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PURPOSE. To examine the locations of local glaucomatous damage around the optic disc as
seen in the circumpapillary retinal nerve fiber layer (RNFL) on frequency domain optical
coherence tomography (fdOCT).
METHODS. Optic disc fdOCT volume scans from 54 healthy control eyes and 114 patient eyes,
classified as suspected or mild glaucoma, were analyzed. All patient eyes had 24-2 visual fields
(VFs) with mean deviations better than 5.5 dB. By hand-correcting automated segmentation,
the RNFL thickness profile was obtained for a circumpapillary circle. RNFL defects were
defined as regions where the patient’s RNFL thickness fell below the 99% confidence limit of
control values. The location of a defect was defined as the point of greatest difference
between the patient’s thickness and the 99% limit. The locations of major blood vessels (BVs)
were marked, and separated into superior-nasal (SN), superior-temporal (ST), inferiortemporal (IT), and inferior-nasal (IN) groups.
RESULTS. Of the 114 patient eyes, 45 exhibited a total of 75 RNFL defects. The locations of
these defects clustered around the ST, SN, and IT, but not the IN BVs.
CONCLUSIONS. The absence of defects in the IN region indicates that the locations of local
defects are not simply related to either BV location or RNFL thickness. The local defects in the
ST and IT regions can be related to arcuate defects seen on 24-2 and 10-2 VFs. However, the
defects in the SN region suggest the presence of VF defects that may be overlooked because
they fall largely outside the 24-2 test grid.
Keywords: glaucoma, optical coherence tomography, visual fields, optic disc, retinal nerve
fiber layer

probability of damage at any given point of the optic disc
depends on the RNFL thickness at that point or, more
realistically, to some other morphological feature (e.g., pore
size11) or biomechanical factor12 that is correlated with RNFL
thickness. To test this hypothesis, we needed to better
understand how the probability or frequency of local optic
disc damage varies with disc location.
Our general purpose here was to examine the locations of
early glaucomatous damage in the circumpapillary RNFL as
seen on OCT volume disc scans so as to better understand how
the probability of local optic disc damage varies with disc
location.

ll regions of the optic disc are not equally sensitive to
glaucomatous damage. The classic arcuate defects, seen on
visual field (VF) testing, are associated with damage largely to
the superior and inferior quadrants of the disc, as can be seen
on fundus photographs.1,2 Quigley et al3 documented the
relative vulnerability of the superior and inferior quadrants
histologically by showing selective loss of axons in postmortem
human eyes. More recently, a number of optical coherence
tomography (OCT) studies demonstrated a relatively greater
thinning of the retinal nerve fiber layer (RNFL) in the superior
and inferior quadrants of eyes with glaucoma. [See Refs. 4 and 5
and the earlier work they reference.]
The most obvious difference among quadrants of the disc is
the markedly greater thickness of the RNFL in the superior and
inferior quadrants, suggesting that thicker regions may be more
vulnerable to glaucomatous damage. Based on OCT optic disc
volume scans of healthy individuals, we6 recently extended a
thickness hypothesis to explain the clinical observation that VF
defects are relatively more severe in the upper, as compared
with the lower VF,7–10 and suggested a strong version of a
thickness hypothesis. According to this hypothesis, the

We analyzed 54 healthy control eyes from 54 individuals and
114 eyes from 75 patients, classified as suspected or mild
glaucoma. Both groups were part of a previous study.6 Briefly,
the healthy controls had normal discs, IOPs, and VFs, and were
a mean age of 53.2 6 8.1 years, whereas the patients’ mean age
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FIGURE 1. (A) Fundus view of the optic disc of a right eye showing the four quadrants and the location (red circle) of the OCT image in (B). (B)
Circumpapillary image obtained from OCT volume scan of the disc. (C) The RNFL thickness (black curve) from the image in (B) shown with normal
range (green) and 5% and 1% confidence regions, all as a function of distance around the disc. The 1% confidence limit is shown as dashed line. (D)
The difference between RNFL thickness (black curve in [C]) and the 1% confidence limit (dashed line in [C]) is shown as a function of distance
around the disc. The pink region corresponds to the red region in (C). (E) Same as in panel D for another eye. See text for details.

