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Abstract

While it is often said that structural damage due to glaucoma precedes functional damage, it is not
always clear what this statement means. This review has two purposes: first, to show that a simple
linear relationship describes the data relating a particular functional test (standard automated
perimetry (SAP)) to a particular structural test (optical coherence tomography (OCT)); and, second,
to propose a general framework for relating structural and functional damage, and for evaluating if
one precedes the other. The specific functional and structural tests employed are described in Section
2. To compare SAP sensitivity loss to loss of the retinal nerve fiber layer (RNFL) requires a map that
relates local field regions to local regions of the optic disc as described in Section 3. When RNFL
thickness in the superior and inferior arcuate sectors of the disc are plotted against SAP sensitivity
loss (dB units) in the corresponding arcuate regions of the visual field, RNFL thickness becomes
asymptotic for sensitivity losses greater than about 10 dB. These data are well described by a simple
linear model presented in Section 4. The model assumes that the RNFL thickness measured with
OCT has two components. One component is the axons of the retinal ganglion cells and the other,
the residual, is everything else (e.g. glial cells, blood vessels). The axon portion is assumed to decrease
in a linear fashion with losses in SAP sensitivity (in linear units); the residual portion is assumed to
remain constant. Based upon severe SAP losses in anterior ischemic optic neuropathy (AION), the
residual RNFL thickness in the arcuate regions is, on average, about one-third of the premorbid
(normal) thickness of that region. The model also predicts that, to a first approximation, SAP
sensitivity in control subjects does not depend upon RNFL thickness. The data (Section 6) are, in
general, consistent with this prediction showing a very weak correlation between RNFL thickness
and SAP sensitivity. In Section 7, the model is used to estimate the proportion of patients showing
statistical abnormalities (worse than the 5th percentile) on the OCT RNFL test before they show
abnormalities on the 24-2 SAP field test. Ignoring measurement error, the patients with a relatively
thick RNFL, when healthy, will be more likely to show significant SAP sensitivity loss before
statistically significant OCT RNFL loss, while the reverse will be true for those who start with an
average or a relatively thin RNFL when healthy. Thus, it is important to understand the implications
of the wide variation in RNFL thickness among control subjects. Section 8 describes two of the
factors contributing to this variation, variations in the position of blood vessels and variations in the
mapping of field regions to disc sectors. Finally, in Sections 7 and 9, the findings are related to the
general debate in the literature about the relationship between structural and functional glaucomatous
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damage and a framework is proposed for understanding what is meant by the question, ‘Does
structural damage precede functional damage in glaucoma?’ An emphasis is placed upon the need
to distinguish between “statistical” and “relational” meanings of this question.

1. Introduction

Glaucoma causes damage to the retinal ganglion cells (RGCs), their axons and associated glial
cells. This damage leads to characteristic changes in the appearance of the optic disc (nerve
head) and in the patterns of vision loss measured with behavioral techniques (e.g. standard
automated perimetry (SAP)). In fact, glaucoma is distinguished from other progressive optic
neuropathies by characteristic changes in the structure (e.g. the appearance of cupping of the
optic disc) and by a decrease in visual function (e.g. loss of sensitivity to light), primarily
outside of the center of the visual field (see for example, Ritch et al, 1996; Weinreb and Anton-
Lopez, 1999).

It is safe to say that glaucoma experts agree on three key points. 1) the most important clinical
challenges in glaucoma are the detection of early glaucomatous damage and its progression
over time; 2) both structural and functional tests are important in assessing early damage and
progression; and 3) significant RGC damage can occur before standard tests detect a functional
loss in vision. While the evidence for this last point is controversial (see Section 7.2 for a
discussion), it has motivated the development of new structural and functional tests. (For
reviews of these structural and functional tests, see, for example, Johnson, 2001; Sample and
Johnson, 2001; Chauhan, 2004; Girkin, 2004; Stein et al, 2004; Anderson, 2006; Spaeth et al,
2006; Zangwill and Bowd, 2006.)

Although the glaucoma specialist still depends upon direct fundus examination to assess
structural damage of the optic disc, the last ten years has seen the emergence of a variety of
new technologies for the objective, and non-invasive, measurement of structural changes
secondary to RGC damage. Glaucoma specialists today still rely on visual fields, as measured
with standard automated perimetry (see Section 2.1), as the primary functional measure to
detect and follow glaucomatous damage. However a variety of other functional tests, both
behavioral and electrophysiological, have been used with varying degrees of success.

Among glaucoma specialists there is a lack of agreement on the answers to two key questions.
The first question is: How does one assess whether a particular structural or functional test is
the most sensitive for detecting early glaucomatous damage and its progression? Currently, a
good methodology for a direct comparison of tests is lacking. The problems with the typical

sensitivity/specificity analysis are well known. For example, the results are heavily dependent
on the definition of glaucoma and the extent of glaucomatous damage in the patients studied.
The second question is: What is the relationship between the functional loss in the sensitivity
to light and the structural loss of RGC axons? This review addresses these two key questions.

In particular, we examine the relationship between the most common functional test, the 24-2
SAP visual field, and one of the new structural tests of RGC axon loss, retinal nerve fiber
(RNFL) thickness measured with optical coherence tomography (OCT). After reviewing these
techniques, a simple theoretical relationship is proposed. Using this theoretical relationship, a
general framework for relating structural and functional damage is presented. Finally, an
approach for assessing whether a particular structural or functional test will be more sensitive
in detecting early glaucoma and/or monitoring its progression is presented.
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2. The Functional and Structural Measures

2.1 A functional measure: Standard automated perimetry (SAP) and the visual field

The primary functional measure of interest here is the visual field. While a variety of procedures
are available for measuring visual fields, all fields discussed here were measured with the 24-2
program (SITA standard) and the Humphrey Visual Field Analyzer (Zeiss Meditec, Dublin,
CA). This particular test is a form of standard automated perimetry (SAP) and will be referred
to here as the SAP field test and the result as the SAP field. The SAP field test is currently the
“clinical standard” for detecting and monitoring glaucomatous functional damage, with
millions of SAP fields measured each year. For those readers unfamiliar with the test, the
subject’s task is to press a button when he or she detects the presence of a small (0.43 degree
diameter), brief (200 ms) test light presented on a background (10 candelas/m?). The patient
is asked to maintain the same eye position by fixating on a small centrally located fixation
light. The test light is presented randomly to 54 locations within the central 24 degrees (48
degree diameter) of the visual field. These locations are spaced 6 degrees apart. The tester has
the option of including a test spot in the center (fovea) bringing the total to 55 locations. Figure
1 shows the test points overlaid on a fundus picture (panel A) of the right eye and on an artist’s
depiction (panel B) of a fundus view showing the retinal nerve fibers, which are the axons of
the RGCs.

An example of a 24-2 SAP field report can be seen in Fig. 2B. These are the results for the
right eye of a patient with glaucoma. The upper left panel of Fig. 2B, expanded in Fig. 2A,
shows the patient’s sensitivity at each point expressed on a dB scale of light attenuation (1
dB=0.1 log unit). For example, the circle indicates a location with a sensitivity of 27 dB. At
this location, the standard 10,000 apostilb white light had to be attenuated by 27 dB (2.7 log
units or a factor of 501) to reach a threshold level of detection. Figure 2C is called the “Total
Deviation” plot. To derive a total deviation value, the sensitivity value for age-matched norms
is subtracted from the patient’s sensitivity value at each test location. So for the test point
illustrated (circled), the normal age-matched population had a sensitivity of 29 dB and thus the
total deviation for that location was —2 dB less sensitive (27 dB minus 29 dB). Unless otherwise
noted, we will use these total deviation values in our analyses. Thus, it is important to
understand what they measure. A total deviation of —10 dB indicates that sensitivity at that
location is decreased by 1 log unit, or that sensitivity is a factor of 10 less, compared to that of
the average of the age-matched control group, while a —3 dB value indicates sensitivity is
decreased by 0.3 log unit or a factor of 2 compared to normal. The lower left panel of Fig. 2B
codes these total deviation values in the form of a probability map of the visual field, where
the significance level is coded from 5% (square of 4 dots) to 0.5% (filled black square). See
Anderson and Patella (1999) and Heijl and Patella (2002) for more details including a
description of other aspects of the report in Fig. 2B.

