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Abstract
There is a growing body of evidence that early glaucomatous damage involves the macula. The
anatomical basis of this damage can be studied using frequency domain optical coherence
tomography (fdOCT), by which the local thickness of the retinal nerve fiber layer (RNFL) and
local retinal ganglion cell plus inner plexiform (RGC+) layer can be measured. Based upon
averaged fdOCT results from healthy controls and patients, we show that: 1. For healthy controls,
the average RGC+ layer thickness closely matches human histological data; 2. For glaucoma
patients and suspects, the average RGC+ layer shows greater glaucomatous thinning in the inferior
retina (superior visual field (VF)); and 3. The central test points of the 6° VF grid (24-2 test
pattern) miss the region of greatest RGC+ thinning. Based upon fdOCT results from individual
patients, we have learned that: 1. Local RGC+ loss is associated with local VF sensitivity loss as
long as the displacement of RGCs from the foveal center is taken into consideration; and 2.
Macular damage is typically arcuate in nature and often associated with local RNFL thinning in a
narrow region of the disc, which we call the macular vulnerability zone (MVZ). According to our
schematic model of macular damage, most of the inferior region of the macula projects to the
MVZ, which is located largely in the inferior quadrant of the disc, a region that is particularly
susceptible to glaucomatous damage. A small (cecocentral) region of the inferior macula, and all
of the superior macula (inferior VF), project to the temporal quadrant, a region that is less
susceptible to damage. The overall message is clear; clinicians need to be aware that glaucomatous
damage to the macula is common, can occur early in the disease, and can be missed and/or
underestimated with standard VF tests that use a 6° grid, such as the 24-2 VF test.
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1. Introduction
There is no generally agreed upon definition of the term “macula”. Clinicians often use the
term to describe the region within the vascular arcades, while according to many anatomists
it is the much smaller region containing pigmentation (macula lutea), which appears yellow.
Regardless of the definition, the macula includes the region surrounding the fovea with the
highest density of retinal ganglion cells (RGCs). For our purposes, we will take the macula
to be a region ±8° from the foveal center. This region has the highest RGC density and is
vital for everyday visual function. While this area represents less than 2% of the retinal area,
it contains over 30% of the RGCs (Curcio and Allen, 1990). Here we focus on glaucomatous
damage of this macular region.

The diagnosis of glaucoma, a progressive optic neuropathy, is based upon a specific pattern
of anatomical and functional (loss of vision as indicated by visual field (VF) examinations)
changes. It has long been recognized that early glaucomatous damage can affect the macula
(e.g. Aulhorn and Harms, 1967; Drance, 1969; Aulhorn and Karmeyer, 1977; Nicholas and
Werner, 1980; Anctil and Anderson, 1984; Heijl and Lundqvist, 1984). However, early
macular damage has been ignored to a great extent until recently. For example, the most
common VF test for glaucoma has test points spaced 6° apart. As we will see, these test
points fall outside the densest region of RGCs. In any case, there is renewed interest in
macular damage, in part because we can now make in vivo measures of the RGC layer
thickness of the human macula with optical coherence tomography (OCT).

2. Anatomy of the human macula as revealed by fdOCT
2.1. Fundus view of RNFL bundles

The axons of the RGCs travel in bundles in the retinal nerve fiber layer (RNFL) from the
RGC bodies to the optic disc. To understand the nature of glaucomatous damage, it is
essential to understand the course these bundles take as they travel to the disc. Fig. 1A is a
schematic drawing from Harrington and Drake (1990) often seen in secondary texts. Fig. 1B
summarizes the key features needed for our discussion. First, the RNFL bundles (red and
light blue lines) from groups of RGCs (red and light blue circles) on the temporal side of the
fovea arc around the fovea. Second, on the temporal side of the fovea, a raphe with
relatively few axons is formed because, in general, the axons of the RGCs do not cross the
horizontal meridian. Third, the optic disc generally lies above the horizontal meridian.
Finally, the collection of RNFL bundles is particularly thick in the superior and inferior
quadrants of the disc. These regions have long been known to be particularly vulnerable to
glaucomatous damage.

2.2. In vivo measures of human retinal anatomy
Retinal layers can be visualized in vivo with frequency domain (fd) OCT. (See recent review
by Gabriele et al., 2010.) Fig. 2A shows a horizontal scan along the midline of a healthy eye.
A few of the key layers are marked, including the RGC+ (RGC+ inner plexiform (IP) layer)
and RNFL.

When we started our studies, commercial algorithms did not exist for segmenting the RGC+
layer. Thus, we developed a computeraided manual segmentation technique. With training
and documented guidelines, this technique yielded excellent within- and between-operator
reliability (Hood et al., 2011a). Using this technique, Wang et al. (2009) showed that the
RNFL and RGC+ layer (Fig. 2B,C) in the macula were thinner in patients with glaucoma
(green and red) than in healthy controls (blue), while the thickness of the inner nuclear layer
(INL) and receptor layer was similar to those of healthy controls (blue) (Fig. 2D,E). Further,
the patients with poor central sensitivity (red), as measured by the threshold for the center
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test point on the 24-2 VF, had a thinner RNFL and RGC+ layer than did the patients with
better central sensitivity (green).

While commercial segmentation algorithms have improved, they should be used cautiously,
as they do not always produce veridical results. We currently use an automated algorithm to
segment the RGC+ layer and RNFL (Yang et al., 2010), but also check, and manually adjust
if necessary, the results (Raza et al., 2011). Even with this technique, it is not always
possible to distinguish the border between the RGC and IP layers. Thus, for the work
described here, we measured the RGC+ layer.

2.3. Healthy RGC+ and RNFL anatomy as revealed by averaging fdOCT data
To better understand the retinal distribution of RGCs and their axons (RNFL), the results
from fdOCT cube scans from 128 healthy controls were averaged. The red and blue
rectangles on the fundus photos in Figs. 1B and 3 (first column) show the location of these
cube scans. The RGC+ layer and RNFL were segmented using an automated algorithm and
manually corrected when necessary, as mentioned above. The segmented borders are
illustrated in Fig. 3 (second column), which shows one of the 128 lines of the cube scan
from one individual. Based on these segmented borders, the thickness of the RGC+ layer
and RNFL were obtained. These thicknesses are shown in a pseudo-color map for one eye
(first column) and for the average of all 128 eyes (third column). Note that there are two
RNFL maps, one for the macula (middle row) and one for the optic disc scan (bottom row).
For the RGC+ layer, only the thickness for the macular scan (top row) was analyzed, as the
RGC+ layer was too thin to be of interest on the optic disc scans. All results here, and in
subsequent figures, are shown as right eyes.

2.3.1. The RNFL in healthy controls—The two average RNFL thickness maps in Fig. 3
(right column) are combined into one display in Fig. 4A. The two maps were aligned using
the averages, for the 128 eyes, of the horizontal distance between the centers of the fovea
and disc (14.8 ± 0.9°) and the vertical displacement of the disc center relative to the foveal
center (6.3 ± 3.0°). These values are in general agreement with those in the literature (e.g.
Rohrschneider, 2004; Lefèvre et al., 2007; Bixenman and von Noorden, 1982; Timberlake et
al., 2005).

There are a few features of note in Fig. 4A. First, the RNFL is thinnest (dark blue) in the
center of the macular scan, corresponding to the relative lack of RGC axons in the fovea.
Second, there is a temporal minimum in RNFL thickness (dashed red line), which
corresponds to the raphe. Note that the raphe falls approximately along the horizontal
meridian. Contrast this to the locus of minimum RNFL thickness (solid red line) nasal to the
fovea, which curves up to meet the disc between 8:00 and 9:00 o'clock; the thin black dotted
line marks 9:00 o'clock.