was 55.5 6 12.2 years. All eyes had refractive corrections
between 6.0 diopters (D) and þ3.0 D. At least one eye of each
patient had glaucomatous optic neuropathy (GON). GON was
defined based on stereophotograph evaluation by glaucoma
specialists using the following criteria: focal or diffuse neuroretinal rim thinning, focal or diffuse RNFL loss, or an intereye
vertical cup-to-disc ratio asymmetry greater than 0.2 not
explained by differences in disc size. All eyes had reliable 242 (Humphrey Visual Field Analyzer; Carl Zeiss Meditec, Inc.,
Dublin, CA). Because 17 of the eyes studied had superior nasal
optic head defects, the stereophotographs and medical
histories of these patients were scrutinized by a glaucoma
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expert for signs of superior segmental optic hypoplasia. In this
nonprogressive congenital condition, the following signs must
be present for its clinical characterization: a relative superior
entrance of the central retinal artery, superior peripapillary
scleral halo, pallor of the superior disc, and thinning of the
superior peripapillary RNFL.13 None of these signs were
identified in these eyes.
The 114 patient eyes were selected from a larger group of
156 eyes6 by excluding eyes with a 24-2 mean deviation (MD)
that was worse than 5.5 dB (n ¼ 23), eyes (n ¼ 2) without
OCT scans and 24-2 fields within 1 year, and an eye (n ¼ 1)
with a cube scan that was poorly centered. In addition, 16 eyes
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RESULTS

FIGURE 2. Fundus image of the optic disc of a right eye illustrating the
marking of the location of the major blood vessels.

with corrections of less than 6D, were removed to match the
criteria for the control group and to avoid the misidentification
of a defect due to shifts in the RNFL peaks associated with the
smaller axial length in myopic individuals.14,15 Note: there was
no significant difference in refractive error between the eyes
with and without RNFL bundle defects.
Optic disc frequency domain OCT (fdOCT) volume scans
(3D-OCT 2000; Topcon Medical Systems, Inc., Paramus, NJ)
were obtained on all individuals and the image for a circumpapillary circle (Fig. 1A), 1.7 mm in radius, generated. From
these circumpapillary images (Fig. 1B), RNFL thickness profiles
were obtained (black curve in Fig. 1C), after segmenting the
RNFL (Fig. 1B) with an automated algorithm and hand
correcting as needed.16,17
RNFL defects were defined as circumpapillary regions
where the patient’s RNFL thickness fell below the 99%
confidence limit of control values. To facilitate the identification and measurement of these defects, the 99% confidence
limit based on all the 54 controls (black dashed curve in Fig.
1C) was subtracted from the individual patient’s RNFL (black
solid curve in Fig. 1C) and displayed as the black curve in
Figure 1D. With this representation, the portion falling in the
red region in Figure 1D (i.e., below the dashed black line) was
considered abnormal. The width and depth of a defect were
measured as shown in Figure 1D. The location of the defect
was defined as the point with the greatest depth. Because a
single defect may appear as multiple small defects (Fig. 1E),
adjacent defects within 208 (red bar in Fig. 1E) were
considered a single defect. To indicate the location of a defect
on the circumpapillary circle (1.7-mm radius), the following
convention was used in all figures, including Figure 1: 08 is the
temporal most location (9 o’clock for the fundus view of the
right eye); 908 the superior location (12 o’clock), 908 the
inferior location (6 o’clock) and 61808 the nasal location (3
o’clock).
The locations of major blood vessels (BVs) were marked on
shadowgrams as shown in Figure 2. The BVs were separated
into superior-nasal (SN), superior-temporal (ST), inferiortemporal (IT), and inferior-nasal (IN) groups and their locations
averaged.
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Based on the definition above, 45 of the 114 patient eyes
showed RNFL defects. These 45 eyes had a total of 75 defects
with an average of 1.7 defects per eye (range 1 to 5 defects). As
the blue bars in Figure 3A indicate, these 75 defects were not
evenly distributed around the disc, but tended to cluster in
three regions (arrows): on the border of the nasal and superior
quadrants (red arrow), in the temporal portion of the superior
disc (green arrow), and in the temporal portion of the inferior
quadrant (blue). The vertical red lines indicate the average
location of the four groups of BVs, which occurred at 132.68,
76.28, 75.88, and 131.88. Notice that the three clusters of
defects roughly coincide with three of the four groups of BVs.
A similar analysis for the 54 control subjects indicated 10
RNFL ‘‘defects,’’ presumably false positives, in 10 individuals.
The 10 ‘‘defects’’ in the control eyes occurred in all quadrants,
as indicated by the thin red bars in Figure 3A. Six of these 10
‘‘defects’’ were less than 108 in width, as compared with 29%
of the patients’ defects. This is shown in Figure 3B, where the
number of defects is plotted as a function of defect width for
patients (blue) and control (red) subjects. To minimize the
impact of false positives, we examined separately the defects
greater than 108 in width. This left 4 defects in 54 control
subjects and 56 defects for the patients.
The data for individual eyes are shown in Figure 3C, where
the widths of the defects are represented as the blue horizontal
lines for each of the 45 eyes (y-axis) with defects. The locations
of the defects less than or equal to 108 and greater than 108 in
width are shown as the open and filled blue circles,
respectively. The locations of individual BVs are shown as
the small red dots and the large open red circles show the
average location of each of the four BV locations for each of the
eyes. Across eyes, the BVs tended to cluster into four groups,
as expected. The vertical red lines are the mean locations of
these groups as in Figure 3A.
Whether one considers all 75 defects (filled and open blue
circles) or only the 56 greater than 108(filled blue circles), the
conclusions are the same. First, defects occurred in all
quadrants around the disc, not simply in the inferior and
superior quadrants known to be at high risk. Second, the
defects clustered near three of the four BV locations.
Defects also occurred in the temporal region. However,
although 25 of the 56 defects greater than 108 included the
temporal region, only 5 were restricted entirely to this region.