2.2 A structural measure: Optical coherence tomography (OCT) and retinal nerve fiber (RNFL)

thickness

The main structural test of interest in this review is the retinal nerve fiber (RNFL) thickness
as measured with the Stratus OCT (Carl Zeiss Meditec, Inc., Dublin, California, USA). [Unless
otherwise specified, version 4.0 software and the fast scan protocol were used.] However, the
analysis that we propose can be easily applied to other measures of optic nerve structure. The
OCT technique uses an interferometric method to obtain the depth of surfaces differing in
reflectance much in the way sonar or ultrasound works (Huang et al., 1991; Schuman et al.,
1995). This technique has been reviewed previously in this journal (Costa et al., 2006; van
Velthoven et al., 2007; see also Schuman et al., 2004). Briefly, the OCT technique is based
upon a comparison of the coherence between two near-infrared laser lights, one reflected off
the retina and the other off a reference mirror. The light reflected from the retina includes
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contributions from light reflected from the proximal and distal boundaries of the RNFL. An
algorithm in the commercial software estimates these boundaries, and the RNFL thickness.

Figure 3A shows a portion of the RNFL thickness report produced by commercial software.
Figure 3B shows an enlargement of the results of the scan of the right eye of this individual
with normal vision. The circular scan path, made on the peripapillary retina just surrounding
the optic nerve, starts in the temporal retina (at 9 o’clock for the right eye) as shown in Fig.
3C. The RNFL thickness is derived with an algorithm that determines the boundaries of the
RNFL as shown by the white lines in Fig. 3B. The distance between these white lines is the
RNFL thickness and is shown as the black curve in the upper panel of Fig. 3A. This panel is
expanded in Fig. 3D. The black curve shows the thickness of the RNFL around the disc going
from the temporal position (9 o’clock for the right eye) plotted at position 0 to the nasal position
(3 o’clock for the right eye) plotted at position 127 and back to the temporal position plotted
at position 255. (Note that the 256-point scale was multiplied by 360/256 to convert itto degrees
in the figures below.) The green, yellow and red portions of these graphs are the 95% (upper
border of the green region), 5% (yellow) and 1% (red) limits for age-matched normal controls.

The black curve in Fig. 3D, which we will call the “RNFL thickness profile” or “RNFL profile”,
has two peaks, one in the superior and one in the inferior region of the disc region. These peaks
are thought to correspond to the arcuate regions (Figs. 3E,F), although they are also influenced
by the presence of blood vessels (see Hood et al. (2007c) and Section 8.2). Notice that the
temporal disc receiving input from the papillomacular bundle (orange in Fig. 3E,F) and the
nasal disc (purple in Fig. 3E,F) receiving input from the peripheral retina have the thinnest
portions of the normal RNFL profile.

3. Mapping of visual field regions to optic disc sectors

3.1 Background

The RNFL report includes a number of summary measures of the RNFL profile (black curve)
including the overall average RNFL thickness, as well as the thickness of the sectors of the
RNFL profile divided into 4 quadrants and 12 clock hours (e.g. see circles in Fig. 3A). However,
these arbitrary divisions do not serve our purpose here. We are interested in the quantitative
relationship between the thickness of the RNFL, on the one hand, and the decrease in function
in the corresponding area of the visual field measured with the 24-2 SAP field on the other.
Therefore, it is important that this comparison is made using portions of the RNFL profile that
correspond to regions of the 24-2 SAP field.

3.2 The Garway-Heath et al. map of field location to optic disc location: a working model

A number of studies have produced a map relating regions of the visual field to sectors of the
optic disc (e.g. Wirtschafter et al., 1982; Yamagishi et al., 1997; Anton et al., 1998; Weber et
al., 1990; Garway-Heath et al., 2000, Garway-Heath et al., 2002, Gardner et al., 2005). The
most complete of these maps, from Garway-Heath et al. (2000), is shown in Fig. 4A. In their
map, the optic disc is divided into 6 sectors (left panel). Three regions of the visual field (right
panel) corresponding to the nasal half of the disc, shown as light gray and white areas, fall
mainly outside the boundaries of the 24-2 SAP field. However, the 3 temporal disc sectors,
shown in red, blue and dark gray, fall completely within the 24-2 SAP field. In particular, the
central macular region (dark gray) of the SAP field is associated with the temporal sector of
the disc from 311 to 40 degrees; the superior arcuate region of the visual field (red) is associated
with the inferior temporal (red) sector from 271 to 310 degrees; and the inferior arcuate region
of the visual field (blue) is associated with the superior temporal (blue) sector from 41 to 80
degrees. The vertical blue and red lines in Fig. 4B show the disc sectors corresponding to the
superior and inferior arcuate regions of the field. An axis indicating the distance around the
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disc in degrees has been added to the top of this figure. [Note that the map in Fig. 4A differs
from the more recently published map by Garway-Heath et al. (2002). For the later, the disc
was divided into sectors to match the divisions of the software of the Heidelberg Retina
Tomograph (Heidelberg Engineering, Heidelberg, Germany), an instrument that was not used
in our studies.]

Figure 4C shows the average RNFL thickness for the right eyes of 50 healthy controls plotted
against distance in degrees. On average, the peaks in the superior and inferior nasal sectors of
the disc fall within these regions (the boundaries of the superior and inferior arcuate sectors
are defined by the parallel red and blue lines), although interestingly they do not fall in the
center of these sectors.

3.3 Measuring RNFL thickness and SAP sensitivity loss

Our approach is to compare the SAP field sensitivity in the arcuate visual field regions to the
RNFL thickness of the corresponding sectors of the disc. To illustrate this approach, consider
the SAP fields and OCT RNFL profiles of a patient with asymmetrical glaucomatous damage
(Fig. 5). The SAP report for this patient was shown in Fig. 2; the total deviation values and
probability plots of both eyes are displayed in Fig. 5A. As seen in Fig. 5A, there is a clear
arcuate defect in the superior visual field of the right eye. The region of decreased sensitivity
includes the superior arcuate region, enclosed in red, of the Garway-Health et al. map (Fig. 4).
The lower field of the right eye, and the entire field of the left eye, appears normal on the SAP
test. The OCT RNFL profiles of the two eyes (Fig. 5B) show good qualitative agreement with
the 24-2 SAP results. Notice that the profiles of the two eyes, superimposed in the lower panel
in Fig. 5B are approximately the same, except for the inferior section of the disc. For portions
of the inferior sector of the disc, the RNFL profile of the right eye (solid curve in bottom panel
of Fig. 5B) falls well below that of the left eye (dashed curve). The thinned region includes the
RNFL sector between the red lines associated with the inferior arcuate field region.

To make a quantitative comparison between the RNFL thickness and loss of sensitivity in these
arcuate regions, we need a quantitative measure of both the RNFL thickness and the SAP
sensitivity loss. For the former, the points within the boundaries of the red and blue vertical
lines in Fig. 5B are averaged. In this example, the RNFL thicknesses for the inferior temporal
disc region (between the red vertical lines) were 156.5 um (OS) and 47.5 um (OD). This
supplies the estimates of the superior and inferior temporal RNFL thickness for this scan of
this patient.

To obtain a measure of the loss in sensitivity for the corresponding arcuate regions of the SAP
field, the total deviation values within each of the regions enclosed by the red and blue regions
in Fig. 5A were combined. In particular, the anti-log of each value was obtained and these anti-
logged values averaged. This average value is our measure of relative sensitivity, with a value
of 1.0 indicating that sensitivity was identical to the sensitivity of age-matched controls and a
value of 0 indicating that there was no sensitivity to light. To plot SAP field loss in dB units,
these averaged values were logged and converted back to a dB scale. For example, 1.0 on a
linear scale corresponds to 0 dB (no loss in sensitivity) and a value of 0.001 on a linear scale
corresponds to a loss of —30 dB. In Fig. 5A, the relative sensitivity for the upper arcuate region
(enclosed in red) was 0.07 or —11.7 dB. Note that had we averaged the dB values for this region
without first taking the antilog, the value would have been —24.7 dB.

