SYMMETRY BETWEEN THE RIGHT AND LEFT EYES OF THE NORMAL RETINAL NERVE FIBER
LAYER MEASURED WITH OPTICAL COHERENCE TOMOGRAPHY (AN AOS THESIS)

BY Donald L. Budenz MD MPH
ABSTRACT

Purpose: To determine the limits of the normal amount of interocular symmetry in retinal nerve fiber layer (RNFL) thickness
measurements obtained with third-generation time domain optical coherence tomography (OCT3).

Methods: Both eyes of normal volunteers were scanned using the peripapillary standard and fast RNFL algorithms of OCT3.

Results: A total of 108 volunteers were included in the analysis. The mean + standard deviation (SD) of age of the volunteers was 46.0
+ 15.0 years (range 20-82). Forty-two participants (39%) were male and 66 (61%) were female. Mean RNFL thickness correlated
extremely well, with intraclass correlation coefficients of 0.89 for both algorithms (95% confidence interval [CI], 0.84-0.93). The
mean RNFL thickness of the right eye measured 1.3 um thicker than the left on the standard scan (SD 4.7, 95% CI 0.4-2.2, P = .004)
and 1.2 um on the fast scan (SD 5.2, 95% CI 0.1-2.2, P = .026). The 95% tolerance limits on the difference between the mean RNFL
thicknesses of right minus left eye was —10.8 and +8.9 pm with the standard scan algorithm and —10.6 and +11.7 pm with the fast scan
algorithm.

Conclusions: Mean RNFL thickness between the 2 eyes of normal individuals should not differ by more than approximately 9 to 12
pum, depending on which scanning algorithm of OCT3 is used and which eye measures thicker. Differences beyond this level suggest
statistically abnormal asymmetry, which may represent early glaucomatous optic neuropathy.
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INTRODUCTION

Glaucoma is a slowly progressive optic neuropathy characterized clinically by an increase in the size of the optic nerve cup and loss of
peripheral, followed by central, vision. Pathologically, the retinal ganglion cells die by apoptosis and their axons disappear, over and
above the normal apoptotic loss that occurs naturally with age. The retinal nerve fiber layer (RNFL) is the retinal layer that contains
the axons of the retinal ganglion cells, connecting their cell bodies to the lateral geniculate nucleus. Quigley’s study of experimental
glaucoma in nonhuman primates demonstrated that glaucoma causes progressive thinning and atrophy of the RNFL." As retinal nerve
fiber axons die because of aging, glaucoma, or both, the RNFL becomes progressively thinner and the optic cup becomes
progressively larger. Structural abnormalities of the RNFL and optic cup are often recognized several years before the accompanying
loss of function is recognized with visual field testing. Pathologic studies have shown that 25% to 35% of retinal nerve fiber axons
may be lost before any detectable defects appear with standard white-on-white automated perimetry.>* Clinically, this is manifested
by optic nerve cupping that may precede detectable visual field loss in early glaucoma.>

In 1913, Vogt’ first observed that striations in the retina, representing the RNFL axon bundles, could be observed using the
red-free light of a direct ophthalmoscope. Over 50 years later, Behrendt and Wilson® noticed that RNFL visibility was affected by the
color of the light with which the fundus is viewed. Capitalizing on this observation, Hoyt and colleagues’'" are credited with making
the association between clinical changes in the appearance of the RNFL with red-free light and early glaucoma. In their letter to The
Lancet in 1972, they reported “slit-like defects among arcuate fibre bundles of the retina that correlate perimetrically with arcuate
defects in the visual field.””™** In the actual published study that they refer to in that letter,'' Hoyt and colleagues demonstrated that
abnormalities in the RNFL as viewed by red-free photographs may precede optic disc or visual field abnormalities. Subsequently,
several investigators confirmed that defects in the RNFL can precede visual field loss and that these defects are best evaluated
photographically, particularly with red-free photographs.'*"'®

Sommer and associates'” reviewed serial photographs of the optic discs and peripapillary retinas in patients who did and did not
develop visual field defects. They found reproducible RNFL abnormalities an average of 1 to 1.5 years before the recognition of visual
field defects on Goldmann perimetry, some as early as 5 years before. They also demonstrated that diffuse defects were more
representative of damage than slit-like defects, which were more likely to be artifacts. Additionally, they showed that it was more
difficult to appreciate RNFL changes in blacks and in older individuals, exactly those more likely to develop glaucoma. They
discovered that it was difficult to teach RNFL appreciation and interpretation to general ophthalmologists. Quigley and colleagues'?
performed a cross-sectional study of normal eyes, eyes with glaucoma, and eyes suspected of having glaucoma using red-free
photographs and determined a much higher prevalence of RNFL defects in glaucoma patients (84%) compared to glaucoma suspects
(13%) or normal subjects (3%). In that report, they speculate that the 13% of glaucoma suspects that had RNFL abnormalities might
already have had glaucoma but that the glaucoma was below the threshold detectable with visual fields, at that time manual kinetic
(Goldmann) perimetry. They also identified more localized than diffuse atrophy of the RNFL, although the latter is more difficult to
recognize.

Airaksinen and associates'* reviewed stereo and red-free photographs of the optic disc and RNFL, respectively, in 25 ocular
hypertensive patients with optic disc hemorrhages. They found that RNFL defects followed in the same location as optic disc
hemorrhages in these patients. Airaksinen and Tuulonen' subsequently reviewed sequential stereoscopic optic nerve and retinal red-
free photographs from 191 presumably ocular hypertensive patients and found that an RNFL defect was the first observable sign of
glaucomatous damage (ie, preceding optic disc or visual field changes with manual kinetic perimetry) in 46% of eyes with optic disc
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hemorrhages and 26% of eyes without disc hemorrhages. Changes in the appearance of the RNFL have also been shown to precede
detection of visual field abnormality in glaucoma suspects followed longitudinally.'®

Sommer and associates'’ examined color photographs taken annually in 1344 ocular hypertensive eyes. Eighty-eight percent of
eyes already had visible RNFL abnormalities at the time visual field loss was diagnosed, and 60% had visible abnormalities 6 years
prior to the development of visual field defects. The prevalence of RNFL abnormalities was only 26% in ocular hypertensive eyes that
did not develop visual field defects and 11% of normal eyes.

Airaksinen and colleagues'® examined RNFL photographs taken with a red-free filter in patients with glaucoma, ocular
hypertension, and normal subjects in a masked fashion. They identified RNFL defects in 48 of 51 glaucoma patients, 27 of 52 patients
with ocular hypertension, and only 5 of 29 normal subjects. This same group subsequently performed semiquantitative measurements
of the RNFL using red-free photography and showed that structural changes in the RNFL precede functional changes on automated
static perimetry."”” Tuulolen and Airaksinen® followed 61 eyes of 61 ocular hypertensive patients using stereoscopic optic disc
photography and red-free peripapillary RNFL photography for a minimum of 5 years. In 23 of these eyes, glaucoma developed during
follow-up. The earliest changes in the RNFL of these eyes occurred in a diffuse manner without localized loss (12 of 23). Four
patients had both diffuse and localized loss detected, and 7 had localized RNFL bundle defects.

In a cohort of 647 ocular hypertensive individuals, Quigley and associates”' found that the presence of RNFL atrophy, as judged
by a reader masked to clinical and demographic characteristics and even the appearance of the optic disc, imparted a 7 to 8 times risk
of developing glaucomatous defects on Goldmann perimetry. In another study, Quigley and Addicks* injured the orbital portion of
the optic nerve in monkeys by using direct mechanical trauma or by interrupting the blood supply to the central retinal artery. They
found that 50% of the retinal nerve fiber axons needed to be destroyed before they were able to detect abnormalities in the RNFL
photographically.

Despite the large body of evidence that RNFL abnormalities are an early sign of glaucomatous damage, widespread use of red-free
photography and slit-lamp observation was never achieved for several reasons. First, the method is largely qualitative, despite some
attempts to quantify the subjective observations. While the intraobserver variability of RNFL readings has been found to be fairly
low," interobserver variability is high.” Second, this technique requires highly skilled observers working from high-quality red-free
photographs. And third, even skilled observers have a difficult time detecting diffuse thinning of the RNFL,"**** which accounts for
the majority of early changes in the RNFL appearance.'”'®***2* Clearly, there was a need for more quantitative evaluation of the
RNFL.

Caprioli and colleagues™ developed a more quantitative way of assessing the RNFL by measuring the contour of its surface using
the Rodenstock Optic Disc Analyzer (Rodenstock Instrumente, Munich, Germany). This technique used red-free videographic images
and made measurements of RNFL thickness based on a reference plane. The determination of a reference plane consistent from one
individual to another or from one time to another in the same individual was a limitation of this technique. However, these
investigators were able to document a generalized depression of RNFL thickness in glaucomatous eyes compared to normal eyes in a
quantitative manner, and the differences were more marked superiorly and inferiorly.

Over the past 15 years, objective structural measurements of the optic disc and RNFL have been used more and more in the
diagnosis of glaucoma. Specifically, scanning laser ophthalmoscopy (Heidelberg Retinal Tomography; Heidelberg Engineering,
Heidelberg, Germany), laser polarimetry (GDx, Carl Zeiss Meditec, Dublin, California), and optical coherence tomography (OCT,
Carl Zeiss Meditec, Dublin, California) are imaging devices that have been used to quantitatively measure the optic disc and RNFL in
glaucoma. The potential advantage of these structural measurements is that they are objective, as opposed to current assessments of
optic disc cupping that rely on subjective evaluation by a skilled observer. And, while visual fields often give an accurate
representation of the functional status of the visual system in glaucoma, visual fields are highly subjective and may be subject to
artifacts. Additionally, most studies have shown that structural changes precede functional changes in glaucoma, as mentioned above.