DISCUSSION
In glaucoma suspects and patients with mild VF glaucomatous
defects (MD better than 5.5 dB), local defects in the
circumpapillary RNFL layer were seen in all regions around
the disc. However, these defects tended to cluster into three
groups located close to three of the four clusters of BVs. These
results raise two questions.

Why These Three Locations?
The strong version of the thickness hypothesis states that the
probability of glaucomatous damage at any given point of the
optic disc depends on the RNFL thickness at that point.9
Figure 4A shows the relative circumpapillary RNFL thickness
profile (black curve) for the healthy controls superimposed
on the histogram (blue bars) from Figure 3A (right axis). This
thickness profile was derived from the RNFL thickness map6
in Figure 4B for the 54 healthy controls. In particular, the
thickness around the black circle of 3.4 mm diameter in
Figure 4B was determined and shown normalized to the peak
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FIGURE 3. (A) A histogram showing the frequency of defects as a function of distance around the disc for the patients (blue bars) and healthy
controls (red bars). (B) A histogram showing the frequency of defects of different widths for patients (blue) and controls (red). (C) The data for the
45 individual patient eyes with defects are arranged along the y-axis. The blue circles are the locations (see Fig. 1D) of the 75 defects with filled and
open representing those greater than 108 or less than or equal to 108 in width, respectively. The horizontal blue lines show the extent (width) of
the defect. The small red dots are the location of individual blood vessels and the large open red circles show the mean of the group of blood
vessels. The red vertical lines are the average of the locations of the four groups of vessels. The filled purple rectangle shows the macular
vulnerability zone6,22 and the open purple rectangle the region in the superior disc at the same location. See text for details.

thickness as the solid black curve (left axis) in Figure 4A. Note
that although there is a general correspondence between the
frequency of defects and the RNFL thickness, this correspondence is far from perfect, especially in the regions of the IN
cluster of vessels. Although the RNFL thickness in this
location (black arrow) is thinner than in the other three
locations showing clusters of defects, it is thicker than in
many of the regions in the ST and IT areas in which many
defects are located. However, one needs to be cautious in
interpreting this comparison, as the peaks of the RNFL
thickness profiles also include a sizable contribution from
BVs.18
On the other hand, it appears that the scanning laser
polarimetry (SLP) retardance measure of RNFL thickness has
little or no contribution from BVs.19 The dashed curve in
Figure 4A shows the SLP RNFL thickness for 50 healthy
controls from a previous study.20 Although the three clusters of
defects correspond to thick regions of the RNFL based on SLP,
the IN (black arrow) region is also thick, but has relatively few
defects. Thus, although the thickness of the RNFL may be a
factor, the relationship is probably not a simple one.
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There is always the possibility that this finding is artifact,
due to factors not fully understood. Interestingly, Strouthidis
et al.21 found rim area loss in ocular hypertensives occurred
in the IN, as well as the ST, IT, and SN regions. However, it is
hard to relate their findings to ours, given that our studies
differed in a number of ways, including scanning technique
(Heidelberg retina tomograph versus OCT), patient population, design (progression over time versus cross-section), and
measure (rim area versus RNFL thickness). In any case, there
is some confirmation of our finding in a study22 of holes (or
tunnels) in the RNFL attributed to axonal drop out secondary
to glaucomatous damage. These holes tended to appear in the
same three regions, near the ST, SN, and IT, but not the IN
BVs.
On the other hand, it is not surprising that the probability of
glaucomatous damage is not dependent simply on RNFL
thickness. As Burgoyne12 recently pointed out, glaucomatous
damage of retinal ganglion cell axons is likely due to a number
of interacting mechanisms, including complex changes in the
biomechanics of the optic disc, which may differ at different
parts of the disc. Ultimately, the explanation for the pattern of
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FIGURE 4. (A) The histogram from Figure 3A (right axis) is shown with the normalized average circumpapillary OCT RNFL thickness (solid black
curve, left axis) for the 54 healthy control eyes and the average circumpapillary SLP RNFL thickness (dashed black curve, left axis) from 50 healthy
controls reported in Reference 20. (B) The RNFL thickness for the optic disc cube scans from the 54 healthy controls. The black circle is the
location of the solid black curve in (A).