Third, as expected, the thickest portion of the RNFL occurs close to the disc with the
superior and inferior regions showing the thickest (dark red) RNFL regions. The dashed
circle has a diameter of 3.4 mm and is the locus of measurements for the circumpapillary
RNFL thickness obtained with time domain OCT (Schuman et al., 1996). Fig. 4B shows the
RNFL profile, sometimes called the TSNIT curve. The bold black curve is the result for all
128 eyes, while the blue and red curves are the results divided into those older (blue, n = 54,
mean age 53.2 ± 8.0 years) and younger (red, n = 74, mean age 28.2 ± 6.0 years) than 40
years of age. The older group served as the controls for the analysis of the patients described
below and in Hood et al. (2012). In any case, the effects of age on OCT RNFL thickness are
relatively small, as others have quantified (e.g. Poinoosawmy et al., 1997; Budenz et al.,
2007; Parikh et al., 2007; Hood et al., 2009).
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2.3.2. The RGC+ layer in healthy controls—Fig. 5A shows the average RGC+
thickness for the macular scans of the 128 controls. Notice that the thickest portion (dark red
and red) of the RGC+ layer falls within about ±8° (black circle with 8°radius) of the foveal
center, the region we defined above as the macula. The qualitative agreement between the
donut-shaped RGC+ thickness profile and primate RGC density data (Curcio and Allen,
1990) has been noted previously (e.g. Wang et al., 2009; Mwanza et al., 2011; Ooto et al.,
2011; Raza et al., 2011). Recently, Curcio et al. (2011) measured the RGC+ thickness seen
in histological sections of 18 donor eyes. Fig. 5B shows the RGC+ thickness across the
horizontal meridian (white dotted line in Fig. 5A) for both our fdOCT data (red) and Curcio
et al.'s histological data (black dashed). (See also de A Moura et al., 2012 for a similar
analysis.) The deviation between our data (red) and the histological data (black dashed) is
probably largely due to shrinkage of the histological tissue. Curcio et al. reported that tissue
shrinkage was 14.5% overall and 29% in the fovea. To approximate the effects of shrinkage,
the solid black curve shows their histological results after scaling the x-axis by a factor of
1.21 for best fit to our data (corresponding to 17.4% shrinkage). The striking agreement
between our fdOCT data (red) and their adjusted histological results (solid black) suggests a
high degree of correspondence between the in vivo OCT and postmortem data. Even subtle
differences between nasal versus temporal thickness can be seen by comparing the locations
marked with the solid versus dashed arrows. In both sets of data, the RGC+ is thicker in the
nasal retina (solid green arrow) close to the fovea than it is in the temporal retina (dashed
green arrow), but the reverse appears to be the case further from the fovea (blue arrows).
Fig. 5C shows that the RGC+ thickness is only slightly lower for the group over 40 than it is
for the under 40 group. See Mwanza et al. (2011) and Ooto et al. (2011) for similar results.

3. Glaucomatous RGC+ and RNFL anatomy as revealed by averaging
fdOCT data

In a recent study, we analyzed the RGC+ and RNFL thickness profiles of eyes of patients
who were either diagnosed as glaucoma suspects or as glaucoma patients (Hood et al.,
2012). To better understand glaucomatous damage, we averaged these data based upon
either the mean deviation (MD) of the 24-;2 VF test or upon classification of the VF defects.
In both cases, the results were compared to a subset of the controls (n = 54) with
approximately the same mean age. Of course, we must keep in mind that averaged results,
while providing a clearer view of common patterns and trends, need not be representative of
any individual eye. Thus, insights derived from averaged data must be confirmed via other
analyses.

3.1. RGC+ and RNFL thinning in patients grouped by MD
The 154 eyes of the patients were assigned to one of 3 groups based upon the MD of their
24-2 VFs. The groups had MD values better than −1.5 dB (MD values within normal range),
between −1.5 and −5.5 dB (normal values to mild glaucoma) or less than −5.5 dB (moderate
to severe glaucoma). The RNFL and RGC+ thickness profiles of each patient were
determined as described above for the healthy controls (Fig. 3) and average thickness
profiles were created for each group [see Fig. 3 in Hood et al. (2012)]. To obtain a measure
of the glaucomatous damage, the average profiles for the age-similar controls (Figs. 4 and
5A) were subtracted from the group averages for the patients. In Fig. 6, these difference
maps for the RNFL (left column) and RGC+ layer (right column) are shown in pseudo-
color, where dark green represents no change in thickness compared to controls and dark red
the most change (i.e. thinning). See calibration bars at the bottom of the figure.

3.1.1. RNFL loss in patients—As expected, on average, the greatest RNFL loss (Fig. 6,
left column) is seen in the arcuate regions, which are the thickest regions in the healthy eyes
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(Fig. 4A). The thinning in this region is present even in the group with normal VFs based
upon MD values (Fig. 6, upper left panel), where the MD was −0.2 ± 1.1 dB (0.0 ± 1.1 and
−0.2 ± 1.4 for the upper and lower hemifields, respectively). As expected, the thinning
becomes progressively worse for the groups with the more severe MD losses. Note that the
thinning appears to be slightly greater in the inferior (white arrows) as opposed to the
superior (black arrows) retina. The suggestion of a greater thinning in the inferior retina has
a counterpart in the clinical literature, where glaucomatous damage has been reported to be
more severe in the upper VF (e.g. Nicholas and Werner, 1980; Drance, 1977; Heijl and
Lundqvist, 1984; Lewis and Phelps, 1984). In any case, our primary concern here is with the
macular RGC damage seen in eyes with glaucoma.

3.1.2. RGC+ loss in patients—The average RGC+ (Fig. 6, right column) is also thinner
in the group with the MDs in the normal range (upper right panel) and becomes
progressively thinner as the MD becomes more abnormal. In general, the thinning is more
apparent in the inferior (white arrows) as opposed to the superior (black arrows) retina. This
is a key point and the relationship to the VF literature will be explored in the next section. In
addition, notice that the RGC+ thinning is more extreme on the temporal side of the fovea
(white arrows in lower two right panels of Fig. 6). A similar pattern can be seen in the
average deviation of ganglion cell complex (GCC, i.e., RNFL+ RGC + IPL) thickness
reported by Tan et al. (2009) for patients with perimetric glaucoma. For the averaged data,
RGC+ damage in the macula is as detectable as the RNFL damage in the classic arcuate
regions. [See z-score analysis in Fig. 5 of Hood et al. (2012) and Tan et al. (2009)]. In
Section 4.4 below, we show the relationship between the macular RGC+ thinning and the
RNFL thinning in the classic arcuate regions seen in Fig. 6 (left column).

3.2. RGC+ and RNFL thinning in patients grouped by visual field classification
To better understand the relationship of the macular RGC+ loss to classic models of
glaucomatous damage, we grouped the same eyes according to the VF classification scheme
of Keltner et al. (2003). The superior hemifields of the 156 eyes were categorized as
“normal” (n = 52), paracentral (n = 31), partial arcuate (n = 30), arcuate (n = 31), altitudinal
(n = 5), nasal step (n = 7) or temporal wedge (n = 0). Only the first 4 categories were
considered further as too few hemifields fell into the latter 3 categories for meaningful
comparisons. This subset also had the advantage that according to the traditional view these
categories represent progressively greater nerve fiber bundle loss (Keltner et al., 2003). That
is, we expect to see progressively greater RNFL loss in the thick arcuate bundles as we go
from the VF classified as “normal” to those with a clear arcuate defect.