First described for ocular use by Huang and colleagues in 1991,” OCT is a high-resolution, cross-sectional imaging technology
that allows in vivo measurements of the RNFL. OCT uses reflectance data from interferometry to measure RNFL thickness. Near
infrared light passing through the retina is compared with a reference beam at each level within the tissue. The strength of the
interferometric signal depends on the optical reflectivity of each retinal interface, allowing construction of high-resolution cross-
sectional images of the retinal layers. RNFL thickness is measured using algorithms based on reflectivity changes between adjacent
structures. Figure 1 shows a simplified schematic of the OCT instrument. Measurements of RNFL thickness, even with first-
generation OCT technology, have been found to have better correlation with functional status of the visual system in glaucoma
patients than cup-disc (C:D) ratio or neuroretinal rim area.” This is likely due to greater ease of measuring the retinal ganglion cell
axons as they are spread out over the surface of the retina than when they are crowded together and mixed inseparable in
measurements from the space occupied by the central retinal vessels within the optic disc.

The third-generation instrument, Stratus OCT (Carl Zeiss Meditec, Dublin, California), has an axial resolution in tissue of 8 to 10
um (data on file, Carl Zeiss Meditec, Dublin, California), a significant improvement over the previous first- and second-generation
instruments, with resolutions of only 15 to 20 pm.?” The normative database, incorporated into the instrument, allows comparison of
an individual patient’s retinal or RNFL thickness measurements with that of age-matched controls for diagnostic purposes. This
provides an objective tool to diagnose glaucomatous axonal loss, as reflected by thinning of the RNFL. There is a growing body of
evidence suggesting that measurements of peripapillary RNFL using OCT have good sensitivity and specificity for the diagnosis of
glaucoma when one uses the normative database provided by the manufacturer to compare a patient’s RNFL thickness to that of age-
matched controls.””*' Compared to current subjective techniques to diagnose glaucoma, such as the interpretation of optic disc
appearance by the clinician and perimetry, objective measurement of the RNFL potentially provides an additional tool for the
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diagnosis of glaucoma and for following glaucomatous progression.

MichelsomMnferometer FIGURE 1

Schematic drawing of how interferometry
works. A light source sends a light wave to a
beam splitter that splits the beam in two, one
going to the eye and one to a reference mirror.
Each beam is reflected back to the detector,
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The present study was undertaken to determine normal tolerance limits for the amount of asymmetry of RNFL thickness when the
values in each eye are within the range of normal. Once these tolerance limits are known, then patients exceeding these limits might be
suspected of having early glaucomatous axonal loss. Such an approach has been used for the amount of optic disc cupping for many
years. The presence of asymmetry between the optic nerve cup between the two eyes of an individual is considered an early sign of
glaucomatous damage* clinically and is a predictor of future damage in ocular hypertensive patients.”' All large epidemiologic studies
on the prevalence of glaucoma have used C:D asymmetry of 0.2 or 0.3 in their case definition of glaucoma®™' or for referral for
definitive diagnosis.”® Clinical trials on ocular hypertensive patients, such as the Ocular Hypertension Treatment Study> and the
European Glaucoma Prevention Study,”* have used interocular asymmetry as an exclusion criteria, since subjects in these studies were
supposed to be normal and be free of optic nerve damage at baseline. Now that there is an objective and noninvasive method to
measure the thickness of the RNFL in vivo, it may be appropriate to apply the concept of asymmetry of the RNFL for the early
diagnosis of glaucoma or suspected glaucoma. The case of a treated glaucoma suspect with mildly asymmetric intraocular pressures
(IOPs), C:D ratios, visual fields, and RNFL thickness measurements performed by the Stratus OCT that demonstrates this concept is

presented in Figures 2 through 4.

FIGURE 2

Stereoscopic optic disc photographs of the right (upper) and
left (lower) eyes of a glaucoma suspect. Intraocular
pressures ranged between 14 and 20 mm Hg in the right eye
and 16 and 32 mm Hg in the left eye before treatment. On
medical therapy, pressures ranged between 10 and 18 mm
Hg in the right eye and 13 and 20 mm Hg in the left eye.
The patient has been followed for more than 15 years while
on therapy without progression. Note the mild cup-disc
asymmetry with the left cup being slightly larger than the
left despite equal optic disc sizes.
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FIGURE 3

Right (upper) and left (lower) visual fields of
patient described in Figure 2. There is a 1-dB
difference in mean deviation (MD), with the left
eye being worse than the right, yet both within
the normal range. The Glaucoma Hemifield Test
(GHT) and Pattern Standard Deviation (PSD) are
normal in the left eye. This same 1- to 1.5-dB
asymmetry in mean deviation has been present
throughout the patient’s course.
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FIGURE 4

Peripapillary fast Stratus OCT scan of the right and left eyes of the patient described in Figures 2 and 3. The
Stratus OCT peripapillary retinal nerve fiber layer (RNFL) printout provides a number of representations of
RNFL thickness measurements. The TSNIT plot (upper left) is a representation of the patient’s RNFL
thickness (black line) in the 3.4-mm-diameter circle around the optic disc, starting in the temporal region (9:00
in the right eye and 3:00 in the left eye), then moving toward the superior region (12:00 in both eyes), then
nasally (3:00 right eye, 9:00 left eye), then inferiorly (6:00 both eyes), and then winding up directly
temporally. When the black line is in the green area of the graph, the RNFL thickness is normal in that location
compared to normal age-matched controls. When the line dips into the yellow area, the patient’s RNFL
thickness is considered thinner than the thinnest 5% of normal age-matched controls. When the black line dips
into the red area, the patient’s RNFL thickness is considered thinner than the thinnest 1% of normal age-
matched controls. Moving clockwise on the printout, the circle representation of the RNFL thickness is divided
into clock-hour pictures, with RNFL averages for each of 12 clock-hours displayed in green, yellow, or red and
interpreted in the same manner as compared to normal age-matched controls. Below the clock-hour circle is
the quadrant circle, which is the average measurements in each of the 4 quadrants, color-coded and interpreted
in the same manner. To the right of the circle representations is a black and white photograph of the optic disc
and peripapillary region taken immediately after scanning is completed to document where around the optic
disc the scan is actually being taken. The table of numbers in the lower right portion of the printout provides a
variety of comparisons between upper and lower hemifields and between eyes, but the most interesting for our
purposes are the mean RNFL values for right and left eyes given at the bottom of the table. And in the lower
left are the TSNIT plots for both right and left eyes superimposed on each other. Note in this patient that the
left mean retinal nerve fiber layer thickness is 20 pm thinner than the right and that the superimposed right/left
TSNIT plots show mild thinning in the superior and inferior areas of the left eye. The 6:00 clock-hour in the
left eye is shaded yellow, indicating that the patient’s average RNFL thickness measurement is thinner than
5% of that of age-matched controls. Also, the inferior quadrant of the left eye is shaded yellow. This
corresponds well with the asymmetric intraocular pressures, mild C:D asymmetry, and 1-dB difference in
mean deviation on the visual field between eyes. The OCT is the only test with a frankly abnormal result, the
mild thinning inferiorly in the left eye.
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To apply the principle of RNFL thickness asymmetry as a sign of disease, it is necessary to determine the degree of interocular
symmetry that might normally be expected in normal individuals to develop parameters for statistically significant differences
between eyes. The purpose of this study is to determine the normal amount of interocular asymmetry and to propose the use of
interocular asymmetry as a way of identifying early glaucoma patients.

METHODS

SUBJECTS

This study was approved by the Human Subjects Committee of the Institutional Review Board (IRB) of the University of Miami,
Miller School of Medicine, and followed the tenets of the treaty of Helsinki. Normal subjects at least 18 years of age, either employees
or patients of the Bascom Palmer Eye Institute, were invited to participate. Each was informed of the nature of the study, and the
subjects’ willingness to participate was documented with their signature on a consent form approved by the IRB. Both written and oral
consent were obtained. Inclusion criteria included males or females aged 18 years or older who were able give consent and follow
study instructions. Exclusion criteria included contraindication to dilation or intolerance to topical anesthetics or mydriatics; IOP >22
mm Hg or glaucoma in either eye; intraocular surgery in the study eye (except cataract or refractive surgery if performed more than 1
year prior to testing); best-corrected Snellen visual acuity worse than 20/40; evidence of diabetic retinopathy, diabetic macular edema,
or other vitreoretinal disease in either eye; or evidence of optic nerve abnormality in either eye. Subjects who had C:D asymmetry of
>0.2 were excluded, since this would have been suspicious for glaucoma. Subjects were also excluded by the principal investigator if
their Stratus OCT scans showed algorithm failure, as evidenced by the lines that defined the boundaries of the RNFL being placed in
the incorrect location by the instrument, or if either eye had a signal strength less than 6. Each subject had a complete ophthalmologic
evaluation, including Snellen visual acuity, slit-lamp examination, IOP measurement, and dilated fundus examination. An assessment
of optic disc size was made with the direct ophthalmoscope technique described by Gross and Drance™ and divided into small,
medium, and large discs. This was done to later assess interocular differences in optic disc size, which may influence differences in
RNFL thickness values. C:D ratios were estimated by an experienced examiner using a condensing lens at the slit lamp.

