlarged in Figure 2A.

Figure 2 shows examples of the pattern of holes seen in the
RNFL. Some holes were small (Figs. 2A, 2D, 2G), and some
were relatively large (Figs. 2E, 2F). In some eyes only a single
hole was present in a region (Figs. 2C, 2D, 2F, 2H), whereas in
others they appeared near other holes (Figs. 2A, 2B, 2E) and
sometimes in clusters (Fig. 2A). Of the 33 eyes with holes, 24
had more than one hole. These holes could be near each other
(Figs. 2A, 2B, 2E) or they could be in another area of the RNFL,
often the other half of the RNFL.

The holes tended to occur immediately adjacent to a vessel,
as shown in Figures 2A to 2F. In fact, 31 of the 33 eyes had at
least one hole near a vessel. Further, only three eyes had a hole
that was not immediately adjacent to a vessel; two of these are
shown in Figures 2G and 2H.

Using the cube scans, it was often possible to follow the
course of a hole across scan lines, confirming that the holes were
not local artifacts. Figure 3 provides an example. Figure 3A (the
same image as Figure 2G) is from the standard circle scan with
a radius of 1.7 mm. The holes are present, although more
difficult to see in the equivalent circle scan (Fig. 3B, green
border) derived from the cube scan. The colored circles on the
fdOCT image in Figure 3C show the locations of derived circle
scans closer to (blue) and further from (red) the optic disc than
the 1.7 mm scan. The equivalent portions of these derived
scans are shown in Figure 3B, where a hole is present at radii
of 1.2 and 1.7 mm but a depression is present at a radius of 2.4
mm. The symbols in Figure 3C mark the centers of the holes
(magenta circles) and depressions (orange triangles). Note
in Figure 3C that there are holes closer to the disc and a
depression/thinning of the RNFL further from the disc and
that together they trace a path consistent with that of an
RNFL bundle.

The locations of the holes in all 33 eyes are shown in Figure 4.
The location, in degrees, is referenced to a 360° scale, where
0° is the most temporal point of the disc (9 o’clock for the right
eye and 3 o’clock for the left). For reference, the Garway-
Health et al.” disc sectors are indicated by the color bars on the
360° scale and on the fundus picture in Figure 4A. To under-
stand how to interpret this figure, consider the scan in Figure

4B. This is the scan from eye 33 shown in Figures 1B and 2A.
As in Figure 2A, one red ellipse encloses a cluster of three
holes, and the other encloses an elongated hole. The locations
of these holes for eye 33 are represented in Figure 4C, by the
same two red ellipses. The smaller circle has a red dot in the
center, indicating that more than one hole could be discerned.
A similar analysis was performed for the other 32 eyes, and the
results were presented in the same fashion. This figure allows
one to see at a glance where the holes tended to fall.

The holes tended to occur in the regions typically associ-
ated with arcuate defects in patients. Holes were not seen in
the center of the temporal sector or in the inferior nasal sector
of the disc. Interestingly, holes were more common in the
superior (25 eyes) than the inferior (16 eyes) portions of the
disc.

The holes were fairly evenly distributed across the RNFL.
Twenty-two holes appeared near the vitreal border (e.g., Figs.
2A, 2E, 2H); 20 appeared deeper in the retina and close to the
RNFL/RGC border (Figs. 2B, 2F); 15 were in the middle of
the RNFL (Fig. 2B); and 13 extended more or less through
the RNFL thickness.

Although a comparison of OCT results with visual fields was
not a primary purpose here, 30 of the 33 eyes had reliable 24 -2
visual fields (Zeiss Meditec, Jena, Germany), as defined by
fewer than 15% false-positive or false-negative scores, obtained
within 7 months of the OCT scan. Figure 5 shows the visual
fields associated with the eyes with the holes in Figure 2. The
tinted portions are the visual field regions associated with the
disc sectors where the holes appeared according to the Gar-
way-Health et al.” map. The regions bordered in black and red
differentiate those regions (black) associated with the holes
seen in Figure 2 from those (red) associated with holes in
another part of the scan. In general, holes were associated with
regions of the visual field showing abnormal points (e.g., Figs.
5A-D [upper field], 5E, 5H). On the other hand, holes also
were seen in eyes (Fig. 5G) and hemifields (Fig. 5D, lower
field) within normal limits. For example, the eye associated
with Figure 5G had small holes (Fig. 2G) in both the superior
and the inferior disc. The visual field for the eye had a mean
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FiGure 2. Examples of holes and clusters of holes in eight eyes: eyes 33 (A), 7 (B), 2 (O), 32 (D), 12 (B),
22 (), 9 (G), and 18 (D).
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A  Circle scan

r=1.7 mm
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B From cube scans
r=1.2 mm

