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Abstract

Objective— To analyze glaucomatous eyes with known focal defects of the nerve fiber layer (NFL),
relating optical coherence tomography (OCT) findings to clinical examination, NFL and stereoscopic
optic nerve head (ONH) photography, and Humphrey 24-2 visual fields.

Design— Cross-sectional prevalence study.

Participants— The authors followed 19 patients in the study group and 14 patients in the control
group.
Intervention— Imaging with OCT was performed circumferentially around the ONH with a circle

diameter of 3.4 mm using an internal fixation technique. One hundred OCT scan points taken within
2.5 seconds were analyzed.

Main Outcome Measures— Measurements of NFL thickness using OCT were performed.

Results— In most eyes with focal NFL defects, OCTs showed significant thinning of the NFL in
areas closely corresponding to focal defects visible on clinical examination, to red-free photographs,
and to defects on the Humphrey visual fields. Optical coherence tomography enabled the detection
of focal defects in the NFL with a sensitivity of 65% and a specificity of 81%.

Conclusion— Analysis of NFL thickness in eyes with focal defects showed good structural and
functional correlation with clinical parameters. Optical coherence tomography contributes to the
identification of focal defects in the NFL that occur in early stages of glaucoma.

The early diagnosis of nerve fiber layer (NFL) changes is crucial for all patients with glaucoma.
Once a visual field deficit is detectable, the disease has already caused irreversible visual loss.
—4 Localized retinal NFL abnormalities and localized neuroretinal rim changes have been
shown to precede visual field defects earlier than other signs detected during the conventional

ophthalmologic examination.®~/

Glaucomatous changes in the NFL can be classified into those with focal nerve fiber damage,
those with diffuse damage, and those with a combination of the two. A focal defect in the NFL
corresponds with a wedge or bundle defect of the NFL, with its base reaching the horizontal

fundus raphe and its tip touching the optic disc border in less than 60° of the disc circumference
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and often a corresponding small deep visual field defect (indicated by corrected pattern
standard deviation in the Humphrey visual field analyzer). In early glaucoma, bundle defects
in the NFL may not affect the neuroretinal rim appearance because the damaged NFL is located
in the deep retinal Iayers.576’8_13 In cross-sectional studies, focal defects are found in
approximately 20% of the glaucomatous eyes examined. Bundle defects can also occur in eyes
with atrophy of the optic nerve because of other factors, such as optic disc drusen, toxoplasmic
chorioretinal scars, ischemic retinopathy with cotton—wool spots of the retina, Leber’s
hereditary optic neuropathy, longstanding papilledema, and optic neuritis due to multiple
sclerosis.14 These defects are usually located in the inferotemporal and sugerotemporal fundus
regions and are most often found in early, rather than advanced, glaucoma. 4,15 Bundle defects
can also be associated with optic disc hemorrhages.lal17 Unlike slitlike changes, localized
NFL defects rarely occur in normal eyes.

Diffuse defects of the NFL are characterized by a generalized thinning of the NFL and often
a loss of mean sensitivity in the visual field testing (indicated by baseline mean deviation in
the automated visual fields). It is more difficult to detect diffuse defects of the NFL than to
detect focal defects by conventional visual field techniques.

Most patients with glaucoma present with a localized defect of the NFL associated with diffuse
thinning of the NFL; these findings may or may not be associated with localized or diffuse
defects on visual field testing.

Conventional clinical tools (e.g., oghthalmoscopy) are subjective and show great variability
with even experienced observers.18 The interpretation of NFL photographs is influenced by
the examiner’s experience and the amount of melanin in the patient’s pigment epithelium.19
It also depends on the age of the patient. The shiny look of the retina prevents the focus of
viewing on the NFL reflex in younger individuals.10 Blue light improves the visualization of
the retinal NFL, but in older patients with yellow discoloration of the lens, the clinical
evaluation of the NFL is limited because of the filtering of blue light through the cataractous
lens.14 The neuroretinal rim and the optic disc show considerable interindividual variability.

1

Optical coherence tomography (OCT) is a new optical device that permits a noncontact, high-
resolution, and cross-sectional imaging of the anterior and posterior segment of the eye as well
as quantitative assessment of different layers. Compared to current diagnostic techniques, OCT
is not limited by ocular aperture, does not lack sensitivity nor reproducibility, and still achieves
a high axial resolution of approximately 10 um. In this study, we compared eyes with known
focal defects of the NFL to eyes of glaucoma suspects and control patients using OCT and
conventional clinical tools to evaluate glaucoma.