TESTING

The pupils of all subjects were dilated using mydriacyl 1% and Neo-Synephrine 2.5%. Testing was performed with the commercially
available Stratus OCT-running software version 3.0. The same operator, who had over 1 year of experience performing Stratus OCT
scans for clinical research studies, performed all scans. The same instrument was used for both eyes of the same subject, although a
different OCT machine was used for a few subjects because the research OCT instrument required repairs for several weeks during the
course of the study. Each subject was seated in front of the instrument with his or her chin in the chin rest. The OCT lens was adjusted
for the patient’s refractive error. The subject was then instructed to fixate with the eye being measured on the internal fixation target to
bring the optic nerve head within view of the examiner real-time. The Z-offset was adjusted to bring the OCT image into view, and
polarization was optimized to maximize the reflective signal. The position of the aiming circle was adjusted by the operator to match
the optic nerve head so that the nerve head scan would acquire an OCT image that was equidistant from the disc margins in all
directions. Scan quality was monitored by continual assessment of the color coding of the scans with particular attention to
maximizing the red-reflectivity of the retinal pigment epithelial cell layer. The exact same procedures for obtaining OCT
measurements were followed for both eyes. The quality of a Stratus OCT scan is measured in part by the signal strength parameter,
which is partly dependent on the amount of red reflectivity as described. The signal strength ranges between 0 (worst) and 10 (best)
and is printed on the printout of the final results. Signal strength of 6 or higher is generally considered adequate for analysis of the
results. Scans with signal strengths below 6 were excluded in this study, and any subject in whom a signal strength of 6 was not
obtainable was excluded from the final analysis. Both standard and fast scans were obtained. The standard RNFL scan consists of a
single peripapillary scan of 512 test points measured along a circle having a nominal diameter of 3.46 mm centered on the optic disc.
The RNFL analysis then averages the peripapillary scan measurements and produces 17 averaged values for each scan set. These
include the mean RNFL thickness, 4 quadrant averages (temporal, superior, nasal, and inferior), and 12 clock-hour averages. The fast
RNFL scan consists of 3 sequential peripapillary scans, each consisting of 256 test points measured along a circle with a nominal
diameter of 3.46 mm centered on the optic disc. The fast scan algorithm thus provides a total of 768 test points that are averaged into
clock-hour, quadrant, and mean RNFL values. The RNFL analysis is thereafter identical to that of the standard scan algorithm. Figure
4 and its accompanying legend provide an overview of the OCT printout and its interpretation. By convention, subjects were tested in
the right eye first and then the left eye in all cases used for the analysis.

To test the hypothesis that the order of scanning (right first vs left first) might affect the measurements, 8 measurements of RNFL
thickness were made in 10 subjects tested right eye first then left eye, followed by left eye first then right eye and so forth, on the same
day. The fast scan algorithm was used in this ancillary study. To test the hypothesis that variability between right and left eyes was
due to scan placement by the operator, data was obtained from 47 unique normal subjects scanned with the fourth-generation OCT,
Cirrus OCT (Carl Zeiss Meditec, Dublin, California) as part of the normative database collection for this new instrument. Separate
IRB and informed consents were used for this ancillary study. The reason this was considered important is that, unlike Stratus OCT,
Cirrus OCT extracts a scan circle of 3.46-mm diameter around the optic disc in the same location, each scan utilizing a geometric
determination of the center of the optic disc and then extracting the equivalent scan circle’s worth of points. Thus the circle placement
variation is not an issue with Cirrus OCT.
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STATISTICAL METHODS AND DATA ANALYSIS

This study required enough individuals to estimate 2.5th and 97.5th percentiles; thus, 40 individuals might have been sufficient.
However, with this sample size the percentiles could easily have been influenced by outliers, so the target sample size was increased
to approximately 120 individuals. The data were exported with the XML export software made available by the manufacturer. The
data were then imported into SPSS 15.0 (SPSS Inc, Chicago, Illinois); all analyses were performed with this software. Demographic
and ocular characteristics of the study group were summarized with means and standard deviations (SDs) for interval level variables
and with percentages for categorical variables. Normal ranges for interocular differences were established as the 2.5th and 97.5th
percentiles; the Gaussian approximations of the mean + 1.96 SDs were also calculated. The correlations between right and left eyes
were expressed as intraclass correlation coefficients with 95% confidence intervals (Cls). By convention, intraclass correlation
coefficients are classified as good to excellent if they are greater than or equal to 0.75, fair to good if between 0 .4 and 0.74, and poor
if less than 0.4. Frequency distribution histograms of all subjects’ differences were constructed. The association between interocular
differences and demographic/ocular characteristics was examined graphically, and the strengths of associations were quantified with
Pearson correlation coefficients. To test the hypothesis that the symmetry of RNFL thickness measurements varies as a function of
age, interocular differences in mean RNFL values were plotted against age and Pearson correlation coefficients and R® values were
calculated. The same analyses were performed to explore possible associations between signed differences in ocular characteristics,
such as refractive error, IOP, and vertical C:D ratio and signed interocular RNFL thickness differences.

RESULTS

A total of 126 subjects were recruited for the study. Three subjects were excluded because of previously undetected ocular disease
(one had glaucoma, one had an epiretinal membrane, and one had optic disc drusen), 2 were excluded because of algorithm failure in
one or both eyes, and 13 were excluded because the signal strength in one or both eyes was below 6. Thus, a total of 108 subjects were
included in the analysis. The mean age of subjects was 46.0 years (SD 15.0, range 20-82). There were 42 male (39%) and 66 female
(61%) subjects. The sample included 48 Hispanics (44.4%), 39 non-Hispanic whites (36.1%), 11 African Americans (10.2%), and 10
Asians (9.3%).

Table 1 summarizes the clinical features of the right and left eyes of subjects. There were no statistically significant differences
between eyes in terms of visual acuity, refractive error, IOP, or C:D ratios. Table 2 is the frequency distribution of the difference in
vertical C:D ratios demonstrating that the subjects did not often differ in disc size between eyes. Figure 5 is a histogram showing the
interocular differences in spherical equivalent refractive error among participants. All but 6 participants varied in refractive error by 1
diopter (D) or less.

TABLE 1. CLINICAL CHARACTERISTICS OF EYES MEASURED*

=)
VARIABLE oD 0S VALUE
Median Snellen VA 20/20 (20/15 to 20/40) 20/20 (20/15 to 20/40)
Mean spherical equivalent (diopters) -0.7 (2.2, +4.75 to -7.75) -0.8 (2.1, +4.50 to -7.75) 22
Mean intraocular pressure (mm Hg) 15.1 (2.7, 10 to 21) 16.1 (2.5, 10 to 21) 72
Mean vertical cup-disc 0.31 (0.15, 0.1 t0 0.8) 0.30 (0.15, 0.1 t0 0.8) .85
Mean horizontal cup-disc 0.29 (0.14,0.1 t0 0.7) 0.29 (0.14, 0.1 t0 0.8) .20

VA, visual acuity.
*Standard deviation and range are given in parentheses where appropriate.

TABLE 2. FREQUENCY DISTRIBUTION OF DIFFERENCES IN
VERTICAL CUP-DISC RATIO FOR RIGHT MINUS LEFT EYES

oD - 0S NUMBER (%)*
0.10 12 (13%)
0.05 3(3%)
0.00 70 (73%)
0.10 10 (10%)
0.15 1 (1%)

*Total number is 96 because of missing C:D ratios on 12 subjects.

Trans Am Ophthalmol Soc / Vol 106 / 2008 258



Budenz

FIGURE 5

Histogram showing the frequency distribution
of interocular differences (OD — OS) in
spherical equivalent refractive error for each
subject. Most subjects had less than 1 diopter
difference between eyes.
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Tables 3 and 4 show the average differences between right and left eyes for standard and fast scans, respectively. There was a
small, but statistically significant, difference between mean RNFL thickness measurements of the 2 eyes. The right eye measured 1.3
um thicker than the left on the standard scan (SD 4.7, 95% CI1 0.4-2.2, P = .004) and 1.2 um thicker on the fast scan (SD 5.2, 95% C.I.
0.1-2.2, P =.026). The quadrant and clock-hour differences were sometimes larger in the right eye and sometimes the left eye.

TABLE 3. MEAN DIFFERENCE IN RETINAL NERVE FIBER LAYER THICKNESS (RIGHT
MINUS LEFT) MEASURED WITH THE STANDARD SCAN ALGORITHM OF STRATUS OCT*

MEAN STANDARD 95%
VARIABLE DIFFERENCE DEVIATION CONFIDENCE
(um) (um) INTERVAL (sm) P VALUE

Mean 1.3 4.7 041022 004
Temporal 1.6 8.9 -0.1t0 3.3 .066
Superior -0.6 13.1 -3.1t02.0 .662
Nasal 4.5 12.5 2.1t06.9 <.001
Inferior -0.3 11.5 -25t01.9 817
9:00/3:00 1.0 7.5 -0.5 to 2.4 156
10:00/2:00 42 13.7 1.6 10 6.9 002
11:00/1:00 7.0 19.1 3310107 <.001
12:00 -1.1 19.9 -49102.7 564
1:00/11:00 -7.6 17.7 -11.0 to -4.2 .000
2:00/10:00 3.3 20.4 -0.6t0 7.2 102
3:00/9:00 42 14.4 140 6.9 003
4:00/8:00 6.0 13.6 3.4108.6 <.001
5:00/7:00 0.2 16.6 -3.0 t0 3.4 901
6:00 1.3 212 281053 517
7:00/5:00 2.2 16.7 5410 1.0 172
8:00/4:00 -0.4 13.5 -3.0t02.2 759

*Clock-hour values given for right/left eyes.
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TABLE 4. MEAN DIFFERENCE IN RETINAL NERVE FIBER LAYER THICKNESS (RIGHT
MINUS LEFT) MEASURED WITH THE FAST SCAN ALGORITHM OF STRATUS OCT*