Fig. 7, in the same form as Fig. 6, shows the change in RNFL (left column) and macular
RGC+ (right column) thickness for the upper hemifields grouped by VF classification. The
superior retinal region is obscured by the black rectangle as a reminder that only the inferior
retina is of interest here because the upper visual hemifields were classified; the results were
similar for the classification of the lower hemifields. The pattern of results in Fig. 7 is
similar to that seen for the MD groups in Fig. 6. In particular, the thinning of the arcuate
RNFL (left column) and the macular RGC+ (right column) becomes progressively greater in
the inferior retina as the classification of the upper VF defects progress from normal to
arcuate. Further, thinning of both the RNFL and RGC+ layers occurs even in the hemiretina
associated with VFs classified fied as normal (black arrows, top panels) based upon the
Keltner et al. (2003) criteria.

To compare the region of thinning across classification categories, the black iso-thickness
contours were drawn in the lower panels. These same contours were placed on the upper
panels as the dotted black lines. To a first approximation, the regions involved in the
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thinning are the same across all VF categories; only the degree of thinning is changing. It
may be time to modify how we classify or stage glaucomatous damage so as to incorporate
OCT information and to recognize the damage underlying VF changes probably does not
fall into discrete categories. In any case, the main point here is that, on average, there is a
clear thinning of the macular RGC+ layer for all VF categories. It is this thinning that we
seek to better understand.

3.3. Is the degree of macular damage surprising?
Should we be surprised by the degree of macular RGC+ damage? Some glaucoma
specialists will say “yes”, while others will say “no”. First, let's consider the reasons why the
degree of macular RGC+ damage may be surprising to some.

Patients suspected of having glaucoma are almost always tested with static automated
perimetry using a test protocol in which the test points are spaced 6° apart (e.g. the 24-2 or
30-2 protocol of the Humphrey Field Analyzer, Zeiss, Inc.). The RGC+ thinning seen in
Figs. 6 and 7 is poorly sampled by this test. This is illustrated in Fig. 8A, where the RGC+
difference (thinning) map for the MD group with the largest losses (MD < −5.5 dB, lower
right panel in Fig. 6) is superimposed on a fundus photo. The small black squares show
where the 24-2 test spots fall on the retina. However, the locations of the RGCs stimulated
by the central 24-2 test points are farther from the fovea because the RGCs in the fovea are
displaced. The displacement of the foveal RGCs is illustrated in Fig. 8C from Drasdo et al.
(2007); they traced the course of the connections (small arrow heads) from cone receptor
(large red arrow) to the associated RGC region (large green arrow) in human postmortem
tissue. The location of the 24-2 points in Fig. 8B,D takes the displacement calculated by
Drasdo et al. into consideration (Raza et al., 2011; Hood and Raza, 2011). While the
displacement of the central 24-2 points are relatively minor (i.e. compare Fig. 8A,B), they
are substantial for the central points of the 10–2 as will be seen in Section 4.4 and Fig. 13.

The regions of densest RGCs in the healthy eye (Fig. 8D), and of the most extreme thinning
of the RGC+ layer (Fig. 8B), fall within the central 4 points of a test (e.g. 24-2) with a 6°
grid. Yet, this is the most commonly used test protocol in clinical practice. Further,
classification schemes of VF defects, such as that of Keltner et al. (2003), do not include the
field points within the black rectangle of Fig. 8A.

On the other hand, many glaucoma experts will not be surprised and will point to VF
literature on macular damage. Historically, the degree of macular damage has been debated
(e.g. Stamper, 1984), especially in patients with normal tension glaucoma (e.g. see the
review by Araie, 1995). However, the evidence for early, and even initial, damage to the
macula is clear and has been mentioned in the literature for at least 40 years (e.g. Aulhorn
and Harms, 1967; Drance, 1969; Aulhorn and Karmeyer, 1977; Anctil and Anderson, 1984;
Heijl and Lundqvist, 1984). Thus, whether we should be surprised or not can be debated.
However, we need to know more about the nature of the damage to the macula, as well as
how best to detect it. In the next section, we turn to evidence from the VF literature to better
understand the OCT findings.

4. Relating structural glaucomatous damage of the macula to visual field
defects
4.1. Does early glaucomatous damage seen on visual field tests involve the macula?

Our fdOCT data averaged across patients indicates that macular damage is present and is as
detectable as the damage seen in the high-risk arcuate regions of the disc. But, how
commonly is it seen on VFs of individual eyes early in the glaucomatous process? In a study
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that speaks directly to this question, Heijl and Lundqvist (1984) followed 45 eyes that
progressed from normal to abnormal VFs using early automated perimetry with test points at
5, 10, 15 and 20° from fixation. Although the largest number of initially abnormal points
were at 15°, they noted “a striking preponderance of defective points” at 5°, especially in the
upper VF. Thus, consistent with our fdOCT results, they found that early, and even initial,
glaucomatous VF damage is occurring in the macula, as well as in regions associated with
classic arcuate damage.

Other evidence also suggests that early glaucomatous damage as seen on VF tests often
involves the macula. In a largely overlooked study, Langerhorst et al. (1997) prospectively
obtained 10–2 (2° grid) and 30–2 (6° grid) VF data on 121 patients who were suspects or
showed signs of early glaucoma. Defects were commonly seen on 10–2 VFs, i.e., within the
central ±10°. In particular, 36.4% of the hemifields were abnormal on 10–2 testing,
compared to 48.5% on 30–2 VFs. In addition, the damage was rated as severe, or more
severe, on the 10–2 VFs in 55.2% of the abnormal hemifields. In a similar prospective study
of suspects or patients with mild glaucoma (MD better than −6.0 dB), we found similar
results. In particular, 53.0% and 58.5% of the hemifields were abnormal on the 10–2 and
24-2 VFs, respectively, and 15.7% of the hemifields that were normal on the 24-2 VFs were
abnormal on 10–2 VFs (Traynis et al., 2012). In addition, Schiefer et al. (2010) recently
reported that over 50% of eyes with mild to moderate glaucoma had defects within the
central ±3°. Clearly, early glaucomatous VF damage often involves the central ±10° and this
damage can be underestimated, and even missed, with VF tests (e.g. 24-2 and 30-2) using a
6° grid.

4.2. Initial arcuate visual field defects in the macula and associated optic disc RNFL
thinning

Dr. Robert Ritch first suggested to us that initial macular VF defects often resemble a
“comma” or a partial comma (unpublished presentation). While there are a number of
isolated examples in the earlier literature of these small arcuate-like, defects close to fixation
(e.g. Aulhorn and Harms, 1967; Drance, 1969; Aulhorn and Karmeyer, 1977; Airaksinen
and Heijl, 1983), until recently relatively little was known about their nature and prevalence.
It is now clear that the early VF defects in the macula are often, if not typically, arcuate in
shape (Schiefer et al., 2010; Hood et al., 2011b; Su et al., in press; Traynis et al., 2012).

Aulhorn and Karmeyer (1977) attributed arcuate macular VF defects to RNFL bundle
damage at the disc. To better understand the relationship between these arcuate VF defects
and the location of RNFL thinning at the disc, we selected eyes with arcuate or partial
arcuate defects on 10–2 VFs, but without clear abnormalities outside the central 10°on the
24-2 VF (Hood et al., 2011b). Ten of the 11 eyes meeting these criteria had upper VF
(inferior retina) defects. All 11 eyes showed arcuate-shaped RNFL thinning, which
corresponded to the arcuate or partial arcuate defects seen on the 10–2 VF. Fig. 9A shows
the 10–2 VF for one of the eyes in this study. There is a clear arcuate pattern of thinning in
the RNFL thickness map obtained from the macular scan of this patient (Fig. 9B, red
arrows).