We have previously explained why it is important to take the anti-log before averaging the
measures of the SAP (Hood and Zhang, 2000; Hood and Greenstein, 2003). For the interested
reader, the argument will be briefly summarized here. Consider the example in Fig. 6. Suppose
an arcuate region had two portions, one with a normal complement of RGCs and the other with
all the RGC destroyed. Suppose further that the SAP total deviation was 0 dB (normal
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sensitivity) in the region with the normal RGCs and —30 dB (essentially the maximum loss in
sensitivity that is measurable) in the region without RGC. The average of the total deviation
values is —15 dB, about 1/30 on a linear scale, while the average after first taking the anti-log
is 1/2 the normal value or about —3 dB. It seems likely that the RNFL thickness will be closer
to 1/2, rather than 1/30, of the normal value. In any case, the linear model to be described below
makes this assumption and thus averaging the anti-logged values is the correct way to test the
model.

4. Structure versus function: data and a simple linear model

4.1 The data

Figure 7B shows data from three of our recent studies comparing RNFL thickness to SAP field
loss for the upper (left panel) and lower (right panel) arcuate regions as defined in Fig. 4A and
Fig. 7A. For example, the arrow in the left panel is the point for the superior SAP field region/
inferior disc sector for a single eye plotted at (43.0 um, —15.4 dB), that is, this glaucoma patient
had a RNFL thickness of 43.0 um in the inferior temporal disc sector and a loss in sensitivity
of —15.4 dB in the upper arcuate field region. The filled black circles show the results for 15
eyes with glaucoma (Hood et al., 2007a), the filled gray symbols the results for 24 patients
with anterior ischemic optic neuropathy (AION) (Hood et al., 2007b) and the open circles the
results for 16 patients with severe glaucoma with MD values worse than —10 dB (Hood et al.,
2007c). The larger open square is the mean of a group of 60 controls between the ages of 50
and 79. The 60 controls are all over 50 yrs of age and come from a larger group of individuals
studied by Kardon et al., 2007. Their average age (59.6 yrs) was similar to that of the patients
with glaucoma and AION (average age of 60.7 yrs). The associated vertical line shows the
limits (x 2 SD) for this group.

In Fig. 7B, the results for the patients with AION (gray filled circles) follow a similar pattern
to the eyes with glaucoma (black open and filled circles). For arcuate regions with near normal
sensitivity (near 0 dB loss), the values of the RNFL thickness in Fig. 7B fall within the normal
limits (black vertical lines). On the other hand, for losses in sensitivity greater than about —10
dB, the values approach an asymptotic limitaround 45 um. (The outlier indicated by the asterisk
will be discussed in Section 8.1). The smooth curves are predictions from a model to be
described below.

At least 5 published studies show plots of OCT RNFL thickness versus SAP sensitivity
(Zangwill et al., 2000; El Beltagi et al., 2003; Karnamori et al., 2003; Leung et al., 2004; Sihota
et al., 2006). The analysis in these studies is not optimal for testing our model as dB values
were averaged and, in general, larger regions of the field compared. However, these studies
are in agreement with our data showing a decrease in RNFL thickness from normal values to
asymptotic losses as sensitivity loss decreases from 0 dB to —10 dB or more (see review by
Hood, 2007).

4.2 The simple linear model

The shape of the curves relating RNFL thickness to SAP sensitivity loss (Fig. 7B) resembles
the results from a comparison of the amplitude of local (multifocal) visual evoked potentials
(mfVEP) to local losses in field sensitivity (Hood et al., 2002). Figure 8 shows the average
mfVEP amplitude versus SAP field loss for 20 patients, 10 with asymmetrical (i.e. one eye
had a normal SAP field) AION and 10 with asymmetrical glaucoma. The smooth curve is a fit
of a simple linear model. Hood (2007) suggested that the same general model might describe
the RNFL thickness data. Here we briefly describe this model, a version of which can be found
in Hood (2007) and Hood et al. (2007a).
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The model has three, rather simple, assumptions. In particular, we assume

1. The RNFL thickness, R, measured with the OCT technique, is made up of two components.
One component, s (for signal), is the thickness due to the RGC axons. The other component,
the residual or base level b, is everything else. That is,

R=s+b. (1)

The residual b undoubtedly includes glial cells and blood vessels and will be affected by the
algorithm determining RNFL thickness as well (see Section 8.2).

To get a better estimate of the asymptotic loss in RNFL thickness, the residual b, patients with
severe glaucomaand AION were studied. [See gray filled circles (AION) and open black circles
(severe glaucoma) in Fig. 7B.]

2. As SAP field sensitivity decreases, the value of s, the thickness due to the axons, decreases,
but the residual level b, which is the asymptote, does not change.

3. The relationship between the loss in axons thickness, s, is linearly related to the loss in
sensitivity on a linear, not dB, scale. For example, if a region of the field has a total deviation
of —3 dB, then the thickness s of the RGC axons for that region will be only 1/2 (anti-log of
—3 dB) its initial value. Similarly, if the total deviation is —10 dB, then s will be 1/10 its initial
value.

Formally, the RNFL thickness, R, measured with OCT is:

R=s,T+b for T < 1.0 (2a)
R=s,+b for T > 1.0 (2b)

Pwhere T is relative sensitivity and is equal to 10%1*P where D is the total deviation value in
dB from the mean age-matched normal value; s, is the value of s in eg. 1 when sensitivity is
normal (T=1.0); and b is the residual thickness. Notice that according to eq. 2b, the RNFL
thickness R does not increase if the sensitivity is greater than normal. That is, we are assuming
that SAP sensitivity is independent of RNFL thickness in the healthy eye where T>1.0. Figure
9A shows the predictions of the model (i.e. egs. 2a and 2b) plotted on linear coordinates.

For the log-linear plot as in Fig. 9B, RNFL thickness, R, is plotted against D, the mean total
deviation on a log scale. As T=10%1*D, eq. 1 becomes

R=5,10""P4+b forD <0 (3a)
R=s,+b forD >0 (3b)

Figure 9B shows the predictions of the model (i.e. egs. 3a and 3b) plotted on semi-log
coordinates.

4.3 Fitting the model to the data

In Figs. 7B and 9B, the predicted curve startsat R = sy + b, when D>0dB (no loss in sensitivity),
and asymptotes at R = b, for large losses in sensitivity (e.g. D = —30 dB). To determine the
predicted curves in Figs. 7B, the value for the age-matched normal controls (open square) was
taken as the estimate of (s, + b), the thickness when sensitivity is normal. The value of b was
estimated as 33% of the value of the starting point (s, + b). The rationale for taking 33% as
the estimate of b will be described below (Section 5.2). (See the figure caption for the values
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of [(so + b), b]). It is important to note that the data from the patients are not used in generating
the theoretical curve. Once the mean value in RNFL thickness of the control eyes with normal
sensitivity is determined, the theoretical curve is generated.

The predicted (solid) curve does a good job of describing the data in Fig. 7B. In fact, as we
will see below the model actually predicts that the points should fall within the envelope
bounded by the dashed lines.

5. The residual RNFL thickness

5.1 The residual RNFL thickness under conditions of severe field loss

According to the model, there is some minimum value beyond which the measure of RNFL
thickness cannot be reduced. This assumption needs to be better specified as it leaves
unanswered several key questions such as: What is the value of b for the arcuate regions? Does
the value of b vary among individuals? Does it vary with location around the disc? Because
glaucomatous damage progresses slowly, glaucoma is not the ideal disease for answering these
questions. At any given moment in time, it is not clear how many RGC axons are functioning
abnormally, but not yet atrophic. AION, on the other hand, has the advantage of being a static
optic neuropathy, if measured after the acute stage when atrophy of RGCs has taken place. For
this reason, we studied 24 patients who had their last attack of AION at least 5 months prior
to our study (Hood et al., 2007b).