Patients and Methods

All patients examined between April 1994 and June 1996 at the New England Eye Center,
Boston, Massachusetts, who met our criteria as study or control patients and who signed an
informed consent approved by the Human Investigation Review Committee of New England
Medical Center were included. All subjects underwent complete ophthalmologic examination
including medical, ocular, and family history; visual acuity testing; Humphrey 24-2 visual
field testing; undilated and dilated intraocular pressure (IOP) measurement; slit-lamp stereo
biomicroscopy; indirect ophthalmoscopy; NFL and stereoscopic ONH photography; and OCT
examination during each visit. All 24-2 Humphrey visual fields, NFL, and optic disc
stereophotographs were reviewed separately by two investigators in a masked fashion (JSS
and TPK).
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This study was designed as cross-sectional, in which eyes with focal NFL defects were
compared to control eyes over a relatively short period of time.

We calculated a mean of IOP measurements during all visits included into this study. The
clinical data (e.g., IOP measurements) during one or more visits per patient were included into
the study if recorded the same day as the OCT examination.

Criteria used to identify normal subjects were no history of glaucoma, retinal pathology, or
intraocular surgery; best-corrected visual acuity of 20/40 or better; normal Humphrey 24-2
visual field; IOPs of 21 mmHg or lower; and no obvious pathology of the optic nerve or NFL
by stereoscopic slit-lamp biomicroscopy.

The entry criteria used to identify glaucoma suspects were no history of intraocular surgery or
retinal pathology, normal Humphrey 24-2 visual field testing, IOPs between 24 and 30 mmHg,
and/or abnormal or asymmetric cupping of the optic nerve heads.

Criteria used to identify study subjects were focal defects of the NFL detected by slit-lamp
biomicroscopic examination that were adjacent to the optic disc border during at least one visit.
Although the criteria to identify study subjects were not based on the results of Humphrey
visual field testing, most focal NFL defects corresponded to localized deep Humphrey 24-2
visual field defects with elevated corrected pattern standard deviation values. Early glaucoma
was defined as patients who did not have complete loss of the neuroretinal rim in any quadrant
and had visual field loss only on one side of the horizontal meridian by Humphrey 24-2 visual
field testing. Advanced glaucoma was defined as a complete loss of the neuroretinal rim or
visual field loss above and below the horizontal meridian.22

According to our previous findings of approximately 10-um thinning of the NFL for each 10
years of age, we allowed a difference of £5 %/ears between the study subject and control patients
(normal and glaucoma-suspect patients).2 We included any patient meeting the criteria for
our study or control group during the above-mentioned period.

Optical Coherence Tomography Technology

Optical coherence tomography is a new optical technique for high-resolution measurements
and cross-sectional imaging of the retina and the NFL in particular. Measurements are
performed using a fiber-optically integrated Michelson interferometer with a short coherence
length superlumnescent diode source. One arm of the interferometer is a modular probe that
directs light onto the subject and collects the retroflected signal. A second arm of the
interferometer includes a translating retroflecting mirror. Interference is observed only when
the optical path lengths of the two arms are matched to within the coherence length of the light
source (typically approximately 10-20 um). Translating the reference mirror and demodulating
the interference signal at the detector produce a 1-diopter (D) depth reflectivity or low
coherence interferometry.23_30 Unlike optic nerve head analyzers, Heidelberg Retinal
Tomographs, and other new optical devices, OCT requires no reference plane. Optical
coherence tomography provides an absolute measurement of retinal substructure from which
the NFL thickness is calculated. Near-infrared illumination (840 nm) is used to minimize
patient discomfort. The OCT system was integrated into a conventional slit-lamp
biomicroscope using fiber optics: the slit-lamp biomicroscope, a +78-D condensing lens
mounted on the slit-lamp in front of the eye, and an attached infrared-sensitive video camera
provided a view of the scanning beam on the fundus. Axial reflectance profiles (A-scans) are
measured versus depth. Tomographic images are constructed from a series of A scans while
scanning across the retina. We have used a computer algorithm to quantitate NFL and retinal
thickness. The data are displayed as a two-dimensional false-color image in real time on a
computer monitor.
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The limit for safe ocular exposure to the low coherence light used in OCT is based on and
documented by the American National Standards Institute. Optical coherence tomography
imposes no known risk to the participating subject. The scan rate used for this study was 100
lateral pixel retinal tomograms with a depth of 3 mm taken in 2.4 seconds. The axial resolution
was 14 um in air and predicted a higher resolution value in vivo because of the differences in
refractive indices. In structures with greater differences in reflectivity (e.g., vitreoretinal
surface), we expected higher resolution values than in structures with similar reflectivity (e.g.,
between neurosensory layers of the retina). The transverse resolution was a function of size of
the optical beam waist and the distance between pixel elements. The circular tomogram
consisted of 100 A-scans obtained across a tissue area of 110 um. For better readability, the
images are displayed doubly expanded in the longitudinal plane.