We located the circumpapillary disc damage associated with these arcuate RNFL defects
using the RNFL (TSNIT) map from an OCT circumpapillary circle scan (Fig. 9C). The
arrow in Fig. 9C marks the location of the maximum thinning of the RNFL associated with
the VF in Fig. 9A. The blue vertical lines indicate the range of locations of the maximum
thinning for the 10 eyes with inferior retinal macular defects. This range is best illustrated in
Fig. 9D where the green dot and blue lines from panel C are shown relative to the optic disc
(solid black oval). The dashed circle has a diameter of 3.4 mm and is the location of the
circle scan used to generate the RNFL thickness (TSNIT) profile in Fig. 9C. The region
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between the blue lines in Fig. 9D extends from the inferior portion of the temporal quadrant
to the temporal portion of the inferior quadrant. We call this region the “macular
vulnerability zone” (MVZ) of the disc.

Thus, the small arcuate defects seen in the upper macular VF are associated with arcuate
RNFL defects that are centered primarily in the MVZ of the disc. This has important
implications for understanding the nature of macular damage. To better understand the
relationship between the loss of the RGCs in the macula and the thinning of RNFL in the
MVZ, Fig. 10A combines the maps of the macular RGC+ and optic disc RNFL thinning for
the group with a MD worse than −5.5 dB (from Fig. 6, bottom row). Note that the RGC+
map is trimmed to show only the central ±8°. We (Hood et al., 2012) proposed that the
RGCs thinning seen in the inferior macula in Fig. 10A is associated with the RNFL thinning
occurring in the MVZ of the disc (between the blue diagonal lines). To illustrate this, the
proposed paths of five clusters of RGCs + (red circles) and their associated RNFL bundles
(black curves) are shown. That is, the major RGC+ damage, which is in the inferior macular
region, is associated with the RNFL bundles entering the MVZ of the disc. On the other
hand, the RNFL bundles associated with the RGC+ region in the corresponding portion of
the superior macula enter the disc closer to 9:00 o'clock and well within the temporal
quadrant.

What do we know about the MVZ of the disc? First, the MVZ is part of the relatively thick
RNFL arcuate region in healthy controls as seen in Fig. 10B (from Fig. 4), as well as part of
the inferior disc region showing the most damage (Fig. 10A). That is, the axons from RGCs
in the inferior macular retina enter the high-risk inferior arcuate region of the disc, while
those from the superior macula enter the temporal quadrant. We know from OCT RNFL and
HRT neural rim measurements, as well as analysis of fundus photographs, that the inferior
and superior quadrants of the disc are particularly vulnerable to glaucomatous damage,
while the temporal quadrant is relatively less affected. For example, circumpapillary OCT
studies of the optic disc typically find that thinning of the RNFL in the superior and inferior
quadrants of the disc is a more sensitive measure of glaucomatous damage than are changes
in the temporal or nasal quadrants. [See recent papers by Leite et al. (2012) and Rao et al.
(2012) and the earlier work they reference.] The temporal region of the disc shows less
damage unless glaucoma is more severe.

Second, we defined the MVZ based upon the range of minima in the circumpapillary RNFL
thickness profiles (Fig. 9C) obtained with time domain OCT scans (Hood et al., 2011b). In
that study, the range was relatively narrow, 27°, as indicated by the blue slanted lines in
Figs. 9C and 10A. Third, this general region of the disc has the highest incidence of disc
hemorrhages (Lan et al., 2008). Disc hemorrhages are often associated with glaucomatous
damage. In fact, Park et al. (2011) observed that patients with damage within the central 10°
on the 24-2 were more likely to have disc hemorrhages than those with comparable damage
(nasal steps) outside the central 10°.

Fourth, in general, this MVZ is just adjacent to a major inferior temporal artery or vein
(Hood et al., 2008b). This association may have no import other than the fact that the
thickest part of the RNFL is associated with the major blood vessels. However, it is worth
noting that we find hypodense regions (holes or tunnels) in the RNFL of glaucoma patients
and suspects (Xin et al., 2011). These hypodense regions are associated with VF defects and,
we believe, represent local axonal loss. Interestingly, they are almost always adjacent to a
blood vessel.

It is still not entirely clear how these various findings are related, or in fact, which are most
important in understanding the susceptibility of the inferior macula RGCs to glaucomatous
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damage. However, it appears that a relatively small region of the disc is involved in patients
with superior arcuate VF defects in the macula.

4.3. A schematic model of macular RNFL projections and RCG+ and RNFL damage
To better understand the nature of glaucomatous damage to the macula and how this damage
is related to VF defects, we proposed a schematic model (Hood et al., 2012). This model has
two assumptions. The first concerns the paths that the RNFL bundles take between the RGC
of the macula and the disc. We assume that most of the RGCs (red circles in Fig. 10A) in the
inferior macular region project to the MVZ. The remaining RGCs (orange circle in Fig.
10A) of the inferior macula (the cecocentral region) and the RGCs of the superior (blue
circles) macula project to the temporal quadrant of the disc. A qualitative test of this
assumption can be seen in Fig. 11A. The thin colored lines are the tracings of 1660 RNFL
bundles from 55 eyes published by Jansonius et al. (2009), after they first aligned the foveal
and disc centers of the eyes. Our model shows reasonable qualitative agreement with these
tracings of RNFL bundles.

Second, we assume that the probability of glaucomatous damage at the disc increases from
the center of the temporal quadrant (9:00 o'clock for the right eye) toward the superior and
inferior poles. We assume further that the disc regions with the highest probability of
damage are indicated by the red arcs around the disc in Fig. 10A and are drawn to
correspond to the regions showing the greatest RNFL thinning in patients. These regions
include the thickest portions of the RNFL in healthy controls (Fig. 10B).

Combining these assumptions, the region of the macula most likely to be damaged by
glaucoma falls within the red borders in Figs. 10B and 11A. While the superior macular
region within the dark gray borders also can be affected by glaucoma, it is less likely to be
so. The boundaries of the macular RNFL bundles (the region within the gray and red
borders) were set by the dotted RNFL bundles in Fig. 10A. RGCs outside these regions
project to more superior and inferior locations as illustrated in Fig. 11B, where the regions
of the model are superimposed upon the thinning maps from Fig. 10A. Note: the blue and
red circles and dotted black curves show the proposed relationship between RNFL bundles
outside the macula and the RNFL thinning seen in the inferior and superior quadrants of the
disc. Thus, both the superior and inferior retinal regions just outside the macula will also be
relatively vulnerable to glaucomatous damage. These are the regions associated with the
classic arcuate defects on VFs.

A few caveats are in order. First, we call this a schematic model because the details of the
pathways of the RNFL bundles need to be more precisely determined. Second, unlike the
illustration of the model, the borders between the relatively preserved (gray) and the
relatively affected (red) regions are not sharp. Recall also that the borders were based upon
locations of maximum RNFL thinning in Fig. 9, not the full extent of this thinning. Third,
there may be some diffuse damage across the macula associated with early glaucoma (e.g.
Henson et al., 1999) and this could affect the entire macular region to some extent. Fourth,
we expect that the details of the mapping between local RGC and optic disc locations will
differ among individuals (e.g. Garway-Heath et al., 2000a, 2000b; Hood et al., 2008a; Hood
and Kardon, 2007). Finally, we want to emphasize again, we are not saying that glaucoma,
even in early stages, does not affect the superior macula (inferior VF). We do, however,
expect inferior VF defects to be less common, and involve less of the macula, as discussed
in the next section.
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4.4. Visual field defects in the macula and the schematic model
Various aspects of macular damage seen on VFs can be understood based upon the
schematic model of macular damage. It is generally found that macular damage in the upper,
as opposed to lower, VF tends to be more common, and closer to fixation and the midline
(e.g. Aulhorn and Karmeyer, 1977; Nicholas and Werner, 1980; Heijl and Lundqvist, 1984;
Schiefer et al., 2010; Hood et al., 2011b; Park et al., 2011; Su et al., in press). The
counterparts to these VF findings can be seen in Fig. 11B where the RGC+ thinning in the
inferior macula is more severe than in the superior macula. (According to the model, this
region within the red borders projects largely to the MVZ of the disc.) The early VF damage
seen in Fig. 1 of Aulhorn and Karmeyer (1977) shows striking agreement with Fig. 11B.
Recall that they found that the earliest VF defects occurred in both the upper and lower
arcuate regions (15°) of the VF, but largely the upper, not lower, macular (5°) VF region.