MEAN STANDARD 95%
DIFFERENCE DEVIATION CONFIDENCE
VARIABLE (um) (um) INTERVAL (um) P VALUE
Mean 1.2 52 0.1to2.1 .026
Temporal 2.6 9.1 0.8t0 4.3 .004
Superior -2.6 13.3 -5.1t0-0.6 .045
Nasal 3.8 12.5 1.41t06.2 .002
Inferior 0.8 12.7 -1.6t03.3 .508
9:00/3:00 2.2 8.0 0.6t03.8 .006
10:00/2:00 6.0 143 321088 <.001
11:00/1:00 6.2 18.6 2.6t09.8 .001
12:00 -5.0 19.2 -8.7t0-1.3 .009
1:00/11:00 9.1 16.6 -12.3t0-5.9 <.001
2:00/10:00 2.0 18.7 -1.6t05.7 276
3:00/9:00 2.9 15.2 -0.1t0 5.8 .053
4:00/8:00 6.6 14.1 3.8t09.3 <.001
5:00/7:00 1.9 17.9 -1.5t05.4 279
6:00 2.7 22.4 -1.7t0 7.0 219
7:00/5:00 -2.1 17.7 -5.6t01.3 226
8:00/4:00 -0.5 12.4 2910 1.9 .680

*Clock-hour values given for right/left eyes

Tables 5 and 6 provide the percentile distributions of the differences between right and left eyes for the standard and fast scan
algorithms, respectively. For standard mean RNFL measurements, 95% of normal subjects had a difference between right and left
eyes less than 8.9 to 10.8 um, depending on whether the right or left eye was thicker. If the right eye was thicker, then only 2.5% of
subjects differed by more than 8.9 pm, and if the left eye was thicker, then only 2.5% of subjects differed by more than 10.8 um. For
fast mean RNFL measurements, 95% of normal individuals had a difference of less than 10.6 to 11.7 pm. If the right eye was thicker,
then only 2.5% of subjects differed by more than 11.7 pm, and if the left eye was thicker, then only 2.5% of subjects differed by more
than 10.6 um. Interocular asymmetry for quadrant and clock-hour measurements was considerably higher.

TABLE 5. PERCENTILE DISTRIBUTION OF RETINAL NERVE FIBER LAYER DIFFERENCES
(RIGHT MINUS LEFT) MEASURED WITH THE STANDARD SCAN ALGORITHM

OF STRATUS OCT*
VARIABLE 2.5 5 10 25 50 75 90 95 97.5
Mean -10.8 -8.8 -4.8 -1.2 2.0 5.0 6.5 7.3 8.9
Temporal -11.7 -10.9 -9.6 -5.3 .8 7.8 11.5 16.9 25.2
Superior -30.0 -23.4 -16.8 -7.9 -3 6.9 17.4 21.6 28.0
Nasal -24.4 -17.5 -9.9 -1.9 4.7 12.6 18.4 24.4 28.1
Inferior -25.5 -19.3 -14.0 -9.0 .6 7.6 13.8 17.9 21.6
9:00/3:00 -14.4 -10.8 -8.5 -4.1 1.7 5.1 9.3 11.8 19.0
10:00/2:00 -20.3 -18.7 -14.0 -5.2 2.7 13.9 21.0 25.3 38.2
11:00/1:00 -30.3 -23.2 -20.0 -5.2 4.5 22.0 33.1 37.5 44.9
12:00 -46.4 -36.9 -28.7 -13.1 -1.6 11.9 24.1 29.7 39.2
1:00/11:00 -44.3 -34.9 -31.4 -20.8 -5.3 4.0 16.5 21.8 24.4
2:00/10:00 -45.3 -33.2 -21.0 -8.0 4.2 12.7 28.4 33.1 43.2

Trans Am Ophthalmol Soc / Vol 106 / 2008 260



Budenz

TABLE 5 (CONTINUED). PERCENTILE DISTRIBUTION OF RETINAL NERVE FIBER LAYER
DIFFERENCES (RIGHT MINUS LEFT) MEASURED WITH THE STANDARD SCAN

ALGORITHM
OF STRATUS OCT*

VARIABLE 2.5 5 10 25 50 75 90 95 97.5
3:00/9:00 -29.3 -22.8 -15.0 -5.1 6.0 13.8 20.9 27.3 29.4
4:00/8:00 -22.7 -18.1 -12.8 -2.9 6.6 14.9 24.5 30.8 31.8
5:00/7:00 -36.4 -30.7 -23.6 9.3 1.3 11.3 21.7 28.1 30.3
6:00 -43.3 -35.2 -28.6 -12.5 2.2 14.0 26.4 373 44.0
7:00/5:00 -32.4 -24.1 -21.7 -13.1 -3.9 7.8 21.0 31.2 36.4
8:00/4:00 -36.6 -19.8 -17.2 -7.3 -4 7.0 15.5 17.5 29.8

*Clock-hour values given for right/left eyes.

TABLE 6. PERCENTILE DISTRIBUTION OF RETINAL NERVE FIBER LAYER DIFFERENCES
(RIGHT MINUS LEFT) MEASURED WITH THE FAST ALGORITHM OF STRATUS OCT*

VARIABLE 2.5 5 10 25 50 75 90 95 97.5
Mean -10.6 -7.9 -6.3 -2.4 14 4.9 7.7 8.1 11.7
Temporal -16.7 -12.2 -7.5 -3.2 1.6 8.7 13.3 19.9 24.8
Superior -38.1 -25.4 -17.4 -9.5 -2.8 6.6 13.5 19.5 24.2
Nasal -24.4 -18.4 -14.9 -3.7 6.2 12.8 18.2 21.1 24.2
Inferior -23.5 -21.3 -16.3 -7.9 1.5 9.9 15.5 20.8 23.9
9:00/3:00 -11.0 -9.8 -7.3 -2.8 1.5 6.8 13.7 16.4 21.3
10:00/2:00 -23.0 -16.3 -10.6 -3.7 5.0 15.6 24.5 29.4 40.7
11:00/1:00 -34.2 -26.6 -16.6 -5.0 55 16.8 31.1 37.5 43.2
12:00 -51.1 -40.6 -31.0 -15.4 -7.5 9.1 17.0 24.4 28.5
1:00/11:00 -47.1 -39.1 -30.8 -20.7 -9.0 1.8 12.2 17.2 26.2
2:00/10:00 -35.6 -29.3 -23.2 -12.6 34 14.2 24.0 29.0 34.9
3:00/9:00 -36.3 -25.5 -18.0 -4.3 3.3 13.1 213 29.0 31.8
4:00/8:00 -20.5 -14.8 -10.7 -3.7 4.5 16.2 243 34.0 36.8
5:00/7:00 -35.8 -32.1 -22.1 -10.4 1.6 14.0 24.4 31.6 40.4
6:00 -39.5 -31.9 -25.8 -12.3 34 17.1 31.4 40.4 42.9
7:00/5:00 -37.6 -31.9 -24.9 -15.2 -3.1 9.3 20.6 30.1 34.9
8:00/4:00 -27.1 -24.0 -15.1 -8.8 -.1 6.8 14.7 19.6 26.2

*Clock-hour values given for right/left eyes.

The 95% cutoff was between 11.7 and 30.0 um for quadrant values in the standard scans and between 16.7 and 38.1 um for quadrant
values of the fast scans. Clock-hour asymmetry was even higher, with the 95% cutoff ranging from 14.4 to 49.9 um for the standard
scan algorithm and 11.0 to 51.1 pum for the fast scan algorithm. Figures 6 and 7 are histograms of the differences between right and left
eyes for standard and fast mean RNFL measurements, respectively. These both show a tendency for right mean RNFL thicknesses to
be greater than left, since there are more subjects on the positive side of zero than the negative side. This tendency prompted a
secondary analysis, specifically, to examine whether right scan order, typically right followed by left, influenced thickness
measurements in the same subjects. In the 10 subjects that were tested alternating right or left eye first, the right eye was still slightly
thicker than the left, regardless of which eye was tested first, but the difference did not meet statistical significance, probably because
of the small sample size. The average right eye/left eye difference was 2.1 pm (SD 3.9, P = .12). The magnitude of the right eye/left
eye interocular difference in mean RNFL did not depend on the order in which the 2 eyes were tested. On average, the right eye/left
eye difference was 0.62 um larger when the right eye was measured first with a 95% CI ranging from —0.76 to +2.00 (P = .37, mixed
model analysis of variance).

Intraclass correlation coefficients between right and left eyes, with 95% Cls, are shown in Table 7 for standard scans and Table 8
for fast scans. Intraclass correlation coefficients were good to excellent for mean RNFL measurements, fair to good for quadrant
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measurements, and fair to good for clock-hour measurements with both scanning algorithms. The P values for all interocular
correlations were <.001.

FIGURE 6

Histogram showing the frequency distribution
Standard Scan of the differences in retinal nerve fiber layer
(RNFL) thickness between right and left eyes
measured by the standard scan algorithm of
15 — the Stratus OCT. The histogram is slightly
skewed to the left, with more subjects having
a slight positive difference in the right minus
left interocular differences than those having
a negative difference.
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FIGURE 7

Histogram showing the frequency distribution
of the difference?s in mean retinal'nerve fiber

layer (RNFL) thickness between right and left
eyes measured by the fast scan algorithm of
15 the Stratus OCT. Similar to Figure 4, there is
a slight left skew to the curve owing to the
fact that more subjects had a positive
= difference between right and left eyes, with
8 - more right eyes having a thicker RNFL than
Lt left.
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Figures 8, 9, and 10 show the association between signed differences in ocular characteristics (refractive error, IOP, and C:D ratio)
and interocular RNFL thickness. The only significant correlations to emerge were with right minus left vertical C:D ratio (P = .005)
and IOP (P =.021). However, while statistically significant, these relationships accounted for only a small percent of the variability in
RNFL average interocular difference, respectively, 8% and 6%.

Figure 11 displays the relationship of Fast RNFL average interocular differences with age for absolute value of differences and the
associated least-squares fits. There may be, if anything, a slight increase in the size of the absolute value of the interocular difference
with age (P = .07), but the percent of variability in interocular difference accounted for by age is a clinically unsubstantial 3% (R?=
0.031). These data do not suggest that accounting for age is desirable when evaluating interocular differences in RNFL thickness
between the 2 eyes of the same person.
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Data from the study of 47 unique normal subjects tested with Cirrus OCT, which is less subject to scan circle placement problems,
showed the same results as the study using Stratus OCT. Figure 12 shows that, except for clock hour 8, mean interocular differences
are similar between Stratus and Cirrus.