Optical Coherence Tomography Technique

Each subject underwent circular scans around the center of the optic disc using a circle size of
3.4 mm, which provided measurements that allowed analysis of focal defects of the NFL. The
circle size of 3.4 mm was selected for this study because it allowed measurements of the NFL
in a thicker area than the 4.5-mm-diameter circle used previously, provided better
reproducibility than the 2.9-mm diameter, and was unlikely to impinge on the ONH, even in
eyes with large discs.23

Because the operator was provided with a video camera view of the scanning probe beam on
the fundus and a computer monitor showing the OCT image acquired in real time, he was able
to center the circular scan on the ONH while the subject fixated with the eye being studied
(internal fixation technique). The internal fixation technique produced better reproducibility
than the external fixation technique, in which the subject fixated with the other eye.23 Fine
positioning of the circular scan around the center of the optic disc was accomplished by
keyboard control of the scan length, vertical and horizontal orientation, and position relative
to the patient’s fixation point. A computer-controlled, flashing fixation light provided in the
eye being scanned permitted the location of repeat images to be consistent between follow-up
visits. The offset in the vertical and horizontal planes of each scan relative to the computer-
controlled fixation light was automatically recorded with each image so that the position of
each scan on the fundus was accurately determined. The centering technique depended on the
examiner’s ability to perform fine positioning of the circular scan. Although the reproducibility
of NFL thickness measurements of normal and glaucomatous eyes by OCT during several
visits has been studied, the patient’s position in the sagittal plane may influence the
reproducibility of centering of OCT scans around optic discs.23 The NFL thickness
measurements of normal and glaucomatous eyes using OCT have proved to provide adequate
reproducibility: in a series of three circular scans taken on five separate occasions using the
internal fixation technique, OCT NFL thickness reproducibility, as measured by intraclass
correlation coefficient, was found to be 0.56 in normal eyes and 0.52 in glaucomatous eyes,
when placing a 3.4-mm-circle diameter around the center of the optic nerve.

An OCT scan consisted of 100 OCT points, which were taken within 2.5 seconds. These 100
OCT points were analyzed to be able to detect such microstructural changes as focal defects.
The OCT points 0 to 24 were defined as the thickness measurements done in the superotemporal
quadrant, 25 to 49 in the superonasal quadrant, 50 to 74 in the inferonasal quadrant, and 75 to
99 in the inferotemporal quadrant in both right and left eyes (Fig 1).

Image Processing and Analysis

We used an image processing algorithm to remove eye motion artifacts and to quantify retinal
and NFL thickness automatically after data collection. The algorithm determined the retinal
thickness according to a characteristic reflection pattern using an edge detection technique: the
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anterior border of the retina represented the first reflection in the vitreoretinal interface, and
the anterior border of the choriocapillaris/retinal pigment epithelium corresponded to a highly
reflective layer that ends at the scleral rim of the optic nerve head. The NFL was identified as
a highly reflective layer at the vitreoretinal surface. Its posterior border was located for each
longitudinal scan by searching from the photoreceptor layer anteriorly up to a certain threshold.
This threshold was determined as a specific portion of highest reflectivity in each longitudinal
scan. The thickness of the NFL corresponded to the thickness of the NFL measured
histologically in previous studies.22 The photoreceptor layer was assumed to represent the
minimum reflective layer located in between the anterior and posterior borders of the retina.
Shadowing, caused by blood vessels, was corrected through linear interpolation. The images
were displayed in false-color, in which bright colors (red to white) corresponded to regions of
high relative optical reflectivity or backscattering and dim colors (blue to black) represented
areas of minimal or no relative reflectivity. The NFL and retinal pigment epithelium boundaries
were automatically highlighted with a blue line, and the superficial surface of the retina was
denoted with a white line. The thickness measurements were reported for each longitudinal
scan. Detailed information is included in the Appendix section.