To understand results seen on 10-2 VF tests, the 10-2 VF points, morphed to take into
consideration RGC displacement as explained in Section 3.3 and Fig. 8, are shown in Fig.
12A, where they are added to the OCT maps of Fig. 11B. Fig. 12B shows the 10-2 VF for
the eye with the initial macular arcuate defect from Fig. 9A, along with 3 other examples of
such defects from Hood et al. (2011b). The red border indicates the portion of the VF
corresponding to the vulnerable region of the macula in panel A. Our model predicts that
early arcuate damage to the macula should fall disproportionately within this region with the
red borders, as well as above this region due to traditional arcuate damage. The 10-2 VF
data are consistent with this prediction. In addition to Fig. 12B, see Figs. 2, 3 and 5 in (Hood
et al., 2011b).

The schematic model also predicts the shape of a macular region that is “less vulnerable” to
glaucomatous damage. It is often said that the maculo-papillary bundle (MPB) is relatively
unaffected in early to moderate glaucoma. Plant and Perry (1990) pointed out that there is no
anatomically distinct MPB and that the term is used in different ways by different
investigators. If by MPB one means the RNFL bundles between the nasal side of the fovea
and the disc, then this region is in our “less vulnerable” region of Fig. 11B and often
preserved until advanced stages of glaucoma. However, we suggest that it is better to think
of the relatively preserved macular region as the region associated with the temporal
quadrant of the disc; that is, the shaded region within the dark gray borders in Fig. 12A.

It is well known that VFs, even in advanced glaucoma, can show a relatively preserved
central region (e.g. Aulhorn and Harms, 1967; Aulhorn and Karmeyer, 1977; Weber et al.,
1989). Fig. 12C shows the 10-2 fields of 8 of Drs. R. Ritch and J. Liebmann's patients with
extensive macular damage. Note that all the VFs in Fig. 12C have extensive upper VF
defects, while there is a range of damage in the lower VF. The VFs in the upper row of Fig.
12C resemble the preserved “central isle” described by Weber et al. (1989), who attributed
the preserved region to an intact maculo-papillary bundle.

The schematic model predicts the general shape of the “central isle” of the VF, but
associates it with the temporal quadrant, not a maculo-papillary bundle. The gray shaded
region within the dark gray border in Fig. 12C indicates the portion of the VF corresponding
to the less vulnerable region of the macula based upon the schematic model in Fig. 12A.
Notice that the VF defects seen in the upper hemifield in Fig. 12C typically do not include 2
or more of the 5 test points within the blue ellipse within the gray region. These 5 points
corresponds to the 5 points within the blue ellipse in Fig. 12A, a region of the inferior retina
that, on average, projects to the temporal disc. Further, the damage in the lower field is
predicted to be less extreme, as this region projects, on average, to the temporal disc.
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Of course, we do not expect perfect agreement between the gray regions in Fig. 12A,C. That
is, it should not surprise us that abnormal VF points fall within the gray regions in Fig. 12C.
First, there is considerable variability in VF values in and near regions of extensive loss.
Second, we call the gray region “relatively preserved” as it will shrink as glaucoma
progresses (see Fig. 10 in Aulhorn and Harms, 1967). Third, we should expect individual
differences in the mapping of RGCs to the disc. Fourth, the borders of our schematic model
are sharp, and RNFL damage is not. Finally, the temporal quadrant is an arbitrary division of
the disc. It is not the temporal quadrant, per se, that is important, but rather some
morphological characteristic(s) associated with this quadrant. From the work of Quigley and
colleagues, we know that there are structural differences in the lamina cribrosa (Quigley and
Addicks, 1981; Dandona et al., 1990). In particular, there is less connective tissue in the
temporal and nasal quadrants, and the pores through which RNFL bundles pass are smaller
than those in the inferior and superior quadrants. However, the temporal and nasal quadrants
are also the regions where the RNFL is thin compared to the inferior and superior quadrants
(Fig. 10B). Thus, it is not clear whether it is pore size, RNFL density (Hood et al., 2012) or
some other aspect of disc/optic nerve head anatomy that best correlates with glaucomatous
damage. In any case, the important morphological difference need not correspond to the
quadrant borders.

5. Structure (fdOCT) versus function (visual fields) comparisons of macular
damage

As we have seen, regions in which the macular RGC+ layer is thinner than normal
correspond, at least qualitatively, to areas of abnormal points on VFs obtained with static
automated perimetry. For example, there is more macular damage in the upper VF (lower
retina) than in the lower VF and the damage is often arcuate in nature. How can we best
combine OCT and VF information to most accurately detect glaucomatous damage? Before
considering this question, we need to establish the feasibility of comparing local VF defects
to local RGC+ thinning. In particular, how good is the quantitative relationship between
local changes in RGC+ thickness and local loss in VF sensitivity? To answer this question,
we compared RGC+ thickness from fdOCT scans to the VF loss measured with a 10–2 test
pattern. The 10–2 pattern, with test points spaced every 2° starting ±1° from the foveal
center, has 32 points within the central 8° as compared to only 4 points in the case of the
24-2 pattern (Fig. 8).

5.1. Local macular RGC+ thickness versus local visual field loss
The agreement between local RGC+ and 10–2 VF loss is good as long as the displacement
of the central RGCs, as described above, is taken into consideration (Raza et al., 2011). Fig.
13 shows the locations of the 10–2 VF test points on the fundus before (panel A) and after
(panel B) accounting for the RGC displacement as specified in Drasdo et al. (2007).

The importance of accounting for the displacement of RGC+ is illustrated in Fig. 13C,D.
The local RGC+ thickness versus local field loss for the center 4 points (green circle in
panels A and B) is shown before (C) and after (D) accounting for displacement. Due to both
intra- and inter-individual sources, there will always be variability in structure–function
maps such as in Fig. 13C (Hood et al., 2009). However, the variability in Fig. 13C is
considerably reduced by accounting for RGC+ displacement as in Fig. 13D.

The smooth curve in Fig. 13D is the prediction of a model that assumes the loss in RGC+
thickness is a linear function of VF loss (in linear units). [That is, a 3 dB loss is associated
with a 50% decrease in RGC+ thickness (Hood et al., 2007; Hood and Kardon, 2007).] As
noted by Raza et al, the RGC+ loss is greater than expected based upon this model. They
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suggest that models that include spatial summation/cortical pooling (Garway-Heath et al.,
2000b; Swanson et al., 2004) or neuronal remodeling (Morgan, 2002) might explain the
results.

In any case, the agreement between VF and OCT measures suggests that they can be
compared directly to help the clinician assess glaucomatous damage.