TABLE 7. INTRACLASS CORRELATION COEFFICIENTS (ICC)
COMPARING RETINAL NERVE FIBER LAYER THICKNESS USING THE
STANDARD SCAN ALGORITHM OF STRATUS OCT*

95%
CONFIDENCE
VARIABLE ICC INTERVAL P VALUE
Mean 0.894 0.848 — 0.926 <.001
Temporal 0.765 0.673 — 0.833 <.001
Superior 0.740 0.640 — 0.815 <.001
Nasal 0.646 0.521-0.744 <.001
Inferior 0.798 0.717 — 0.857 <.001
9:00/3:00 0.734 0.633-0.810 <.001
10:00/2:00 0.693 0.581 -0.780 <.001
11:00/1:00 0.564 0.420 - 0.680 <.001
12:00 0.709 0.601 —0.792 <.001
1:00/11:00 0.712 0.604 — 0.794 <.001
2:00/10:00 0.565 0.421 -0.681 <.001
3:00/9:00 0.597 0.460 — 0.706 <.001
4:00/8:00 0.564 0.420 - 0.680 <.001
5:00/7:00 0.724 0.620 — 0.803 <.001
6:00 0.694 0.582-0.781 <.001
7:00/5:00 0.774 0.685—0.840 <.001
8:00/4:00 0.645 0.519-0.743 <.001

*Clock-hour values given for right/left eyes.

TABLE 8. INTRACLASS CORRELATION COEFFICIENTS (ICC)
COMPARING RETINAL NERVE FIBER LAYER THICKNESS USING THE
FAST SCAN ALGORITHM OF STRATUS OCT*

95%
CONFIDENCE

VARIABLE 1CC INTERVAL P VALUE
Mean 0.890 0.843 —0.924 <.001
Temporal 0.706 0.596 - 0.790 <.001
Superior 0.741 0.641 - 0.816 <.001
Nasal 0.724 0.619 — 0.804 <.001
Inferior 0.751 0.654 — 0.823 <.001
9:00/3:00 0.608 0.473-0.716 <.001
10:00/2:00 0.624 0.492 - 0.728 <.001
11:00/1:00 0.600 0.462 — 0.709 <.001
12:00 0.722 0.616 - 0.802 <.001
1:00/11:00 0.720 0.614 - 0.801 <.001
2:00/10:00 0.672 0.552-0.764 <.001
3:00/9:00 0.621 0.488 — 0.725 <.001
4:00/8:00 0.635 0.506 — 0.736 <.001
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TABLE 8 (CONTINUED). INTRACLASS CORRELATION COEFFICIENTS
(ICC) COMPARING RETINAL NERVE FIBER LAYER THICKNESS USING
THE FAST SCAN ALGORITHM OF STRATUS OCT*

95%
CONFIDENCE
VARIABLE 1CC INTERVAL P VALUE
5:00/7:00 0.740 0.639 - 0.815 <.001
6:00 0.657 0.543 —0.754 <.001
7:00/5:00 0.724 0.619 - 0.804 <.001
8:00/4:00 0.666 0.544 — 0.760 <.001

*Clock-hour values given for right/left eyes.
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FIGURE 8

This graph shows the relationship between
interocular difference in fast mean retinal nerve
fiber layer (RNFL) thickness (y-axis) and
interocular difference in spherical equivalent of the
refractive error (x-axis). The R? value of 0.011
suggests that very little of the differences in
interocular asymmetry between individuals can be
explained by differences in refractive error.

FIGURE 9

This graph shows the relationship between
interocular difference in fast mean retinal nerve
fiber layer (RNFL) thickness (y-axis) and
interocular difference in intraocular pressure (x-
axis). Although the relationship is statistically
significant (P = .021), this relationship accounted
for only 6% of the variability in interocular
differences between individuals (R? = 0.062).
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FIGURE 10

This graph shows the relationship between interocular
difference in fast mean retinal nerve fiber layer (RNFL)
thickness (y-axis) and interocular difference in vertical C:D
ratio (x-axis). Although the relationship is statistically
significant (P = .005), this relationship accounted for only
8% of the variability in interocular differences between
individuals (R* = 0.081).

FIGURE 11

This graph shows the relationship between interocular
difference in fast retinal nerve fiber layer (RNFL) thickness
(y-axis) and age (x-axis). Although the relationship
approaches statistical significance (P = .07), this relationship
accounted for only 3% of the variability in interocular
differences between individuals (R® = 0.031), suggesting that
very little of the variability in interocular differences is
attributable to increasing age.

FIGURE 12

Results of the analysis performed in 47 unique normal
subjects using Cirrus OCT compared to the fast scan results
of the Stratus OCT from the larger cohort that is the primary
subject of this thesis. The graph shows similar interocular
differences for mean RNFL, quadrants, and clock-hours, both
in direction and magnitude. Since scan circle placement by
the operator is not necessary in Cirrus OCT, it would appear
that interocular differences are not a function of scan circle
placement.
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DISCUSSION

The early diagnosis of glaucoma is a critical step in the management of the disease. If treated early, the prognosis for vision is
excellent. One of the first structures to be damaged in glaucoma is the RNFL, which is the retinal layer containing the axons of the
retinal ganglion cells that are dying from glaucoma. The ability to quantify changes in RNFL thickness early in the course of
glaucoma is one of the features that make OCT appealing as a diagnostic instrument for glaucoma. Since the majority of glaucoma
patients present with damage in one eye before the other (glaucoma rarely developing at the same rate and time in both eyes), it may
be valuable to explore the ability of RNFL measurements to detect the asymmetric development of glaucoma. This is analogous to
using C:D ratio asymmetry in the early diagnosis of glaucoma. The upper limit of a 0.2 difference in C:D ratio observed in
approximately 95% of the normal populations led to the use of this as a clinical sign for the early diagnosis of glaucoma.

The current study was undertaken to explore the hypothesis that one can combine the following 2 diagnostic concepts to enhance
the ability of diagnosing early glaucomatous change. The first concept is that the RNFL, as one of the primary anatomic structures
affected in glaucoma, can be accurately measured with OCT and that measurements showing the thinning of this structure may be
used to diagnose glaucoma. The second concept is that, in normal eyes, the thickness of the RNFL, like the C:D ratio, differs by a
small amount between the 2 eyes. If one can put statistical parameters around the expected difference, then perhaps differences
exceeding this amount could be used to help differentiate early glaucoma from those who just have suspicious disc cupping or ocular
hypertension, similar to the way in which we currently use asymmetry of C:D ratio. It may be that greater cupping or decreased RNFL
thickness represents early glaucoma in the more affected eye that is not being detected with visual field testing. Of course, not all
glaucoma patients lose axons in one eye at a different rate than the other, so the finding of significant RNFL asymmetry would be one
of a number of signs of early glaucoma, similar to the way in which asymmetry of the C:D ratio is used clinically. In a similar way,
the finding of symmetry of thickness may occur in the presence of glaucoma, so symmetry does not signify normalcy.

In medicine, by convention, “normal limits” are accepted as those including 95% of the healthy population.”® Although by this
definition 5% of healthy individuals will have values outside this range, when a patient presents with a measurement outside of normal
limits, it is prudent to suspect the possible presence of disease and manage the patient accordingly. If measurements of a diagnostic
parameter follow a gaussian distribution in the healthy population, 95% normal limits may be calculated as the mean + twice the
standard deviation; however, when measurements do not conform to a Gaussian distribution, these limits are more appropriately
obtained from the distribution’s empirical percentiles.’® In the current study, Figures 6 and 7 show a nongaussian distribution of
interocular differences between right and left eye, supporting the latter type of analysis.

Thus, the current study demonstrates that the statistical normal upper limit of right eye/left eye differences in mean RNFL
thickness measured with Stratus OCT is between approximately 9 and 12 pm, depending on which eye is thicker and which algorithm
is used for testing. When one expands this to measurements of RNFL thicknesses in quadrants and clock hours, the differences
between eyes are much higher and, perhaps, not as useful to quantify and use clinically. The larger differences in quadrant and clock-
hour measurements may be explained by several factors. First, the test-retest variability of clock-hour and quadrant measurements,
even in the same eye on the same day by the same operator on the same instrument, has been found to be higher in these smaller areas
than the mean RNFL thickness over the entire circumference.”’*® Although we assume mirror image symmetry of RNFL thickness
between eyes in these smaller areas, the test-retest variability in the measurements of these areas by the instrument is simply too great
to measure accurately. Part of the reason for less accuracy is inclusion of fewer A-scans and thus less removal of random noise.
Second, the position of the scan circle affects the measurement of mean RNFL thickness far less than individual quadrants and clock
hours, and some degree of misalignment is inevitable. When measuring the mean RNFL thickness, scan position is less important
because any decentering superiorly that would cause the superior RNFL quadrant measurement to be artificially thin (since RNFL
thickness declines with increasing distance from the optic disc?*°*") is offset by the increase in RNFL thickness that occurs inferiorly
by virtue of being closer to the optic disc rim. Thus, the mean RNFL thickness would be expected to be very similar between eyes
despite slight decentration. On the other hand, the quadrant and clock-hour measurements of RNFL thickness would be expected to be
extremely dependent on scan circle position for the reason described above. If the scan circle is decentered superiorly in the right eye,
causing the RNFL values to be artificially thin, comparison with the contralateral eye, which may be perfectly centered, would show
relatively large differences. This phenomenon is even more pronounced when one gets down to the clock-hour level. However, the
Cirrus OCT presumably gets around the problem of scan placement by finding the geometric center of the optic disc and extracting the
same 3.46-mm scan circle every time. One would expect the differences between right and left eyes in the quadrant and clock-hour
measurements to be less with Cirrus than Stratus, but Figure 12 shows these differences are about the same.