defects around the disc must be sought in these mechanisms
and their interactions.

The cluster of defects we observe in the ST and IT regions are
undoubtedly associated with the classic arcuate defects. They
include the regions of the disc associated with the regions of
arcuate defects seen on the 24-2 VF according to the GarwayHeath et al. map.2,23 On 10-2 VFs, deep local arcuate defects
within the central 108 are often seen in the upper VF. These
defects, which can be missed on the 24-2 VF, are far less
common in the lower VF. We have shown that the maximal
RNFL thinning associated with these deep macular VF defects
occurs in the IT regions between approximately 358 to 658
on the coordinates.24 This region, called the macular vulnerability zone (MVZ),6,25 is shown as the solid purple bar in
Figure 3C. Note there are nearly as many defects in this region
as there are in the same location of the superior disc (i.e., þ358
to 6658, open purple rectangle in Fig. 3C). However, although
damage to the MVZ causes damage to the macula, damage to
the ST region (open purple rectangle) falls outside the macula
due to the asymmetric nature of the macula to disc
connections.24,25
On the other hand, the defects associated with the thinning
in the SN region ought to fall largely outside even the 24-2
VF.2,26 It is well known that defects can fall outside the center
248 of the visual field, as seen, for example, on kinetic
perimetry.27,28 Further, peripheral defects have been reported
in patients whose central VFs were categorized as normal on
standard static perimetry.29–32 However, the relationship
between these peripheral defects and the local defects we
see at the SN disc requires further study.

specificity, was not the purpose here. In other words, there
are probably eyes in this study with glaucomatous damage that
are not included in the 55 eyes with local defects. However,
this limitation has minimal impact on our two main conclusions. First, it does not affect our conclusion that there are
defects in the SN portion of the disc. Second, even in the
unlikely event that these shallow defects showed a better
correspondence with RNFL thickness or BV locations, one
would have to assume that these factors predict the frequency
of occurrence, but not the depth, of damage in order to rescue
the thickness or BV hypotheses.
A second limitation concerns the definition of a local defect.
The variability in RNFL thickness among healthy individuals is
not constant around the disc. Therefore, a fixed amount of
thinning will not be equally detectable at all disc locations. For
this reason, we defined abnormal RNFL thinning based on the
99% confidence limit of healthy controls. However, there is no
‘‘right’’ way to take variability into consideration and we
cannot rule out the possibility that a different method of
controlling for normal variability would produce a different
result.
A related problem concerns the relation of the depth of a
local RNFL defect and the loss of associated retinal ganglion
cell (RGC) axons. Whether depth is taken as the difference
from the mean of controls or the difference below the 99%
confidence limit, we cannot assume that a constant loss in
RNFL thickness equals a constant loss in number of RGC
axons. In fact, given that the width of the RGC axon is smaller
in the macula than the more peripheral regions of the retina,
OCT RNFL measures may underestimate the number of axons
damaged in the portion of the disc associated with the macula
(i.e., the temporal quadrant and temporal portion of the
inferior quadrant).

Limitations

Summary

By design, this study focused on clear local thinning of the
RNFL. Consequently, shallow damage might be missed by our
procedures. Or, put a different way, we do not know the falsenegative (miss) rate of our technique when it comes to
detecting glaucoma, although determining sensitivity, or

Local glaucomatous damage is not equally distributed around
the optic disc, nor is this damage simply related to either BV
location or RNFL thickness. Further, the damage identified in
the SN portion of the disc may fall outside the region covered
by the 24-2 VF. Eyes with RNFL defects seen at this location

Where Are the VF Defects Associated With the
Three Clusters of RNFL Damage?
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may require broader field perimetry if one aims to document
functional damage.
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