6. A method for improving detection of macular damage
To improve detection of glaucomatous damage to the macula, we have recently suggested a
procedure for combining information from VF and fdOCT RGC+ and RNFL measures. Our
approach is illustrated in Fig. 14 for the patient whose 10–2 field is shown in Fig. 14A. First,
the patients, RGC+ and RNFL maps (shown in field view in panel B) are converted to
probability maps (C) by comparing the thickness at each point with that of controls. In this
map, green indicates that the thinning is not statistically significant (p > 0.1), while the other
colors indicate thinning is significant, ranging from p < 0.05 (yellow) to p < 0.01 (red) to p <
0.001 (dark red). Next, the significant VF points (from Fig. 14A) are superimposed in Fig.
14C, taking RGC displacement into consideration. For now, the significance of the 10–2
points are taken from the 10–2 report and are coded yellow (p ≤ 0.05) or red (p ≤ 0.01).
Ultimately, the VF probabilities will be coded on a continuous as suggested by Wall et al.,
2009.

While the value added by this approach has yet to be quantified, the clinical usefulness
appears obvious. Consider the 10–2 from a glaucoma suspect in Fig. 14D. Most glaucoma
experts would be reluctant to say this patient had glaucoma based upon this VF. However,
when the abnormal 10–2 points are superimposed upon this patient's RNFL probability map,
there appears to be arcuate damage present.

7. Individual differences and the position of the optic disc
As we stated earlier, on average, the center of the optic disc falls about 6° above the
horizontal midline through the center of the fovea. This anatomical asymmetry is
undoubtedly the basis of the asymmetrical representation of the upper and lower macular
regions at the optic disc. (For example, RGC bundles traveling from equivalent locations in
the superior and inferior macular regions and with equivalent arc-like paths will intersect the
disc in different locations as can be seen in Fig. 10A.) In any case, it is important to
understand the variability among individuals in the position of the disc relative to the macula
and the extent to which it might affect the location of the MVZ.

In fact, there is considerable variability among individuals. For example, we measured the
location of the foveal and disc centers in our sample of 128 eyes studied in Figs. 4 and 5. On
average, the angle of vertical displacement of the center of the disc was 6.3° above the
center of the fovea with individuals ranging from −1.95° below the center of the fovea to
13.96° above. In addition, the horizontal distance between the center of the fovea and the
disc ranged from 11.79 to 16.93°, with an average of 14.8°.

Jansonius et al. (2009) substantially reduced individual differences in RNFL bundle
projections by rotating and scaling the fundus images so that the centers of the fovea and
disc were aligned (Schiefer et al., 2003). To confirm this scaling assumption, 9 fundus
photos were selected by Dr. Randy Kardon at the University of Iowa from a large set based
upon the clarity of the fiber bundles (Nguyen et al. ARVO, 2012 abstract). A circle with a
radius of 4.8° was centered on the fovea as shown by the red circle in Fig. 15A. The path of
the bundles from each of 3 locations on this circle (12, 3, and 6 o'clock) was traced to the
optic disc. Fig. 15B shows the average tracings made by two observers for each of 9 eyes.
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The eyes are aligned at the center of the fovea. The centers of the optic discs varied in their
location as shown by the green circles. Fig. 15C shows the same results after scaling and
rotating to bring the disc centers into register. Although some inter-individual variation
remains, scaling and rotating, as suggested previously (Schiefer et al., 2003; Jansonius et al.,
2009), brought the RNFL bundle tracings approximately into agreement.

However, this only tests the scaling/rotating assumption for the maculo-papillary region. For
example, is the raphe (i.e. the RNFL thickness minimum on the temporal side of the fovea)
also rotated in individuals with discs located particularly high or particularly low relative to
the fovea? It is difficult to see the RNFL bundles in the temporal retina, but we can use our
fdOCT data to answer this question. For this analysis, we divided the 128 controls into 3
groups based upon the angle of vertical displacement of the disc relative to the fovea:
smallest angle [−1.95−4.24° (<mean – 2°, n = 33)]; typical angle [4.33–8.21° (mean ± 2°, n
= 65)]; and largest angle [8.36–13.96° (>mean + 2°, n = 30)]. [Note: the disc border is
defined based upon identification of the opening in Bruch's membrane, as seen on the
fdOCT. This provides a more accurate estimate of the center of the disc than is possible
based upon marking the disc center on fundus photographs (Reis et al., 2012)].

The RNFL thickness maps are shown in Fig. 16A for the 3 groups, ordered from the least to
the most elevated. The solid red, green and black lines are the loci of minimum RNFL
thicknesses for the groups with the smallest, typical and largest angles, respectively. While
the location of the center of the disc differed across the 3 groups as expected, the location of
the horizontal raphe was similar. This can be seen in panel B where the colored lines from
panel A are superimposed. On the other hand, the RNFL contours clearly differ near the
disc. This difference is minimized in Fig. 16C after the centers of the discs are aligned by
rotating the contours in panel B. However, after this correction, the raphes (left of the
vertical dashed line) are no longer aligned. The general message is clear. No simple scaling/
rotating will bring these RNFL maps into agreement. A non-linear morphing is needed
(Jansonius et al., 2009).

While a simple rotation will not bring the entire RNFL profiles into agreement, it should
improve the agreement among individuals for the important portion of the RNFL maps
between the fovea and the disc. This is illustrated in Fig. 16D, which compares the
circumpapillary RNFL profiles around a 3.4 mm circle before (upper) and after (lower)
rotating by the average fovea-disc angle for each group. While the agreement is reasonable
before rotation (R2 = 0.960), it is improved after rotation (R2 = 0.976). This is especially
true for the temporal quadrant, the region within the gray rectangles in Fig. 16D, where R2

improved from 0.900 to 0.987. Thus, rotating RNFL data to compensate for fovea-to-disc
angle should help reduce variability among individual RNFL maps between the fovea and
the disc. It will also reduce overall RNFL variability introduced by rotation of the head/eye
during scanning (Patel et al., 2012). However, it is undoubtedly not the best way to correct
for macular differences. Thus, from a practical point of view it is better to rotate the data
after the scan via software algorithms, rather than changing the orientation of the scan.

8. Conclusions and future directions
Clinicians need to be aware that glaucomatous damage of the macula is common, can occur
early in the disease, and can be missed and/or underestimated with standard VF tests that use
a 6°grid, such as the 24-2 VF test. Here we reviewed fdOCT studies of macular damage due
to glaucoma. In addition to the thinning of the RNFL in the arcuate regions near the disc,
thinning of the macular RGC+ layer also can be seen even in glaucoma suspects with VFs
classified as normal. In general, however, local macular thinning of the RGC+ layer shows
good agreement with VF loss measured with a 2° grid (10–2 test) as long as the
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displacement of the RGCs is taken into consideration. The damage to the macula is typically
arcuate in nature and most severe in the inferior retina (superior field). According to our
schematic model, macular RGCs in the high-risk area of the inferior retina project to a
region of the disc we call the MVZ. The MVZ of the disc is largely in the inferior quadrant
along its border with the temporal quadrant. The superior region of the macula (inferior VF),
as well as the cecocentral region of the inferior macula, is less affected by glaucoma,
although not unaffected. The RGCs of this less-affected region project to the temporal
quadrant of the disc, a region known to be less susceptible to glaucomatous damage. While
our understanding of the macular damage has increased in recent years, there is a need for
further work.

8.1. Understanding macular damage
It is clear that glaucomatous damage of the macula typically involves arcuate damage in the
RNFL. However, is early macular damage always associated with local RNFL damage at the
disc? And, why is the MVZ of the disc vulnerable to local damage? The MVZ is part of the
high-density axon region known to be vulnerable to glaucomatous damage. We have
hypothesized that the probability of damage is proportional to axon density (crowding
hypothesis) (Hood et al., 2012) or some other morphological feature such as pore size,
which is correlated with axon density. On the other hand, the susceptibility of this region
may be due to other factors. Similarly, we have an incomplete understanding of why the
temporal quadrant is less prone to glaucomatous damage.