Similar results were recently reported by Huynh and colleagues®' in a population-based study of children in the Sydney Childhood
Eye Study. They performed fast scans with the Stratus OCT on both eyes of 1172 6-year old children and found that 95% of them had
a difference of less than 18 pm in mean RNFL thickness measurements. For quadrant measurements, the differences were much
higher, with 95% of children having differences less than 48 pm. No data for clock hours were reported. They concluded that mean
RNFL differences between eyes were less than quadrant or clock-hour measurements, similar to the current study results. It is possible
that their greater difference in interocular symmetry is due to the age of their participants or differences in scanning technique.
Perhaps the amount of asymmetry between eyes decreases with age, thus explaining greater differences found in their study than the
current study. Or perhaps children may not fixate as well as adults, which would make measurements between right and left eyes of
the same subject more variable due to variability in scan circle placement.

An unexpected result in the current study was that there was a small, but statistically significant difference in RNFL thickness
between the right and left eyes of normal subjects. On average the right eye was thicker than the left eye by 1.2 to 1.3 pm. To
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investigate whether this was due to the common practice of always measuring the right eye before the left, a small study was
performed alternating the order of testing in 10 subjects. The trend persisted and clearly was not related to scan order. There may be
several explanations for this finding. First, the right eye may actually have a slightly thicker RNFL than the left eye. Second, it may be
an error related to measuring RNFL thickness with the Stratus OCT. Possible sources of error include positioning of the subject in
relation to the instrument, slight differences in the angle of measurement of RNFL between the 2 eyes, or some other systematic
instrument or measurement error. Park and colleagues,*” using a similar study design, average age, and number of subjects, reported a
difference of 3.27 um between the right and left eyes of the same individuals measured with the fast scan algorithm of the Stratus
OCT (right RNFL thicker than left). On the other hand, Huynh and associates,® in their large study of 6-year-old children, did not find
any difference in mean RNFL thickness between right and left eyes of the same individuals. When we tried to relate interocular
differences in RNFL thickness with age (Figure 11), the contribution of increasing age to asymmetry was extremely small with an R
value of 0.03. These data, combined with that of Park and Huynh, suggest that there may be a slight influence of age on interocular
asymmetry and that, in their large study of 6-year old children, there were no differences, but the differences found in the 2 adult
studies are picking up this effect of age on asymmetry. Studies of C:D asymmetry in children have found a lower percentage of
subjects with asymmetry than those studies performed in older age-groups as well.

OCT IN GLAUCOMA DIAGNOSIS

It was not until the introduction of OCT that direct, noninvasive, in vivo, quantitative measurements of the RNFL were possible.
Huang and colleagues”’ demonstrated that measurements of the peripapillary RNFL could be made with OCT. OCT measures tissue
thickness using the principle of interferometry. A low-coherence light wave produced by a diode laser is projected at biological tissue.
The light wave either passes through or is reflected back by tissue interfaces. The waves reflected back are then matched with a wave
sent to a reference mirror, and the principle of interferometry is used to determine the time delay of the reflected light, similar to
ultrasound. The time delay is a function of the depth of the tissue being measured. If one wants to measure the thickness of the RNFL,
the interface between the posterior vitreous face and the anterior surface of the RNFL is highly reflective, so the light waves are
reflected back off of this surface. Also, sharp contrast between the RNFL and the retinal ganglion cell layer allows the posterior
surface of the RNFL to be identified. The OCT is able to locate these 2 interfaces and then subtract the difference, which gives a
measurement of the RNFL thickness. Multiple measurements, similar to echographic A-scans, can be made in various patterns
determined by the operator. The 2 most commonly performed patterns consist of 6-mm line scans or 3.46-mm-diameter circle scans.
The line scans have been used to measure retinal thickness in the macula and elsewhere, whereas the circle scans have been used to
measure RNFL thickness in the peripapillary region. Early work on peripapillary RNFL measurements by Schuman and associates®®
showed that these measurements had better correlation with visual field loss than C:D ratio or neuroretinal rim area. The early OCT
instruments, OCT1 and OCT2, had an axial resolution of 17 pm in air’’ and lower resolution in tissue. These early instruments were
able to perform 100 A-scans per second. OCT3, or Stratus OCT, introduced by Carl Zeiss Meditec (Dublin, California) in 2002, was
designed to have an axial resolution of approximately 10 pum in tissue and is able to generate approximately 400 A-scans per second.
This has improved the measurements to the point that assessment of the peripapillary RNFL with OCT has been incorporated into
glaucoma management. Taking advantage of this new technology, measurements of the RNFL have been shown to be highly
reproducible’”***7 and to have excellent sensitivity and specificity for glaucoma,”*' particularly in glaucoma patients with visual
field defects. Ideally, one would like to diagnose glaucoma and glaucomatous progression before visual field defects appear, since
multiple histologic studies have shown that thousands of axons, which make up the RNFL itself, are lost before visual field defects
appear,”” even when tested with automated static perimetry.

The way that glaucoma diagnosis is currently made with OCT is to determine whether the patient’s RNFL thickness differs from
that of age-matched controls. It is important to compare an individual’s RNFL thickness to age-matched normal values, since RNFL
thickness is known to decline a measurable amount with age. The OCT printout provides a color coding of the mean RNFL thickness
values, 4 quadrant values, and 12 clock-hour values. If the patient’s value is in the highest fifth percentile compared to age-matched
controls, the value is shaded in white. If the patient’s thickness value is in the middle 90% of age-matched individuals without disease,
the value is displayed in green shading. If the patient’s thickness value is in the range of the thinnest fifth percentile of age-matched
individuals without disease, the value is displayed in yellow shading. And if the patient’s value is in the range of the thinnest one
percentile of RNFL for age-matched individuals without disease, the value is displayed in red shading. Figure 4 and its accompanying
legend review the interpretation of peripapillary OCT in a glaucoma suspect.

The usefulness of any new test in medicine depends on its ability to distinguish people without disease from those with disease
and/or its ability to detect disease progression. Demonstrating either of these in glaucoma is difficult. The diagnosis of glaucoma
remains a clinical one, based on documented characteristic changes in the optic disc (a subjective determination requiring very
obvious abnormalities or serial photographs over many years) and/or visual field abnormalities (a subjective test for the patient that
lacks sensitivity for early glaucoma). Studies of the sensitivity and specificity of OCT for the diagnosis of glaucoma have primarily
focused on cross-sectional studies of glaucoma patients who already have visual field defects. The reason for this is that there have
simply not been enough longitudinal studies of patients converting from normal to glaucoma by serial optic disc photography who
have also been measured using OCT. Understanding these limitations, measurements of the peripapillary RNFL with Stratus OCT
have been shown to be sensitive and specific for glaucoma,”*' especially in those patients who already have visual field defects.
Ideally, we would like to have an objective test that is able to diagnose glaucoma and glaucomatous progression before visual field
defects appear, since multiple histologic studies have shown that thousands of axons, which make up the RNFL, must be lost before
visual field defects appear,”® even when tested with automated static perimetry. This level of sensitivity, especially if these “pre-
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perimetric” cases of glaucoma are to be included, has not yet been demonstrated with OCT. Perhaps the current proposed
methodology, which may identify patients with asymmetric RNFL measurements before the development of frank abnormalities of
the RNFL thickness compared to age-matched controls, can be used to improve the early detection of glaucoma. Another approach
that we are working on is attempting to identify what would be considered statistically abnormal change in RNFL thickness over time
within the normal range of thickness values. This method, like serial optic disc photography, also requires longitudinal measurements
over many years, rather than a measurement at one point in time, which is one advantage of using asymmetry analysis.

There are a number of factors other than glaucoma, such as age, optic disc size, and axial length, that may affect RNFL thickness.*
Only age is accounted for in the normative database software, and since the same age correction applies to both eyes of the same
patient, it is not a critical variable to consider. However, optic disc size is probably very important to consider when evaluating RNFL
asymmetry in a glaucoma suspect. Budenz and associates™ found that using the fixed scan circle of 3.46-mm diameter around the
optic disc, eyes with large optic discs have thicker RNFL values keeping everything else constant. Specifically, for every increase in
optic disc area of 1 mm?, there is an increase in measured RNFL thickness of approximately 2 pm. This affects both the interpretation
of results of an individual patient when trying to diagnose glaucoma (patients with larger optic nerves with thicker RNFL
measurements would tend to fall into the normal range, perhaps incorrectly) and symmetry analysis (if the 2 eyes have different-sized
optic nerves, this could produce asymmetry of RNFL thickness that is physiologic rather than pathologic). Carpineto and colleagues®
performed Stratus OCT measurements using the fixed 3.46-mm-diameter circle and a variable scan circle diameter designed to
measure the RNFL 0.85 mm from the edge of the optic disc in the same group of 30 normal eyes. They showed that RNFL thickness
is unrelated to vertical optic disc diameter if one measures RNFL thickness a fixed distance from the disc margin. In fact, they were
able to eliminate the variability in RNFL thickness due to optic disc size by measuring a fixed distance from the optic disc rather than
using a fixed circle around the optic disc. However, the current normative database for Stratus OCT is based on a fixed scan circle
diameter around the optic disc rather than a variable scan circle taken a fixed distance from the optic disc margin. A new normative
database would be needed to correct for differences in optic disc size. This would make assessment of RNFL asymmetry independent
of disc size. In the meantime, the clinician would need to make an assessment of disc size asymmetry when evaluating RNFL
asymmetry, just as he or she does now when assessing asymmetry of C:D ratios.