The data from the AION patients in Fig. 7B (gray symbols) provide an estimate of the residual
RNFL thickness b. In particular, we assumed that the RNFL thickness for SAP losses greater
than —10 dB provides an estimate of b. (The theoretical curve approaches its asymptotic value
around —10 dB.) There were 15 patients (21 hemifields) in which the arcuate regions had losses
greater than —10 dB. We combined the data from the upper and lower arcuates to get 15
estimates, one for each of the 15 patients. The median value, 45.5 um, provides an estimate of
the residual RNFL thickness, b, for the arcuate regions. This value is reasonably close to the
value of 44.9 + um reported by Sihota et al. (2006) for the average overall RNFL thickness in
patients who have lost light perception due to glaucoma. It is also close to the median (mean)
value, 43.4 (45.4) um we obtained from 16 patients with severe glaucoma.

5.2 Variations among individuals in the residual thickness: a working hypothesis

The residual (asymptotic) thickness b shows considerable variation among individuals as
evidenced by the scatter around the asymptote of the theoretical curve in Fig. 7B. While there
are various possible reasons for the variation in this residual thickness, we suggested that part
of the variation represents a difference among normal individuals in the non-axonal content of
the RNFL (Hood etal., 2007b). The data from the AION patients provide a means for estimating
the extent of the non-axonal contribution, b, to the RNFL thickness.

The RNFL thickness profiles for the two eyes of a normal individual are very similar (see
Figure 3A and Ghadiali et al, 2007). Thus, we can use the RNFL thickness of the unaffected
eye of AION patients as an estimate of the RNFL thickness of the affected eye before vision
became impaired. The residual b values for 9 patients with unilateral AION are plotted against
the thickness of the corresponding region of the fellow (unaffected) eye as the filled circles in
Fig. 10. The solid line shows that there was a good linear correlation (r=0.94) between the
residual RNFL thickness, b, in the affected eye and the RNFL thickness, sq +b, in the unaffected
eye. To a first approximation, the residual thickness is about 1/3 (33%) of the initial/healthy
thickness as indicated by the dashed line with a slope of 1/3. [As will be discussed below
(Section 7.4), the relationship is different for the central visual field/temporal disc as indicated
by the open symbols in Fig. 10.]
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As a working hypothesis, we assume that the residual RNFL thickness in the arcuate regions
varies among individuals and is approximately 33% of the RNFL thickness when this region
is healthy (i.e. has no sensitivity loss). Further, this provides a procedure for estimating the
average value of the residual RNFL (b) for the theoretical curves in Fig. 7B. As mentioned
above, the value of b was taken as 33% of the RNFL thickness for 0 dB loss in sensitivity
(normal RNFL thickness). This produced estimates of b for the upper (42.4 um) and lower
(47.5 um) fields that were close to median asymptotic value, 45.5 um, estimated from the
combined data from the upper and lower fields.

5.3 The range of predictions for the linear model

The dashed curves in Figs. 7B show the £ 2SD limits for the predictions of the model. They
were derived in the following way. First, we assume that the 95% limit of the RNFL thickness
of normal individuals is approximated by the vertical lines in Figs. 7B. Recall that these are
the £2 SD limits of a group of normal individuals of similar age. The £2SD limits for the lower
arcuate RNFL thickness range from 109.8 to 178.0 um. Second, we assume that the residual
thickness is 33% of these values or 36.6 and 58.7um, respectively. Thus, the upper dashed
curve in Fig. 7B (left panel) goes from 178.0 to 58.7 um and the lower dashed curve from 109.8
to 36.6 um. The dashed curves in Fig. 7B (right panel) were derived in a similar way. These
dashed lines provide an envelope of predicted curves for different individuals depending upon
their initial RNFL thickness. Points may, of course, fall outside these limits due to measurement
error and other sources of variability.

While the linear model does a good job of describing the patients’ data in Fig. 7B, there is a
key assumption that needs to be addressed. In particular, the model assumes that RNFL
thickness does not change if sensitivity is greater than normal. We consider a test of this
assumption next.

6. RNFL thickness and field sensitivity in healthy individuals

To test the relationship between visual field sensitivity and RNFL thickness in healthy
individuals, the results from 82 controls were examined (Kardon et al, 2007). The open symbols
in Fig. 11 show the results for the 60 of these controls older than 50 years of age, a group with
an age distribution similar to the patients. The filled symbols show the results grouped into
bins of 10 individuals after ranking them by field loss. According to the model (eg. 2b), the
RNFL thickness for the healthy controls should not vary with visual field sensitivity and thus
should fall along a horizontal line. There is a weak positive correlation for both the upper
(r=0.29; slope=4.0 um/dB) and lower (r=0.22; slope=4.1 um/dB) arcuate field regions.
Perhaps, there is a small increase in sensitivity associated with a larger number of RGCs and
a thicker RNFL. In any case, the grouped data (filled symbols) fall close to model’s prediction
(the middle dashed line). To put the small deviation from our model into perspective, consider
an alternative model that assumes that the relationship between RNFL thickness and sensitivity
is the same for both controls and patients. (That is, assume that egs. 2a and 3b hold for all
values of T or D.) This version of the model would predict that the data in Fig. 11 should fall
along the gray curve.

While our model (eq. 3b) predicts the general form of the control data in Fig. 11, it is does not
address the wide range of RNFL thickness among healthy individuals. Note, for example, that
the RNFL thickness ranges from 114.6 to 182.2 um in Figs. 11A and from 83.4 to 166.1 um
in Fig. 11B. There are a number of factors that contribute to this range of values in healthy
eyes; some of these are discussed in Section 8.
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7. Structure versus function in glaucoma revisited

It is commonly held that structural damage precedes functional damage in glaucoma. However,
this statement can mean different things to different people. Here we consider our model in
light of three possible meanings of this statement, a fourth possible meaning will be discussed
in section 9.1.

7.1 Which test will detect early glaucomatous damage first?

According to the linear model, functional damage (loss in SAP field sensitivity) is related
linearly to structural damage (loss of RNFL thickness due to axons). Thus, if the linear model
is correct, then structure does not precede function, nor does function precede structure. The
strict answer according to the model is that they occur together. In other words, RNFL
thickness is linearly related to SAP loss. However, if the question is which test will show
statistically significant glaucomatous damage first, then the answer depends upon the relative
variation in the test measurements of structure and function among normal eyes. A test with a
larger standard deviation among normal eyes, all else being equal, would require a larger deficit
to reach statistical significance than would a test with a smaller standard deviation.

Figure 12 illustrates this point using our theoretical curves for the superior arcuate field/inferior
temporal disc from Fig. 7B (left panel). In Fig. 12, OCT thickness for the inferior disc sector
is compared to the loss in sensitivity in the upper arcuate region of the SAP field. The dashed,
horizontal, dark gray line indicates the lower 2.5% limit for the RNFL thickness of a control
group, while the vertical, light gray vertical dashed line is the lower 2.5% limit for the SAP
field test of a control group. That is, 97.5% of the normal RNFL thickness values fall above
the horizontal dark gray line and 97.5% of the normal SAP values fall to the right of the vertical
light gray line. It is important to note that points falling in the upper right quadrant defined by
the intersection of the vertical and horizontal lines represent test results for which both tests
were normal, while those falling in the lower left represent test results for which both test results
are abnormal. The interesting quadrants are those in which one test is normal and the other is
abnormal. In particular, test results in the upper left quadrant signify a normal RNFL thickness,
but an abnormal SAP result. On the other hand, a test result in the lower right quadrant signifies
a normal SAP test, but an abnormal RNFL thickness.