Computational and Statistical Methods for Optical Coherence Tomography

For each OCT scan, the first quartile (Q1, the 25th percentile value), third quartile (Q3, the
75th percentile value), and median NFL thickness values (over the 100 OCT points) were
determined. For each OCT scan among the control eyes, the NFL thickness curves were
standardized as follows: (NFL - median)*2/(Q3-Q1).

By standardizing, we eliminated much of the interperson variation in the level and shape of
the NFL curves. If we are indeed measuring the NFL thickness correctly, a focal NFL defect
should correspond to an aberration in the shape of the curve, not necessarily in its value. A
young person with a focal NFL defect may have high values at almost all OCT points and low
values at just a few OCT points corresponding to a focal NFL defect. Methods that consider
the magnitude of the NFL measurements at the OCT points might well miss such a person. In
contrast, an elderly control person may have relatively low values at all the OCT points but in
the normal pattern. Methods that consider the magnitude of the measurements at the OCT
points might falsely consider such a person to have a defect. Nonetheless, extremely low values
may be indicative of a defect as well, so we also incorporated the measured values into our
computations.

A regression was then done on the standardized values, regressing against the first eight sine
and cosine terms of a potential Fourier expansion (used because the NFL thickness as a function
of OCT point is a function on a circle, and Fourier’s theorem says that such functions can be
written as infinite series of the trigonometric functions sines and cosines). The first eight sines
and cosines were chosen, because after that, the coefficients became too small to have much

effect. Residuals (i.e., differences between the measured value and the value predicted by the
regression model at each OCT point) from the overall regression curve were obtained. For each
OCT point, the mean residual - 2.33 * (standard deviation of the residuals) among all scans of
control subjects was determined. This estimates the first percentile of the residuals at each OCT
point. In addition, the mean NFL thickness - 2.33 * (standard deviation of NFL thickness) was
determined for each OCT point among the control subjects. This estimates the first percentile
of the NFL values at each OCT point.

The case subjects’ eyes were handled similarly. Each scan was standardized using its median
and Q1 and Q3. Residuals (in this case, the difference between the measured value and the
value predicted by the regression model for the control eyes at the same OCT point) were
determined. If the residual for an OCT point was below the estimated first percentile of the
residuals of the control eyes at that OCT point, the OCT point was considered abnormal.
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Further, if the NFL thickness at an OCT point was less than the estimated first percentile of
the NFL thickness of the control eyes at that OCT point, the OCT point was considered
abnormal. An eye was considered abnormal if it had three “sequential” (i.e., skipping no more
than one OCT point at a time) abnormal OCT points. Estimates of sensitivity and specificity
of OCT were done by Poisson regression. All computations were performed using SAS
commercial statistical software packages (SAS Institute Inc., Cary, NC).31v32

In the study group, we followed 25 eyes of 19 patients. The majority of study patients were
women (18 women, 1 man). Focal defects were diagnosed bilaterally in six women. In one
man, we detected a unilateral focal defect during NFL examination with slit-lamp
biomicroscopy. In the control group, we followed 12 eyes of 6 women and 16 eyes of 8 men.
The mean age was 61 + 11 years among the study subjects and 58 + 11 years among the control
subjects.

The sensitivity of our criteria was 65% in the study eyes. The specificity of our criteria among
control eyes was 81%. Most focal defects detected in the study eyes during OCT examination
were in the same quadrant as observed during clinical NFL examination. Comparison of overall
standardized NFL thickness values between the study and control eyes did not yield significant
differences, because each study eye’s focal NFL defect was in a unique location (refer to section
on computational and statistical methods). However, when the subgroup of study eyes with
inferotemporal focal NFL defects (the largest group among our study eyes) was considered,
the location of the focal NFL defects was clearly reflected in the NFL thickness measurements
(Figs 2, 3).

General—Because of the idiosyncratic nature of glaucomatous NFL defects, the diagnostic
value of OCT may be more clearly illustrated by individual results than by averaged data.
Figures 4 through 8 show photographic, visual field, and OCT results from a representative
control eye and four glaucomatous eyes. Circular OCT scans using a scan diameter of 3.4 mm
around the center of the optic disc are shown in part D of Figures 4 through 8. The NFL and
retinal pigment epithelium boundaries were automatically highlighted with a blue line and the
superficial surface of the retina with a white line (part D, Figs 4-8). Although parts D and E
of Figures 4 through 8 represent the same data, it may be difficult to see the correspondence,
because it is not easy to determine which OCT points were averaged in each region or to average
these visually perceived OCT points.