C:D ASYMMETRY AND GLAUCOMA

Now that we have collected data on asymmetry between the 2 eyes, a second concept, using asymmetry of the RNFL between the
2 eyes of the same individual for diagnosis, can be explored. The hope that this may be possible is based in part on the successful use
of asymmetry of the optic nerve cup as an early sign of glaucoma for several decades. The amount of cupping of the optic nerve is,
after all, dependent on the size of the optic nerve and the number of axons that make up the neuroretinal rim. The latter parameter is
measurable as the RNFL thickness on OCT.

Most standard textbooks on the diagnosis and management of glaucoma identify C:D ratio asymmetry as an important sign in the
early diagnosis of glaucoma. Chandler and Grant’s Glaucoma states, in bold, that “Asymmetry of the physiologic cups in the two
eyes is seldom seen in normal eyes and, until proven otherwise, must be considered a sign of early glaucoma.”” Spaeth, in
describing findings consistent with glaucomatous optic nerve damage, has stated that asymmetry of the optic cup is “highly
suggestive” of glaucoma in the absence of other causes, such as anisometropia, myopia, and obvious disc anomalies.”" This brings up
an important point because, just as cup size can vary between eyes simply because of a difference in optic disc size (eg, larger optic
discs may have larger cups that are physiologic rather than pathologic), one must be wary of differences in RNFL thickness due to
differences in optic disc size. Larger optic discs have been shown to have thicker RNFL measurements with OCT.%® There are 2
possible explanations for this phenomenon. First, Stratus OCT measurements of RNFL thickness are made at a fixed radius of 3.47
mm from the center of the optic disc. RNFL thickness is known to decrease as one moves further from the optic disc margin. Varma
and colleagues® demonstrated this in a histologic study in human eyes. An alternate hypothesis is that large optic nerves simply have
more axons. This has been shown in histologic studies of monkey eyes.”” Another important point brought up by Spaeth is the issue of
anisometropia. Increasing myopia has been found to be associated with thinner nerve fiber layer thickness measurements in normal
subjects,®”*™ so patients with significant anisometropia would be expected to have differences in RNFL thickness due to that factor.
However, in the absence of any significant asymmetry in optic disc size or refractive error between the 2 eyes, C:D ratio asymmetry
has been found to be a useful early diagnostic sign of glaucoma in epidemiologic studies, clinical trials, and in clinical practice. In the
current study, there were no significant differences in optic disc size, optic cup size, or refractive error between the eyes of the same
individuals, so these variables would not be expected to affect the results.

A number of population-based cross-sectional surveys of C:D ratios have found that few normal subjects have asymmetry in C:D
ratios greater than 0.2. In the Framingham Eye Study,” a C:D ratio of >0.2 between eyes was used as a criterion for referral for
complete evaluation for glaucoma. In the screening portion of the study, C:D ratio was assessed by direct ophthalmoscopy and
compared to the C:D ratio assessed in standard stereoscopic photographs. Approximately 6.6% of their population had C:D ratios >0.2
in either the horizontal or vertical dimension.’* Interestingly, in subjects with C:D asymmetry defined this way, almost twice as many
had a larger C:D ratio in the right eye.” Disc size, however, was not factored into the analysis. An analysis of 3387 stereoscopic optic
disc photographs taken as part of the Baltimore Eye Survey found that a difference in vertical C:D ratio of >0.2 occurred in only 2%
of normal African Americans and 5% of normal Caucasians.” A difference of >0.3 between the C:D ratios of the 2 eyes was found in
fewer than 1% of normal African Americans and fewer than 2% of normal Caucasians.” In the Rotterdam Study, >' 5.8% of the 6199
subjects examined by ophthalmoscopy had a vertical C:D ratio asymmetry >0.2 and 1.6% had a vertical C:D ratio 20.3. This number
included individuals subsequently diagnosed as having glaucoma, so an estimate of the percentage of nonglaucomatous subjects with
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this much asymmetry would be even lower. In the Blue Mountains Eye Study,”® C:D asymmetry of 0.2 or more was found in only 6%
of normal subjects compared to 24% of patients identified with glaucoma. When the difference in C:D ratio was expanded to 0.3 or
more, 10% of glaucoma patients and only 1% of normal subjects were found to have this much asymmetry.

Several cross-sectional studies specifically designed to look at optic nerve cupping, but not performed as part of larger population-
based eye surveys, have also shown that most normal individuals have very symmetric C:D ratios, particularly compared to glaucoma
suspects, ocular hypertensive individuals, or glaucoma patients. Snydacker’’ reviewed 500 randomly selected charts from normal
patients in his ophthalmic practice and observed that “optic discs were the same in 485 out of 500 patients”’ """ when viewed with
the direct ophthalmoscope. He concluded that “the optic disc is usually the same in each eye.””’®**" Armaly’® recorded the C:D ratios
of 724 normal individuals as part of a study to determine the influence of genetics on this parameter. He found that only 8% of
subjects had C:D ratios that differed by more than 0.1 and 1% by more than 0.2. Although not the main purpose of his study, he
concluded, referring to C:D asymmetry, that “difference between the two eyes in this respect is more significant of possible pathology
than that of the size of the optic cup alone.””*"*? Richardson’ looked at the optic nerves of 468 newborn infants and found that only
11 (2.3%) had C:D asymmetry “of any degree”*®*® and only 3 (0.6%) were judged to have “marked” asymmetry between the 2 eyes.
Specific C:D ratio differences were not mentioned. In a cross-sectional study of optic disc asymmetry in 500 normal, 160 ocular
hypertensive, and 53 established glaucoma patients, Fishman* found significant C:D asymmetry in only 5.6% of normal individuals
compared to 30% of those with ocular hypertension and 36% of glaucoma patients, supporting his conclusion that “any [italics added]
asymmetry of disc cupping [is] an important alerting sign of possible glaucomatous change.”****” Carpel and Engstrom® examined
580 individuals with the direct ophthalmoscope and with the Hruby lens at the slit lamp primarily to compare the C:D estimates of the
2 methods. Only 14 of the 580 subjects (2.4%) had a difference of 0.2 or more. Jonas and colleagues®' performed magnification-
corrected morphometry of 457 optic disc photographs of normal subjects. They found that the horizontal and vertical C:D ratio
differed by more than 0.2 in only 4% of normal individuals. Carassa and associates’ compared the stereoscopic optic disc
photographs of 75 ocular hypertensive patients to those of 57 control subjects and observed significant interocular asymmetry in the
optic cup size of ocular hypertensive patients compared to controls, particularly in the inferior part of the cup.

Several longitudinal cohort studies of ocular hypertensive patients have identified C:D asymmetry as a significant risk factor for
the development of glaucoma. Yablonski and associates® followed 102 patients with ocular hypertension (elevated IOP without visual
field loss on Goldmann perimetry) using stereoscopic optic disc photographs, among other methods. All 4 authors acted as masked
readers in estimating C:D ratios and progressive cupping over the subsequent 5 years of the study. They found that baseline C:D ratio
differed by 0.2 or more in 91% of ocular hypertensive subjects that progressed to glaucoma as determined by visual field loss.
Moreover, baseline C:D ratio differed by 0.2 or more in 75% of subjects who progressed to glaucoma as shown by optic disc changes.
Because of these findings, which suggest that C:D asymmetry may be a sign of early glaucoma, the Ocular Hypertension Treatment
Study considered C:D asymmetry exceeding 0.2 an exclusionary criterion® because this is a “sign of pre-existing glaucomatous
damage” (Ocular Hypertension Treatment Study Group. Manual of Procedures, Ocular Hypertension Treatment Study, version 3.1,
September 24, 2001:7-12). In a cohort study of 647 ocular hypertensive patients, Quigley and colleagues®' found that the top 2 risk
factors among a number of baseline demographic and clinical characteristics were, first, the presence of nerve fiber layer atrophy
(relative risk 3.67 to 8.89, depending on severity) and asymmetry in the C:D ratio (relative risk 2.20 to 2.70, depending on amount of
asymmetry). In the European Glaucoma Prevention Study,* individuals with ocular hypertension and a vertical C:D ratio difference
between eyes of 0.4 or greater were excluded. In their report on the risk factors for conversion from ocular hypertension to primary
open-angle glaucoma (POAG), these investigators® found that vertical C:D asymmetry between eyes, even though baseline C:D ratio
differences had to be within 0.3, increased the risk of developing POAG by 46%. This was one of only 5 risk factors for the
development of POAG identified in the multivariate analysis.

ASYMMETRY USING OTHER GLAUCOMA IMAGING MODALITIES

Confocal scanning laser polarimetry, performed by the HRT, has been used to evaluate the neuroretinal rim and other optic disc
parameters as a way of diagnosing and following glaucoma. Harasymowycz and colleagues® looked at a unique HRT parameter
known as RADAAR, or ratio of rim area to disc area asymmetry, in a group of 140 randomly selected glaucoma patients and found
that asymmetry between the 2 eyes correlated with various measures of glaucomatous optic neuropathy. The ratio of rim area to disc
area appears to be a surrogate for the amount of retinal ganglion cell axons anatomically, so it would seem that an actual measurement
of the RNFL thickness would give a similar result. A difference in their measure of asymmetry, as compared to ours, is that they
controlled for differences in optic disc area between the 2 eyes of the same patient, something that is not incorporated into the OCT
software, even though disc size has been found to influence RNFL thickness.”® In a large population survey that measured HRT
parameters in all subjects, Hawker and colleagues*® developed limits for the normal amount of symmetry in 459 of their normal
subjects. They identified the rim-to-disc area ratio as the most useful parameter because it is less affected by differences in disc size,
which occasionally occur in normal individuals.

Scanning laser polarimetry, performed by the GDx, provides an indirect measure of nerve fiber layer thickness calculated from the
retardance of polarized light by the birefringent properties of axons. Shaikh and Salmon®’ reviewed the GDx scans (with variable
corneal compensator) in 43 glaucoma suspects. Asymmetry of the nerve fiber layer index was identified as the most useful parameter
for decision making in these patients.