According to the model, if we ignore measurement error, 95% of the points should fall between
the black dashed curves in Fig. 12. The shaded regions indicate the location of points for which
the RNFL and SAP tests disagree. In particular, a point that falls in the smaller light gray region
has a statistically abnormal SAP test, but a normal RNFL thickness. On the other hand, a point
that falls in the larger dark gray region has a statistically abnormal RNFL thickness, but a
normal SAP test. Thus, for the upper arcuate field, the model predicts that for the patients for
whom the two tests disagree, more will show significant RNFL loss and normal SAP results
than will show significant SAP loss and a normal RNFL thickness. Notice that changing the
confidence limits of either test will change the relative sizes of the regions in gray and hence
the proportion of patients with statistically significant structural loss preceding functional loss.
For example, anything that increases the variability of the SAP field results (e.g. inexperienced
field takers) would result in a larger dark gray area and a smaller light gray area.

Thus, there is no discrepancy between the model and the statement that structure precedes
function, if by “structure precedes function” one means that a structural test can show statistical
significance before a functional test does. [For related arguments see Hood et al., 2002, Hood
and Greenstein, 2003; Garway-Heath, 2004; Harwerth et al., 2007.]
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7.2 Does a loss of RGC axons really precede visual field loss?

By ‘structural damage precedes functional damage’ some people mean that substantial RGC
loss precedes a loss in SAP sensitivity. Further, this statement has at least two meanings. On
the one hand, a “statistical RGC interpretation” of this statement could mean that a statistically
significant RGC loss occurs before a statistically significant SAP loss can be detected (as
discussed in the prior section). This interpretation is not in conflict with our model. In fact, for
the conditions of Fig. 12, a linear model predicts that the lower boundary of the SAP confidence
limit (i.e. —2.4 dB or a 42% loss in sensitivity) is associated with approximately a 42% RGC
loss (see eq. 3A).

On the other hand, a “relational RGC interpretation” of “‘RGC loss precedes a loss in SAP
sensitivity’ could mean that the mathematical relationship between SAP loss and RGC loss is
not monotonic. In particular, some people believe that no sensitivity loss of SAP loss occurs
until 25 percent or more of the RGCs are lost. This interpretation would be in conflict with our
model. However, the published data do not provide strong support for either the statistical or
relational interpretation of “RGC loss precedes loss in SAP sensitivity”. A complete review of
this issue is beyond the scope of this article, but a consideration of a few of the most commonly
referenced papers is warranted.

Kerrigan-Baumrind et al. (2000) compared SAP field loss to post-mortem RGC counts in
humans. They concluded that a statistically significant SAP field defect did not occur until
25% to 35% of the RGC’s were lost. To calculate the RGC loss, they compared the RGC counts
postmortem in glaucoma patients to those in a group of normal controls. However, a 25-35%
loss in RGC count relative to the mean RGC count in normal eyes is not statistically significant
as it fell within the 95% confidence limits of their normal RGC counts. Thus, the “statistical
interpretation’ of the statement that ‘RGC loss precedes loss in SAP sensitivity’ is not
supported. Further, when they plotted local SAP sensitivity loss against local RGC loss for 429
pairs of local field points, the correlation (r2) was only 0.03. That is, there was no support for
an association between the functional test result and RGC loss under their measurement
conditions and in their group of glaucoma patients. In other words, there was also no support
for the ‘relational RGC interpretation’ of the statement that ‘RGC loss precedes loss in SAP
sensitivity’. In fact, according to the regression line fitted to their scatter plot of MD (mean
deviation) versus percent of normal RGC, 100% of normal RGC count was associated with a
MD worse than —6 dB, i.e. a significant field loss (see their Fig. 3). In other words, a normal
RGC count was associated with a —6 dB loss, i.e. SAP sensitivity loss preceded a loss of RGCs
(Garway-Heath, 2004). While RGC loss may precede the detection of SAP field loss in humans,
the data from Kerrigan-Baumrind et al. (2000) do not provide strong support for this contention.

In an elegant series of papers, Harwerth and colleagues (e.g. Harwerth et al., 1999; Harwerth
etal., 2002) compared post-mortem RGC counts to behavioral SAP sensitivity loss in monkeys
with experimental glaucoma. Unlike the human work, they could measure RGC loss more
accurately relative to the normal state because the non-glaucomatous opposite eye served as
the control and the RGC counts from the two eyes of a normal monkey are similar. While their
work is often taken as support for the Kerrigan-Baumrind et al. conclusion, their monkeys
showed, on average, a functional loss greater than —6 dB even when the average RGC loss was
minimal, less than 10% (see Fig. 2B in Harwerth et al., 2002). That is, a significant SAP field
loss, on average, was associated with minimal RGC loss. Thus, while there may be significant
RGC loss before SAP tests are abnormal, the current primate data on post-mortem counts
provide weak support for this idea.
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7.3 Relationship to other models

Recently, Harwerth et al., 2007 proposed a model that relates OCT RNFL thickness to SAP
sensitivity loss in monkeys. While their model is framed in a very different form, it can be
reformulated in a form similar to our model (Section 4.2). In particular, they found that log
RGC count is linear with log SAP sensitivity (linear on log axes) (Harwerth et al., 2004). We
assume the relationship is linear on linear axes. [If the slope of their function were 1.0, then
we would be in agreement. However, their slope ranges from 1.25 to 2.32 depending upon
eccentricity in the retina (Harwerth et al., 2004).] Second, they assume that all the RNFL
thickness measured with the OCT is attributable to RGC axons. Thus, there is no residual
thickness in their model. As shown above, there is a residual RNFL thickness, b, which remains
after all sensitivity to light has been lost (Fig. 7B). Third, they found that in the normal eye,
the SAP sensitivity varies with RGC count and, thus, RNFL thickness. In contrast, we have
shown that, to a first approximation, the sensitivity of normal eyes does not depend upon RNFL
thickness (Fig. 11).

The black curves in Figure 13 show the fit of a model, based upon their assumptions, to our
data from Fig. 7B with our model’s predictions shown as the gray curves. To be fair, we did
not fit the model in the same way that they did. To fit the model, we made the assumptions
directly above plus we assumed that the slope of the function relating RGC axons to SAP loss
was 1.5, the value they give for an eccentricity of 10°. If we allow for the same residual as in
our model, then a model based upon their assumptions yields the dashed black curve. (In fact,
the current, unpublished version of their model has a residual portion assumed to consist of
glial cells (R. Harwerth, personal communication.) This dashed curve is close to the mean
prediction of our model (gray curve), although it does not fit our data quite as well. Further
work is needed to see if the data from controls and patients can distinguish between our model
and theirs.

Garway-Heath and colleagues have argued that structural measures (e.g. neural rim) more
closely approximate a linear function if plotted against linear SAP loss, as opposed to log SAP
loss (Garway-Heath et al., 1999; Garway-Heath et al., 2002; Garway-Heath, 2004). While their
work is consistent with a linear model, it does not specify the precise linear relationship (i.e.
the slope and intercept of the linear function) between structural loss and SAP field loss. It
would be of interest to see if their structural and electrophysiological data can distinguish
between the linear model described here and other plausible alternatives.

Swanson et al. (2004), building upon aspects of previous models of spatial vision, proposed a
theoretical framework for predicting the loss in SAP sensitivity with local loss in RGC. The
details of their psychophysical model are relatively complicated, but the essence of the
predictions can be explained fairly simply. For peripheral visual field sensitivity, the SAP
threshold (expressed in linear not dB units) will decrease linearly with percent RGC loss. They
concluded that, for these conditions, their model supported the Hood et al. (2002) prediction
of a linear relationship between behavioral loss in sensitivity and RGC loss. However, for
central visual field sensitivity at the fovea, SAP sensitivity loss is predicted to decrease less
rapidly with RGC loss than the loss predicted by our linear model. In the next section, we
examine the data for the central portion of the SAP field.

7.4 The papillomacular bundle and the linear model

Our initial tests of the linear model were restricted to the arcuate regions as defined in Fig. 4.
We chose to focus on these regions because they were completely within the 24-2 SAP field
and they are the sites of early glaucomatous damage. The question naturally arises as to whether
the data for the central macular field region and the associated papillomacular bundle (dark
gray in Fig. 4A) also can be described by the linear model. Because of the greater density of
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RGCs in the macula, a different model may describe the results (for example, see Swanson et
al., 2004 in Section 7.3).