Our understanding of the relationship between VF loss and RGC+ thinning is also
incomplete. While a simple linear model describes the relationship between RNFL thinning
and VF loss outside the macula (e.g. Hood and Kardon, 2007), it does not adequately
describe the macular results (see solid curve in Fig. 13B). What is the underlying cause for a
seemingly non-linear structure–function relationship? There is a need for a model grounded
in physiology and anatomy (e.g. Swanson et al., 2004) that would explain these results.

In addition, as it is important to detect macular damage early, it is essential to identify those
at risk. See for example, Park et al. (2011).

8.2. Improving clinical tests
The VF test based upon the 6° grid (e.g. 24-2 test) should be replaced. While others have
suggested alternative patterns, there is no agreed upon alternative. A test pattern based upon
anatomic models, such as our proposed schematic model of the macula, needs to be
developed and tested. In addition, individual differences in anatomy should be considered.
For example, to what extent should VF points be adjusted for differences in fovea-to-disc
distance and angle (e.g. Schiefer et al., 2003)? A more radical approach would be to tailor
the VF test based upon the regions of abnormality detected on a preceding fdOCT scan, as
has been suggested for RNFL bundle thinning seen on fundus images (Schiefer et al., 2003).
Finally, we should ask, under what conditions can an initial fdOCT test save our patients the
time, trouble and expense of a VF test?

The fdOCT scans provide unprecedented views of glaucomatous damage and these scans
have changed the way glaucomatous damage is detected and assessed. However, we are not
making optimal use of these data. First, our ability to compare the changes seen on these
scans with defects seen on traditional VFs is limited. While a direct comparison of
probability maps derived from fdOCT and VFs (see Fig. 14C and Hood and Raza, 2011)
represents a step in the right direction, it is only the first step. In addition to refining this
method, other techniques need to be tested. For example, using fdOCT RGC+ and RNFL
thickness maps, Zhang et al. (2011) have recently derived predicted patterns of VF loss,
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which can be compared to the actual VF results. Second, while the fdOCT almost certainly
has less intra-individual variability than the VF, there is considerable inter-individual
variability (e.g. Hood et al., 2009). Methods to reduce this inter-individual variability are
needed (e.g. see Section 7). Third, although a number of studies have found that measures of
macular RGC and peripapillary RNFL thickness have similar sensitivity/specificity (e.g. Tan
et al., 2009), we do not expect these measures to provide equivalent information. In
particular, we expect macular RGC measures to be better at detecting macular damage,
while peripapillary RNFL measures should do a better job of identifying damage outside the
macula. We need to develop methods for combining the information from both. Fourth, we
need more sophisticated analyses of the fdOCT data to, for example, recognize patterns of
glaucomatous damage. Finally, this information needs to be presented in meaningful, easy to
understand, clinical reports.
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Abbreviations

fdOCT frequency domain optical coherence tomography

IPL inner plexiform layer

MD mean deviation

MPB macular papillary bundle

MVZ macular vulnerability zone

RNFL retinal nerve fiber layer

RGC retinal ganglion cell

RGC+ retinal ganglion cell plus inner plexiform layer

TSNIT temporal, superior, nasal, inferior, temporal

VF visual field.
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Figure 1.
Fundus view of retinal nerve fiber layer (RNFL) bundles. (A) Illustration showing the
pattern of the RNFL bundles in the human retina, from Harrington and Drake (1990), with
permission. (B) A fundus photo of a human eye. Notable features are labeled. The blue and
red squares indicate the approximate regions scanned by the frequency domain optical
coherence tomography (fdOCT) discussed below.
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Figure 2.
Layers of the retina as imaged by fdOCT and corresponding thickness profiles for both
glaucoma patients and healthy controls. (A) A horizontal fdOCT scan through the fovea of a
control subject showing the retinal nerve fiber layer (RNFL), retinal ganglion cell plus inner
plexiform layer (RGC+), inner nuclear layer (INL), and everything from the top of the outer
plexiform layer to the bottom of Bruch's membrane, including the photoreceptors (Receptor
+). (B) The average RNFL thickness, ± 1 standard error, of healthy controls (blue) and
glaucoma patients with sensitivity of the central (foveal) point on standard automated
perimetry either within (green) or below (red) normal 95% limits. (C) RGC+ as in B. (D-E)
INL and Receptor+ as in B. Modified from Wang et al. (2009).
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Figure 3.
Healthy RGC+ and RNFL anatomy as revealed by fdOCT. The left column shows the
thickness maps for a single healthy individual; the center column shows a cross-sectional
slice (dotted white line in left column) with relevant layers labeled (white calibration bar is
100 μm); and the right column shows average data from 128 control eyes. The centers of the
optic disc were aligned for each individual before averaging. Disc centers were determined
through a combination of en face fdOCT images and the edge of Bruch's membrane as
imaged by cross-sectional fdOCT scans. Calibration bars are shown for the thickness maps;
they range from dark red (thickest) to dark blue (zero). Modified from Hood et al. (2012).