Measurements of total retinal thickness have not received as much attention clinically as have measurements of optic disc
topography or retinal fiber layer analysis. However, the retinal ganglion cell layer and RNFL together make up a significant portion of
the total retinal thickness; measurements of total retinal thickness would be expected to reflect loss of ganglion cells and their axons in
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glaucoma. Using the retinal thickness analyzer (RTA; Talia Technology Ltd, Mevaseret Zion, Israel), Zeimer and colleagues®® found a
significant relationship between total retinal thickness asymmetry and visual field loss in glaucoma patients. This finding is most
certainly due to the fact that asymmetry in the loss of retinal ganglion cells and their axons accounts for the change in total retinal
thickness.

ASYMMETRY IN FUNCTIONAL TESTING FOR GLAUCOMA

The concept of using ocular symmetry to diagnose early glaucoma has also been applied to assessing the functional status of the visual
system. Brenton and associates®” performed Humphrey (Carl Zeiss Meditec, Dublin, California) visual fields in 20 normal subjects
and found that a difference in mean exceeding 1.4 dB occurred in fewer than 1% of normal subjects. As one compares individual
points in the visual field, the differences get larger, analogous to looking at individual clock hours with OCT. This phenomenon has
several explanations. First, since the mean deviation and mean RNFL thickness averages values from the entire test, signal averaging
will create less variability in measurements by reducing noise, averaging out the overestimates and the underestimates. Second,
positioning of the eye in perimetry and in OCT would likely create more variability in individual points than the mean value. Feuer
and Anderson® performed a similar study, in which they tested 20 normal subjects with Humphrey visual fields in both eyes and then
tested one of the 2 eyes twice. They found that the average difference between the 2 eyes was very small (0.33 dB) and very similar to
the test-retest variability when the same eye was tested twice. Their study supports the conclusion that most normal subjects (96%)
have a difference in mean deviation of less than 1.5 dB between the 2 eyes and that a difference greater than this, particularly if
confirmed in the same direction on repeat testing, is highly suggestive of glaucoma, especially in the presence of some other
abnormality, such as asymmetry in IOPs or asymmetry in C:D ratio. Poinoosawmy and colleagues’ reviewed the visual fields at
initial presentation of 403 patients with “normal-tension” glaucoma and 337 patients with “high-tension” glaucoma to determine the
frequency of patients with visual field defects in one eye but none in the other. In the “normal-tension” glaucoma group, 25%
presented with unilateral visual field loss, whereas 31% of patients in the “high-tension” glaucoma group had unilateral field loss. This
is might be analogous to finding thinning of the RNFL in one eye compared to the other with OCT in patients with early glaucoma.

Multifocal visual evoked potentials (mVEPs) and pattern electroretinogram (PERG) are newer techniques for measuring the
functional status of the visual system in glaucoma. The mVEP identifies localized functional deficiencies in the retina and, therefore,
visual field, by stimulating the retina in 60 distinct locations and recording brain wave activity in the occipital cortex. In this way, one
may obtain an objective, rather than subjective, assessment of visual field function at many locations. Although several investigators
have shown that there is too much intersubject variation for this test to be useful in distinguishing glaucoma patients from normal
individuals,”*** the concept of intereye symmetry has been shown to be extremely useful in detecting early functional loss.”* The
concept is similar to the one we are proposing: while both eyes with glaucoma may eventually develop visual field defects, these are
unlikely to occur to the exact same degree in both eyes in the same individual at the same time. In a study of 6 normal subjects and 4
glaucoma patients, Hood and colleagues™®'**” found that the multifocal VEP responses in the 2 eyes of the same subject were
“essentially identical” in most regions of the visual field. Graham and colleagues” confirmed the usefulness of asymmetry analysis
with mVEP in a much larger study of 24 normal controls, 70 glaucoma patients, and 31 patients at high risk for glaucoma. Pattern
ERG, on the other hand, is a functional measure of the visual system that works by presenting alternating high-contrast images (black
and white checkerboard stripes) to each eye and measuring the electrical response with skin electrodes applied to the face.”® The
PERG measures the global response of the central retina to this type of stimulus, and the response is dependent on healthy retinal
ganglion cells. In glaucoma, of course, these are the cells that are lost in the retina, so the response of the retinal ganglion cells would
be expected to correlate with the presence and severity of glaucoma. Especially because some sources of interocular variance is
eliminated by recording from the 2 eyes simultaneously, asymmetry in PERG amplitude between eyes has been suggested as a way of
diagnosing early glaucoma.’’

ASYMMETRY IN INTRAOCULAR PRESSURE

Asymmetry in IOP is also rather unusual in the normal population. If one defines IOP asymmetry as a difference of 1 SD from the
mean of the population, then, for instance, in the Blue Mountains Eye Study, approximately 5% of people over age 49 have a
difference greater than or equal to 3 mm Hg between eyes.”® In this study, people who were identified with [OP asymmetry of >3 mm
Hg had an odds ratio of 4.0 for developing glaucoma compared to those without significant asymmetry in a multivariate analysis. No
attempt was made to correlate the eye with the higher IOP with glaucomatous damage in this brief report. Several studies of normal-
tension glaucoma have demonstrated that even in the “normal” range of IOP, the eye with the higher IOP tends to be the one with the
most glaucomatous damage.” ' There is one recent study that disputes this, however. In the Low-Pressure Glaucoma Treatment
no relationship was found between IOP asymmetry and visual field asymmetry. In the Ocular Hypertension Treatment
Study, ™ the main analysis of risk factors for development of POAG was performed by averaging IOP values in the 2 eyes, making it
impossible to analyze interocular pressure differences in the original multivariate analysis of risk factors for developing POAG. But a
recent reanalysis of the Ocular Hypertension Treatment Study data in which data from the 2 eyes were analyzed separately found a
17% increased risk of developing POAG for every 1 mm Hg difference in symmetry between the 2 eyes of the same subject.'®

CONCLUSIONS

104

In their early work in this area, Quigley and Sommer'® recommended using asymmetry in the appearance of the RNFL between the 2
eyes as a way to diagnose early glaucoma and compared this clinical sign to that of C:D asymmetry. Accepting that accurate and
reproducible measurement of the RNFL can be made with OCT and that asymmetry of the RNFL thickness is an important clinical
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sign found in some early glaucoma patients, one can begin to put parameters on what constitutes the normal amount of variation in
RNFL thickness between the right and left eyes. This is similar to what was done with C:D ratios, which uncommonly differ by more
than 0.2. In the current study, it has been demonstrated that the normal individuals studied have mean RNFL thicknesses that differ by
less than 8.9 to 10.8 pm with a standard OCT scan and 10.6 to 11.7 um with a fast OCT scan, depending on which eye measures
thicker. The current study also suggests that the symmetry of quadrant and clock-hour measurements of RNFL thickness is quite low
and varies by location, making these parameters less useful clinically.

Two important variables that must be taken into account if one wants to use RNFL thickness variation between the 2 eyes as a sign of
early glaucoma are symmetry of optic disc size and symmetry of refractive error. Just as in eyes with asymmetric discs, which may
have asymmetric cups that are still normal (the larger disc usually having the larger cup and the smaller disc having the smaller cup),
differences in RNFL thickness due to differences in disc size also exist.®® Thus one may expect thicker peripapillary RNFL
measurements in the eye with the larger of the 2 discs and vice versa. Similarly, eyes with higher myopic refractive errors (greater
axial length) will have thinner RNFL thickness measurements,”® so significant anisometropia would create asymmetry in RNFL
measurements. So, when detected, these other factors must be taken into account. While these particular anatomic variations have
been studied, it should be made clear that there may be other causes of asymmetry, in addition to glaucoma, that have not been
studied. Amblyopia, especially if not associated with a history of misaligned eyes, may be due to undetected anatomic asymmetry of
the 2 eyes and may affect RNFL thickness. Other diseases with clinically obvious or subclinical optic atrophy (such as multiple
sclerosis) may have thinning of the RNFL that can be asymmetric. As with so many diagnostic tests, the results have to be interpreted
in the context of other clinical signs and the reason that the clinical test was obtained. Thus, for example, if an RNFL scan is done as a
matter of routine whenever the retina is examined (for example, for retinal vascular occlusive disease or diabetic retinal edema),
abnormalities or asymmetries of the RNFL thickness may be part of the retinal disease, unless there are other reasons to suspect the
presence of glaucoma.

Retinal nerve fiber layer asymmetry would not be expected in all cases of early glaucoma, just like not all early glaucoma cases
have C:D asymmetry. There are clearly patients in whom both eyes progress at the same rate, in which case the optic disc cupping and
RNFL thickness would stay symmetric but progressively worsen more or less at the same rate. But a finding of asymmetry of the
RNFL greater than 9 to 12 pm may assist in identifying some early cases of glaucoma and, perhaps combined with other suspicious
findings, may help push us into making the diagnosis of glaucoma earlier than we would have otherwise. Conversely, since we are
using the 95th percentile of the normal difference between eyes, we would expect that 5% of normal individuals would, in fact, vary
by more than the parameters defined above. Thus, we are not proposing the use of OCT RNFL asymmetry measurements as a
screening tool in normal populations. Since our definition of abnormality is a statistical one, far too many people would screen
positive for glaucoma using asymmetry alone as a diagnostic criteria. Rather, we are suggesting that OCT RNFL asymmetry might be
used in conjunction with other clinical parameters, such as elevated IOP, C:D enlargement or asymmetry, or other clinical signs, in the
diagnosis of early glaucoma. Specifically, the clinician would generally obtain OCT in patients with some other risk factor (such as
elevated IOP) or clinical sign (such as large C:D ratio) of glaucoma. In such cases, adding the abnormal finding of significant RNFL
asymmetry might provide additional evidence of early structural change consistent with glaucoma, thereby prompting the initiation of
therapy at an earlier stage of the disease.
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