Figure 14A shows the central field results for the 24 patients with AION (gray circles), the 15
patients with asymmetrical glaucoma (black circles), and the 16 patients with severe glaucoma
(open circles). Here the RNFL thickness of the papillomacular sector (dark gray in Fig. 4A-
left panel) is plotted against the field loss in the central macular region (dark gray in Fig. 4A-
right panel). As in Fig. 7B, the vertical line at 0 dB is the 95% confidence limit for RNFL
thickness for the same age-matched control group. The curves are the predictions from the
model. These curves have their starting points at 0 dB based upon the mean of the controls
(solid curve) and the end points of the confidence interval (dashed curves). The formula for
estimating the asymptote, b, of these curves was taken, as in the case of Fig. 7, from the AION
data for the asymmetrical patients. In the case of the papillomacular sector, the residual
thickness is no longer simply 33% of the normative value (see equation in figure caption). As
can be seen in Fig. 10, the relationship between the residual b and the RFNL thickness in the
healthy eye for the papillomacular bundle (open squares) was different from that of the arcuate
regions (filled symbols). In particular, the residual thickness for the macular region tended to
be a relatively larger percentage of the total RNFL thickness than the 33% value found for the
arcuate regions, suggesting a larger proportional contributions from non-axonal elements (e.g.
glia and blood vessels) to the RNFL thickness of the papillomacular bundle.

Figure 14B shows the central data for the 60 controls plotted as in Fig. 11. As in the case of
the arcuate regions, there is a weak positive correlation (solid black line: r=0.17; slope=1.9
um/dB). However, the grouped data (filled symbols) fall far from the predictions (gray curve)
of a model that assumes that the same relationship (eq. 3a) between RNFL thickness and
sensitivity holds for both controls and patients. The OCT thickness for the central region is
relatively independent of the sensitivity in this region for healthy eye. The model (eq. 3b)
describes the central data in Figs. 14A,B reasonably well. The points in Fig. 14A fall, in general,
between and around the dashed curves and, the best fitting line (solid) for the control data in
Fig. 14B is close to the line (middle dashed) predicted by the model (eq. 3b).

According to the Swanson et al (2004) model, more points should fall below the solid
theoretical curve in Fig. 14A, than fall below the solid curve in Fig. 7, at least for the early part
(up to —10 dB or so) of the curve. However, the difference between the Swanson et al
predictions and those of our model are subtle compared to the spread in the RNFL thickness
values. Other methods are needed to distinguish between these predictions.

8. Improving the model

The model predicts that 95% of the points for individual patients should fall between the dashed
curves in Fig. 7B. It is clear from this figure that there are some points that fall above or below
the theoretical predictions. In principle, as the SAP sensitivities are corrected for age, we should
correct the OCT values as well. However, in practice, the effect of age on OCT thickness is
relatively small and age accounts for very little of the variance in the data (e.g. Bowd et al.,
2000;Hougaard et al., 2006;Budenz et al, 2007;Parikh et al, 2007). On the other hand, some of
the variation from the model in Fig. 7B is due to measurement error in either the SAP sensitivity
or RNFL thickness. For example, eye position relative to the scanning circle affects the RNFL
profile and the RNFL thickness measurement within the arcuate regions. The black curves in
Figure 15 show the effects on the RNFL profile when the position of the disc relative to the
circular scan location is changed in the vertical or horizontal position. The profiles change in
predictable and systematic ways (see figure caption). For the data reported in this review, care
was exercised to minimize measurement error by careful alignment of the scan and by using
OCT scans with high signal to noise ratios. In any case, measurement error is unlikely to
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account for the entire scatter and outlier points in the data. Here we identify two other factors
that are undoubtedly involved.

8.1. Variation in mapping of field region to disc sector

The ability of any model relating structure to function to predict the actual data depends on a
map that accurately relates specific SAP field regions to their corresponding RNFL sectors.
The Garway-Heath et al. (2000) scheme in Fig. 4 represent one map based upon data from
many individuals. Individuals may deviate from this average map, although relatively little is
known about this deviation. Garway-Heath et al. note that the uncertainty of these
measurements was on the order of 30° (95% confidence interval). A patient who deviates from
this average map may appear as an outlier on plots such as Fig. 7B.

In fact, we have argued that the outlier in Fig. 7B (asterisk in left panel) is an example of patient
whose map deviates from the scheme of Garway-Heath et al (Hood et al, 2007a). Figure 16A
is a reproduction of Fig. 7B (left panel). The outlier (filled circle with the downward arrow) is
not the result of measurement error as indicated by the measures repeated on different days
and shown as the + symbols. These repeat measures have similar RNFL thicknesses and all
fall well outside the boundaries defined by the theoretical lines. The arrow and the filled red
symbol in Fig. 16A show the RNFL thickness that would bring the point in line with the mean
theoretical curve. The dashed lines in Fig. 16B show the shift in the location of the disc sector
required to yield a thickness predicted by the mean line. If this patient’s map of superior field
to inferior arcuate sector was 21.1° more nasal than the Garway-Heath et al map predicts, then
the point would now fall on the mean theoretical line. Note it would have to be off by even
less to fall on the upper dashed curve. The most likely explanation for this outlier is that the
map relating field region to disc sector deviates from the norm in this eye and indicates how a
different mapping can be the cause of an outlier in plots such as Fig. 7B.

8.2. The influence of blood vessels

The contribution of blood vessels (BVs) to RNFL thickness measurements represents another
possible source of deviation from the linear model. BVs can influence the RNFL thickness
measured with OCT. The arteries coming from, and the veins going to, the optic disc are found
in the RNFL and contribute to its thickness. Although the presence of these BVs can be inferred
from the shadows they cast (Fujimoto et al., 2004), little has been written about how they
influence the RNFL profile. To obtain an estimate of the contribution of the BVs to the RNFL
thickness, Hood et al. (2007c) examined the relationship between the location of the BVs and
the local maxima in the RNFL profiles of controls and patients with severe field loss due
glaucoma. Figure 17 illustrates some of their findings with a patient with AION. Figure 17A
shows the disc photo and Fig. 17B the RNFL profile of the unaffected, right eye of a patient
who experienced AION in the left eye 12 months prior to this scan. The locations of the four
prominent maxima in the RNFL profile of the better eye are indicated in the lower panel of
Fig. 17B with the 4 colored lines. These locations were transferred to the fundus photo in Fig.
17A. There is a good correspondence between the locations of the peaks in the RNFL profile
(Fig. 17B, lower panel), the shadows in the scan (Fig. 17B, upper panel), and the major BVs
in the disc photo (Fig. 17A). The BVs are contributing to the RNFL profile and, in particular,
help to determine the local maxima (Hood et al., 2007c). The scan of the affected eye in Fig.
17D provides an estimate of the size of this contribution. Although the patient retained a visual
acuity of 20/25, this eye had lost nearly all sensitivity to light as measured with the SAP (Fig.
17C). In particular, the patient was not able to detect the test spot placed within, or just outside,
the arcuate regions. The residual RNFL thickness in the corresponding portions of the disc
(within the vertical dashed blue and red lines) must be due largely to the BVs. The red arrows
on the scan in Fig. 17D indicate local regions of thickening within, and just outside, the arcuate
regions (vertical, dashed lines). Note that these thickenings occur in regions showing shadows,
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indicating the presence of BVs. A red rectangle encloses one of the supposed BVs in Fig. 17D,
which is also shown in the inset. The region within the red rectangle is about 150 um wide and
150 um thick, in the range of what one should expect of a major BV (Wise et al., 1971).