Hood et al. Page 21

Prog Retin Eye Res. Author manuscript; available in PMC 2013 April 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4.
Normal RNFL anatomy as imaged by fdOCT. (A) The average RNFL thickness in the
macula and near the optic disc from 128 controls. The macula and optic disc scan regions
were aligned based on the average distance and angle of the optic disc relative to the fovea.
The dotted red line indicates the minimum in RNFL thickness and the dotted black line
within the white circle indicates 9:00 o' clock at the disc. The dashed black circle around the
optic disc, with a diameter of 3.4 mm, indicates the circular scan region typically used in
circumpapillary OCT studies. (B) The circumpapillary RNFL thickness profile obtained
around a circle of 3.4 mm diameter (dashed circle in A). The solid black line represents the
average for all 128 controls, while the blue (n = 54) and red (n = 74) lines represent averages
for those older (blue) and younger (red) than 40 years of age.
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Figure 5.
Normal RGC+ anatomy as imaged by fdOCT. (A) The average RGC+ thickness in the
macula from 128 controls. The black circle has a radius of 8°. (B) Horizontal RGC+
thickness profile (dotted white line in A) as determined by fdOCT (red line) and histology
(dashed black line, based upon data supplied by C. Curcio from a study by Curcio et al.
(2011)). The solid black line is the same data from histology plotted against an x-axis scaled
by a factor of 1.21 for best fit to our data. See text for details. (C) RGC+ thickness profiles
of all 128 controls (solid red line), as well as those older than (dotted black line) and
younger than (dashed blue line) 40 years of age (similar to RNFL in Fig. 4B).
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Figure 6.
Glaucomatous RNFL and RGC+ anatomy as imaged by fdOCT in patients grouped by mean
deviation (MD). RNFL (left column) and RGC+ (right column) changes (thinning) in
average thickness of glaucoma patients and suspects were obtained by subtracting the
thickness of the controls from the thickness of the patient groups. The patients' eyes were
grouped by MD of the 24-2 visual field: MD better than −1.5 dB (top row), MD between
−1.5 dB and −5.5 dB (middle row), and MD worse than −5.5 dB (bottom row). The mean
MD ± SD and the number of eyes are shown in parentheses. Green indicates a thickness
similar to control values while red indicates a substantially thinner region (see calibration
bars, lower right of each column). Modified from Hood et al. (2012).
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Figure 7.
Glaucomatous RNFL and RGC+ anatomy as imaged by fdOCT in patients grouped by
classification of the upper hemifield of the VF. RNFL (left column) and RGC+ (right
column) changes (thinning) in average thickness of glaucoma patients and suspects were
obtained by subtracting the thickness of the controls from the thickness of the patient
groups. Each row indicates a different classification of defect pattern based on inspection of
the 24-2 visual fields. The superior retinal region is obscured by the black rectangle as a
reminder that only the inferior retina (upper VF) is of interest here. The mean MD ± SD for
the upper hemifield and the number of eyes are shown in parentheses. The solid black lines
are iso-thickness contours from the arcuate group repeated in the other groups (as dotted
black lines). Green indicates a thickness similar to control values while red indicates a
substantially thinner region (see calibration bars, lower right of each column). Modified
from Hood et al. (2012).
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Figure 8.
The macula is not well-sampled by the 24-2 or 30-2, particularly after correction for RGC
displacement. (A) A fundus photo with the thickness changes observed in the RGC+ of Fig.
6 (lower right panel) for a moderate to severe glaucoma group (MD worse than −5.5 dB)
superimposed along with black squares indicating the test spots of the 24-2 visual field. (B)
As in A, but with displacement of the 24-2 visual field test spots to account for RGC
displacement. Note the region of greatest RGC+ thinning (red) is not well-sampled by the
test spot locations. (C) An illustration of the displacement of RGC bodies from the fovea,
modified from Drasdo et al. (2007), with permission. The large red arrow indicates the
location of the cone receptor, whose connections were traced (small arrow heads) to the
location of the associated RGC (large green arrow). The calibration bar is 100 μm (0.346°
assuming 0.289 mm/degree). (D) As in B, but with normal control thickness values from
Fig. 5D.
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Figure 9.
Initial arcuate damage within the central 10° in glaucoma patients and the associated RNFL
thinning. (A) An example of a 10-2 visual field from the right eye of a glaucoma patient
showing an arcuate pattern of damage. The black squares indicate a region where the
patient's sensitivity to light was significantly (p ≤ 0.01) below normal. (B) The
corresponding RNFL thinning map as determined by fdOCT in the glaucoma patient shown
in A. (C) The circumpapillary RNFL profile (black line) for the subject shown in A and B
superimposed upon a normal range (green area), as well as values thinner at the 5% (yellow)
or 1% (red) level of significance. The arrow with the green dot indicates a local minimum
corresponding to the arcuate pattern in B. The blue lines indicate the range of minimums for
ten glaucomatous eyes with inferior retinal macular defects (from Hood et al., 2011b). (D) A
schematic of the optic disc, with the green dot and blue lines from C superimposed. We refer
to the region within the blue lines as the `macular vulnerability zone' (MVZ) of the disc.
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Figure 10.
Schematics of the macula and optic disc indicating features relevant to macula damage. (A)
Average patterns of thinning for moderate to severe glaucoma patients (24-2 MD worse than
−5.5 dB) from Fig. 6 (lower right panel). The square on the right shows the RNFL thinning
map, but the region within the circle on the left shows RGC+ (and not RNFL) thinning map
for the central 8°. The red, orange, and blue circles indicate a selection of RGC bodies in the
inferior (red and orange) and superior (blue) retina and the associated black curves are the
proposed paths of their axon bundles to the optic disc. The dotted RNFL bundles mark the
boundaries of the macular RNFL bundles (the shaded gray region within the red and dark
gray borders in panel B). The blue lines on the peripapillary dashed circle indicate the MVZ
at the disc as in Fig. 9D. (B) The schematic model superimposed upon the RNFL thickness
of healthy control from Fig. 4A. According to the schematic model, the region within the red
boundaries contains the RGCs that project to the MVZ region (blue slanted lines). The
RGCs in the remaining region of the macular (within the gray boundaries) are said to project
to the temporal quadrant of the disc. Modified from Hood et al. (2012).

Hood et al. Page 28

Prog Retin Eye Res. Author manuscript; available in PMC 2013 April 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 11.
A schematic model of RNFL projections and glaucomatous RGC+ and RNFL damage. (A)
The schematic model in Fig. 10B superimposed upon tracings of 1660 RNFL bundles from
55 eyes, modified from Fig. 2A in Jansonius et al. (2009), with permission. (B) The
schematic model superimposed upon patterns of RGC+ and RNFL damage as in Fig. 10A.
The RNFL bundles (dashed black curves) of the RGC just outside the macula project to the
regions (red arcs) of the superior (S) and inferior (I) quadrants of the disc, which show the
most RNFL damage.
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Figure 12.
The schematic model predicts the arcuate defects of initial macular damage and the “central
isle” of relative preservation in the macula of advanced glaucoma patients. (A) The
schematic model superimposed upon RGC+ and RNFL thinning in glaucoma as in Fig. 10A
with 10-2 field points superimposed after correction for displacement. (B) The 10-2 VF for
the eye with the initial macular arcuate defect from Fig. 9A is shown along with the 10-2
VFs for 3 other eyes with similar defects from Hood et al. (2011b). The region within the
red borders corresponds to the vulnerable region within the red borders of panel A and Fig.
11. (C) Several examples of 10-2 VFs of advanced glaucoma patients with a “central isle” of
relative preservation. Note that the shaded VF regions within the dark gray borders, which
correspond to the region within the dark gray borders in A, are less likely to be damaged
according to the schematic model.
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Figure 13.
Local structure–function relationships in the macula. (A) A fundus photo with 10-2 test
points superimposed. (B) As in A, but with 10-2 test points adjusted based on RGC body
displacement from the fovea. (C) Structure–function relationship between RGC+ thickness
(y-axis) and 10-2 visual field sensitivity (x-axis) for the central four points of the 10-2 (see
dotted green circle in A). Green dots are controls while black dots are patients. The black
curve is the prediction of a simple linear model. (D) As in C, but with a correction for
displacement (see dotted green circle in B). Modified from Raza et al. (2011).
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Figure 14.
A method for detecting macular damage. (A) A right eye with a macular arcuate defect on
the 10-2 VF. (B) The RGC+ (left panel) and RNFL (right panel) thickness plots in field view
for the patient with a macular arcuate defect shown in A. (C) Continuous probability maps
comparing the patient's RGC+ (left) and RNFL (right) thickness to controls (see calibration
bar for significance levels). The abnormal 10-2 visual field points from panel A are
superimposed. (D) An example where the combined VF and fdOCT RNFL probability maps
(right panel) suggest arcuate damage, while the total deviation map (left panel) of the
patient's 10-2 VF is ambiguous. Modified from Hood and Raza (2011).
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Figure 15.
Changes in the RNFL bundle projections with different locations of the optic disc. (A) A
digitally red-filtered fundus photo with tracings of 3 RNFL bundles in red. (B) Tracings as
in panel A for 11 eyes. The green square with the red dot is the center of the optic disc. The
open green square is the location on the disc associated with the RNFL originating at the 3
o'clock position on the red circles around the fovea. (C) Tracings from panel B after scaling
and rotating to align the centers of the optic discs.

Hood et al. Page 33

Prog Retin Eye Res. Author manuscript; available in PMC 2013 April 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 16.
Variation in the RNFL thickness distributions among healthy controls with different angles
of vertical displacement of the optic disc relative to the fovea. (A) RNFL thickness
distributions of controls divided into groups based on the angle of vertical displacement of
the optic disc, with the RNFL minimum marked by bold lines. The top group (red line for
minimum) had the smallest angle [−1.95–4.24° (<mean 2°, n = 33)], the middle group
(green line) had the typical angle [4.33–8.21° (mean ± 2°, n = 65)], and the bottom group
(black line) had the largest angle [8.36–13.96° (>mean + 2°, n = 30)]. (B) The minima from
the three groups in A, superimposed. (C) Rotation of the minima in B based on median optic
disc elevation of each group. (D) Circumpapillary RNFL profiles of each group in A, before
(top) and after (bottom) a rotational correction based on the optic disc elevation of each
group. The gray shaded area indicates the region corresponding to the temporal quadrant of
the optic disc.
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