FIGURE 3. (A) Similar to Figure 2G. The region from eye 9 showing holes in RNFL on the scan. (B)
Comparable region shown for circle scans derived from cube scans using radii smaller than (1.2 mm), the
same size as (1.7 mm), and larger than (2.4 mm) than that used for the high-quality circle scan in A. (C)
Fundus view of disc showing the location of the three circles. The center of the holes (imagenta circles)
or depressions (orange triangles) are indicated by the small symbols.

deviation (MD) of —0.25 dB and glaucoma hemifield test (GHT)
results within normal limits; there was only one abnormal (5%)
point. Seven eyes had MD and GHT scores within normal
limits, and another two eyes had borderline GHT and normal
MD values.

In general, the eyes with holes had mild to moderate field
defects. The 30 eyes with holes and visual fields within 7
months of the fdOCT scan had a median MD of —3.78 dB.
Twenty-six of these eyes had MD values better than —5 dB and
only one had an MD worse than —8.04 dB. More holes were
seen in nine eyes with MD values within normal limits.

DISCUSSION

On peripapillary fdOCT scans, hypodense regions, which looked
like holes, were seen in the RNFL of the patients with glaucoma-

tous optic discs. These holes were typically located adjacent to
major blood vessels. We hypothesize that these holes were prob-
ably caused by local loss of RNFL fibers and that they might have
been early signs of glaucomatous damage because they also oc-
curred in eyes of glaucoma suspects with normal visual fields.

A number of findings support the first hypothesis. First,
holes were not seen in the control eyes. Second, the holes
were typically seen in the arcuate regions of the RNFL associ-
ated with glaucomatous damage and not in the regions (e.g.,
center of the temporal sector) less likely to be associated with
damage. Third, when the holes were relatively large, a visual
field defect was seen in the corresponding region. Finally, it is
often possible to track a hole throughout the cube scan, where
it follows a course consistent with an arcuate defect. These
findings confirm that we were not dealing with a local phe-
nomenon or artifact.
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FIGURE 4. Location of holes by patient. (A) Garway-Heath et al.” disc sectors. (B) The same circle scan
from eye 33 shown in Figures 1 and 2A, with the cluster of holes (left ellipse) and a single hole (right
ellipse) enclosed in red ellipses. The location of these holes can be specified in terms of 360° scale and
Garway-Heath et al.” sectors, as indicated by the scales above the scan. (C) The location of holes or clusters
of holes for all 33 eyes. The size of the circle/ellipse denotes the size of the hole or the region of clusters
of holes. A cluster is indicated by the red dot in the center of the ellipse.

We do not have a satisfactory explanation for why the
holes tended to appear near blood vessels. One might ex-
pect more holes near major vessels because these are also
the regions where the RNFL is thickest® and most suscepti-
ble to arcuate damage. However, this does not explain why
nearly all the holes are adjacent to blood vessels because
there are other thick regions of the RNFL that are not
immediately adjacent to blood vessels. One possibility is that
a loss of local axons may create a local mechanical force that
pulls axons away from the nearest vessel. Alternatively, and

probably less likely because vessels are known to constrict
in patients with glaucoma,”'® it may be the vessel itself is
being pulled away from the axons. In any case, there are
reasons to believe that the presence of small holes might be
an early sign of glaucomatous damage to the RNFL. Again,
we did not see holes in healthy controls, but we did see
holes in seven eyes with normal visual fields (both MD and
GHT within normal range). Further, holes were seen in eight
hemifields without a cluster of abnormal points on the visual
field. It remains to be seen whether the presence of holes
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FIGURE 5. The 24 -2 visual fields for
the eyes in Figure 2 shown in corre-
sponding panels. The shaded por-
tion of the field is the Garway-Heath
et al.” field region associated with the
disc location of the hole(s). The
shaded regions with black borders
correspond to the holes shown in
Figure 2, and the shaded regions
with red borders are associated with
other holes seen on the scan from
that particular eye.
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