The BVs contribute to the RNFL thickness and to the variability in the RNFL profiles among
individuals (Hood et al., 2007c¢). In fact, the location of the major BVs may supply a way to
identify inter-individual variations in mapping. In particular, the location of the superior
(inferior) peak in the RNFL profile corresponds to the location of the superior (inferior)
temporal vein and artery (Hood et al., 2007¢). Although the RNFL peaks are shaped in part by
the BVs, they are largely shaped by the RGC axons, which, in general, have their greatest
density near the inferior and superior temporal retinal veins and arteries. Thus the marked
variation in the location of BVs in the temporal region of the disc may be predictive of the
variations in structural-functional mapping in the arcuate regions.

However, in some cases the algorithm does not include the entire residual thickness due to the
BVs. Notice in Fig. 17D, for example, that the algorithm did not include the entire BV thickness
in the upper disc (left two arrows). That is, the signal from these two BVs is thicker than the
distance between the white lines set by the algorithm. Because the OCT algorithm involves
considerable spatial averaging, local perturbations may be ignored. On the other hand, most
of the thickness of the cluster of two BVs in the lower disc region (right two arrows in Fig.
17D) is included between the white lines set by the algorithm in the upper panel of Fig. 17D.
In any case, the BVs in both upper and lower arcuate regions (all 4 arrows) are presumably
included in the RNFL thickness of the better eye where they contribute to the amplitude and
shape of the peaks. With severe damage, the residual RNFL contains a contribution due to the
BVs, as well as probably a contribution from glial cells. The size of the BV contribution may
decrease in part due to a decrease in the size of the BVs in patients with glaucoma (e.g. Jonas
etal, 1991;Rader et al, 1994). However, the shrinkage of the BVs is relative small, about 15%
of diameter, according to Jonas et al (1991). The size of the BV contribution to the residual
RNFL thickness is more likely to vary based upon whether the algorithm incorporates it into
the measurement.

Overall, the BV contribution to the total RNFL thickness is not large, about 13% of the average
OCT RNFL thickness (Hood et al., 2007c) and between 0 and 25% in the temporal arcuate
sectors depending upon the number of BVs within these sectors. On the other hand, BVs can
make a substantial contribution to the residual thickness. In any case, estimating the BVs
contribution to individual scans and accounting for this contribution should improve the
usefulness of the model, as well as decrease the variability among controls.

9. Summary and future directions

9.1 Implications for the structure versus function debate

It is commonly held that structural damage precedes functional loss in glaucoma. We have
argued above that this statement has at least two general meanings. It can refer to a statistical
statement about whether a structural measure will reach significance before a functional test
will. Or, it can refer to a relational statement about the mathematical relationship between a
structural measure and a functional test. However, we also argued above that by “a structural
measure’ some individuals mean actual RGC counts, while others refer to structural tests, such
as OCT RNFL thickness or disc appearance. Therefore, there are actually four different
questions one could have in mind when asking, ‘Does structural damage precede functional
damage?’ The top portion of Fig. 18 delineates these four meanings. The bottom portion
illustrates how the linear model answers each question. For this illustration, assume that by
“function’ is meant the SAP test, although other functional tests could be treated in the same
framework.
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Our model directly contradicts the common answer to the first question, ‘Is the relationship
between SAP loss and RGC loss non-monotonic?” Some say that substantial RGCs must be
lost before SAP sensitivity changes, that is the relationship between SAP loss and RGC loss
is not monotonic. Others assume, or at least imply, that the relationship between SAP loss and
RGC loss, if not non-monotonic, is at least nonlinear. In particular smaller SAP losses are said
to be associated with early RGC loss and with severe disease, larger SAP losses are associated
with smaller degrees of RGC loss. Our model assumes that SAP loss, as well as OCT thickness,
decreases linearly with RGC axon loss.

The model does not directly speak to the statistical RGC interpretation (question 2). We do not
have direct measurements of RGC loss to evaluate whether “statistically significant RGC loss
occurs before statistically significant SAP loss”. However, we argued that the studies of post-
mortem RGC counts in humans and primates have yet to fully answer this question.

On the other hand, the model and the framework in Section 7.1, do propose answers to questions
3 and 4, the questions about structural and functional tests. First, the model explicitly assumes
that loss on the SAP functional test is a linear function of RNFL thickness on the OCT structural
test. Second, the model predicts that OCT RNFL thickness (a structural test) can show statistical
significance before SAP loss (a functional test) in detecting early glaucomatous damage. In
particular, the structural test in a patient may be abnormal before the functional test due largely
to the fact that the normal confidence limits are greater for the functional test compared to the
structural test. In other patients, the functional test may reach statistical significance first. In
these cases, the patient started out with more structure to begin with (i.e. they were born with
a relatively thick RNFL), so it requires more loss of structure before the RNFL becomes thin
enough to drop below the 5™ percentile for normal eyes.

In summary, if we are to make progress in understanding the relationship between structural
and functional damage in glaucoma, it is essential that we are clear about what is meant by the
question, ‘How is structural damage related to functional damage?’ Does it refer to a statistical
finding or a mathematical relationship? And, what is being measured, the actual number of
RGC present or the outcome of a structural test. Admittedly, Figure 18 is not the only
framework within which to phrase this problem. However, the particular framework is less
important than is the need to be explicit.

9.2 Future directions

The linear model, as well as the general approach presented here, suggests a number of
directions for future work. First, the general approach provides a framework for comparing
any two tests. That is, the approach can be applied to predicting the relative sensitivity of any
two tests (e.g. SAP vs Frequency Doubling Perimetry; SAP vs. mfVVEP) (Hood and Greenstein,
2003; Hood et al., 2004). To compare two tests, one needs to specify the mathematical function
relating the results on one test to the results on the other. If the confidence limits are specified
for each of the tests, the relative sensitivity of the two tests can be predicted. Second, it will be
interesting to compare the results from patients with loss of vision due to conditions other than
glaucoma. The degree to which the model predicts the results from these patients offers both
a test of the model and an opportunity to better understand the pathology of the condition
involved. For example, a patient with a reversible optic neuropathy (e.g. compressive) would
be expected to deviate from the model in a predictable way. In particular, if the loss of vision
were due to a temporary dysfunction of the RGCs (e.g. conduction block secondary to
compression), then the data point for this patient would tend to fall well above the theoretical
curves for the model. Furthermore, such a patient without a clear sign of structural (i.e. RNFL)
loss would be expected to have a good prognosis after decompression. In conjunction with
other tests, the model could aid in identifying non-organic loss, separating RGC dysfunction
from outer retinal pathology, and identifying post-geniculate components of visual loss.
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Finally, the model makes a clear prediction about course of progression of glaucomatous
damage over time. Any individual patient should follow a single theoretical curve as glaucoma
progresses. In general, longitudinal data on the same individuals provide an important testing
ground for the model. In particular, an interesting test of the model is to see if a patient’s points
do indeed fall along a curve as predicted. If so, the model may be of use to the glaucoma
specialist facing the clinical challenges of detecting of early glaucomatous damage and/or
monitoring its progression over time.
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ONH

optic nerve head
RNFL

retinal nerve fiber layer
SAP

static automated perimetry

Prog Retin Eye Res. Author manuscript; available in PMC 2008 November 1.

Page 20



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Hood and Kardon Page 21

A

Fig. 1.

(A) A fundus photo of a right eye with the test points for the 24-2 SAP field superimposed.
(B) An artist’s sketch of the course of the RGC axons in the retina with the test points for the
24-2 SAP field superimposed.
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with glaucomatous damage in the superior arcuate region.
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(A) A portion of an OCT RNFL thickness report from a commercial machine shown with the
pseudo-color scan (B), the scanning circle depicted in green, (C), and the RNFL profile, seen
as black line in (D). (E) The approximate locations of the upper (blue) and lower arcuate (red)
band of RGC axons. (F) The approximate locations on the RNFL profile are shown related to
the corresponding locations around the disc.
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(A) Garway-Heath et al. (2000) map relating regions of the visual field to sectors around the
disc. (B) The regions of the RNFL profile that correspond to the superior (blue) and inferior

(red) temporal arcuate sectors of the disc. (C) The average RNFL profile for 50 normal controls.
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(A) Sample total deviations and associated probability plots for a 24-2 SAP field test of a patient
with glaucoma. The areas enclosed by the red or blue boundaries signify those visual field test
locations associated with the inferior and superior arcuate RNFL bundles, respectively. (B)

OCT RNFL profiles for the same patient. The vertical dashed pairs of blue and red lines depict
the locations of the RNFL scan that map to the arcuate region of the field shown in (A). Note
the loss of RNFL thickness in the inferior arcuate sector of the right eye, corresponding to the

superior arcuate field loss, as shown in (A), i

n the same eye.
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visual field loss 0 dB visual field loss -30 dB

i

average loss in dB is -15 dB or about 1/ 30 of normal
versus

average loss if antilogged first is about -3 dB or 1/2 of normal
[(1 + 0.001)/2 equals about 1/2]

Fig. 6.

An illustration showing why the 24-2 SAP total deviation values are anti-logged before
averaging. In the extreme case of a normal region or location (white square) and an adjacent
region of complete sensitivity loss (black square), the average calculated field loss for the two
areas combined is inaccurate if the values of sensitivity are not first anti-logged before
averaging.
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Fig. 7.

(A) A schematic illustrating the location of the corresponding disc sectors and field regions
for the superior arcuate field (left panel) and inferior arcuate field (right panel). (B) RNFL
thickness as a function of field loss for the upper field/inferior disc (left panel) and the lower
field/superior disc (right panel). Data are shown for patients with AION (n=24; filled gray),
asymmetric glaucoma (n=15; filled black), and severe glaucoma (n=16; open symbols), and
for the mean of a group of 60 age-similar controls (open square). The theoretical curves are
eq. 2 fitted by setting (s, + b) equal to the control value and b equal to one-third this value [i.e.
b=0.33(s, + b)]. For the three theoretical curves (50t percentile, 95t percentile, and 5t
percentile) in the left panel, (s, + b) was equal to 173.1, 142.0, and 111.0 um, and for the three
theoretical curves in the right panel, (s, + b) was equal to 165.0, 130.5, and 95.9 um.
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The amplitude (signal-to-noise ratio) of a local multifocal visual evoked potential (mfVVEP)
versus local relative SAP field sensitivity is shown for the mean results for the better (open
symbols) and affected (filled symbols) of 20 patients (10 glaucoma and 10 AION) with
asymmetrical damage. The smooth curve is the fit of a linear model. Modified from Hood et
al (2002).
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The linear model’s predicted change in RNFL thickness with changes in SAP field loss express

on linear-linear (A) and log-linear (B) coordinates.
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Fig. 10.

Residual RNFL thickness, b, for 9 patients with unilateral AION shown as a function of the
RNFL thickness of the corresponding region of the other (unaffected) eye for the upper and
lower arcuate field regions (filled symbols) and center (open symbols) of the field. For the
filled symbols, the solid line is the best fitting line; the residual thickness is about 1/3 (33%)
of the initial/healthy thickness (s, + b), as indicated by the dashed line. For the open symbols,
the dotted line is the line of best fit, b = 25.3 + 0.088(s, + b).
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Lower Visual Field

| 1 | | |

Relative Field Sensitivity (dB)

RNFL thickness as a function of threshold deviation from age-matched normal eyes for the
upper field/inferior disc (A) and lower field/upper disc (B). Open symbols are the results for
60 normal eyes and filled symbols the mean of these data grouped into bins of size 10 after
rank ordering them base upon field loss. The dashed lines show the mean and 95% confidence
intervals (CI) and the solid the best fitting line to all 60 data points. The gray curve is the same
function (eq. 3a) as in Fig. 7B, extended here for values of relative sensitivity greater than 0

dB.
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Estimating the relative sensitivity of two tests. The theoretical function (dashed and solid
curves) relating two tests (RNFL thickness and SAP visual fields) plus an estimation of the
variation among normal controls (95% CI), allows the estimation of the relative sensitivity
(ratio of gray areas) of two tests. The 95% CI for the OCT comes from Fig. 11 and the 95%
Cl for the SAP region is 0+1.96SD, where SD is the standard deviation of the SAP total
deviation losses for 60 age-matched controls. See text for details.
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Same data as in Fig. 7B with theoretical curves (solid and dashed black) based upon work by

Harwerth et al (2007). See text for details.
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Fig. 14.

(A) RNFL thickness as a function of field loss for the papillomacular bundle (center gray region
in Fig. 4A) for the same patients as in Fig. 7B. Data are shown for patients with AION (n=48
eyes; filled gray), asymmetric glaucoma (n=30 eyes; filled black), and severe glaucoma (n=16
eyes; open symbols). The theoretical curves are eq. 3a,b fitted by setting (s, + b) equal to the
control value and b, based upon Fig. 10, equal to 25.3 + 0.088(s, + b). For the three theoretical
curves, (So + b) was equal to 95.1, 70.4, and 45.7 um. (B) RNFL thickness as a function of
threshold deviation from age-matched normal eyes for the papillomacular bundle (center gray
region in Fig. 4A) for the same 60 controls as in Fig. 11. The dashed lines show the mean and
95% confidence intervals (CI) and the solid the best fitting line to all 60 data points. The gray
curve is the same function (eq. 3a) as in panel A, extended here for values of relative sensitivity
greater than 0 dB.
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Fig. 15.

The right eye of a normal control was misaligned with respect to the circular scan line so that
the disc was off center. The black curve is the RNFL profile for the misaligned circular scan,
while the gray curve is the RNFL profile when the circular scan was properly centered on the
disc. The profiles change in predictable and systematic ways. (A) Disc right of center: the peaks
shift in the nasal direction. (B) Disc left of center: the peaks shift in the temporal direction. (C)
Disc above center: the superior peaks increase and inferior peaks decrease in amplitude. (D)
Disc below center: the inferior peaks increase and superior peaks decrease in amplitude.
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(A) The same graph as in Fig. 7B(left panel) with the 5 measurements (red +) for the outlier
indicated by the asterisk in Fig. 7B. Note that all repeat measurements were still outlier points
(B) The average RNFL thickness for the better (gray line profile) and affected (black line

profile) eye of this patient. The solid red and blue lines show the boundaries of the Garway-

Heath et al. arcuate regions (see Fig. 4A) and the dashed red lines indicate the shift needed to
bring the outlier onto the theoretical curve (the filled red symbol in Fig. 16A).
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Fig. 17.

Results from patient with unilateral AION illustrating the effects of blood vessels on the OCT
RNFL profile. (A) The disc image of the unaffected right eye showing the location of the peaks
in the RNFL profile in the lower panel of (B). (B) A single scan and the associated RNFL
profile of the unaffected eye. Note that the location of the major and minor maxima of the
RNFL correspond to the location of the major arterial blood vessels, which cause a vertical
linear shadow or dark strip in their locations of the B-scan. (C) The total deviation plot for the
24-2 SAP of the affected left eye. (D) A single scan and the associated thinned RNFL profile
of the affected eye. The arrows indicate the locations of 4 blood vessels, which appear to
contribute to the residual thickness where they are located (red arrows).
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A. Possible meanings of ¢ Does structure precede function?’
RGC Structural Test

Relational Statistical

1. Is the relationship between
SAP loss and RGC loss non-

2. Does a statistically
significant RGC loss

monotonic? precede a significant SAP
loss?
B. Our model
Relational Statistical
Implies that the
relationship between Agnostic.
SAP loss and RGC loss
is lincar.

Fig. 18.

Relational

3. Is the relationship between
SAP loss and loss on structural
test non-monotonic?

Relational

The relationship between
SAP loss (linear scale) and
OCT RNFL thickness is

linear.

Statistical

4. Does a statistically
significant structural
damage precede a

significant SAP loss.

Statistical
Which is detected first
will depend upon SD of
tests and conditions

A schematic showing 4 possible meanings of the question ‘Does structure precede
function.?” (A) and how the model presented in Section 4 answers these questions (B).
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