Control Eye (Control 18)—A 62-year-old white man receiving no ocular medications
presented with a normal eye examination. His left eye had a visual acuity of 20/20, and we
measured an 10P of 10 mmHg. He showed a healthy optic disc and no NFL defects during
dilated slit-lamp examination in his left eye and full Humphrey visual field. The NFL was
thickest in the superior and inferior quadrants, which correlates with the typical “double hump”
pattern described by Caprioli et al3 (Fig 4) and which appears as a bifusiform, or even
quadrifusiform, pattern on circular OCT scans.

Glaucomatous Eyes

Case 17 A 36-year-old black woman with advanced childhood glaucoma was status postlaser
trabeculoplasty. She was taking timolol 0.5% (Timoptic; Merck & Co., Inc., West Point, PA),
dorzolamide 2% (Trusopt; Merck & Co., Inc., West Point, PA), dipivefrin 0.1% (Propine;
Allergan, Inc., Irvine, CA), pilocarpine (Ocusert 40; Alza Pharmaceuticals, Palo Alto, CA),
and apraclonidine 0.5% (lopidine; Alcon, Fort Worth, TX). She had a visual acuity of 20/20
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in her right eye and presented with an IOP of 22 mmHg. The dilated fundus examination showed
a focal NFL defect inferotemporally and marked cupping of the optic disc. A superior
paracentral scotoma was seen on the Humphrey visual field. The OCT examination showed
significant thinning of the NFL, especially in the inferotemporal region (Fig 5).

Case 15 A 62-year-old white woman presented with advanced pseudoexfoliation glaucoma in
her right eye. She was status post-laser peripheral iridectomy and was taking levobunolol 0.5%
(Betagan; Allergan, Inc., Irvine, CA), pilocarpine 2% (Pilocar; CibaVision Ophthalmic,
Duluth, GA), and dorzolamide 2% in her right eye. Her visual acuity was 20/20, and the 10OP
measured was 24 mmHg in the right eye. The dilated fundus examination showed thinning of
the NFL inferotemporally and a corresponding attenuation of the neuroretinal rim. A superior
paracentral scotoma in the visual field examination of her right eye corresponded well with the
fundus examination (Fig 6).

Case 11 A 71-year-old woman with normal-tension glaucoma had undergone laser
trabeculoplasty in her left eye. She was taking timolol 0.5% twice daily. She had a visual acuity
of 20/25 and an 10P of 13 mmHg. Her optic disc was moderately cupped with an attenuated
neuroretinal rim temporally. The NFL examination showed a focal defect superotemporally
that correlated with an inferior arcuate scotoma on the Humphrey visual field in her left eye.
The OCT showed a focal area of NFL thinning (Fig 7).

Case 22 A 59-year-old woman receiving no ocular medications presented with normal-tension
glaucoma. Her left eye had a visual acuity of 20/60, and we measured an 10P of 17 mmHg.
Her optic disc was moderately cupped with an attenuated neuroretinal rim temporally. The
NFL examination showed a focal defect inferotemporally. A paracentral scotoma was found
on the Humphrey visual field in her left eye. The OCT failed to show a focal area of NFL
thinning (Fig 8).

Discussion

Several techniques for clinical NFL evaluation have been described. Ophthalmoscopic
examination using red-free light and NFL photography have been used for many years, but
these techniques are limited to eyes with clear media and to good cooperation of the patient
and are difficult to perform and interpret. The slit-lamp biomicroscopic NFL examination and
NFL photography evaluation are subjective and depend on the experience of the examiner (and
also the photographer, as in the case of NFL photography).

Other technologies, such as scanning laser polarimetry, have been developed to measure the
thickness of the NFL. This device is based on changes in polarization of light and retardation,
which is related to the NFL thickness. Unfortunately, the NFL is not the only birefringent
structure in the eye, and it remains unclear what the effects of corneal and lenticular
birefringence and aging are on polarimetric measurements. Polarimetric measurements can be
influenced by peripapillary atrophy or chorioretinal scars, which may occur in healthy eyes or
eyes with disease other than glaucoma.3

Optical coherence tomography enables cross-sectional visualization and direct measurement
of NFL thickness. Low coherence light is applied through a noncontact, non-invasive
instrument and depicts the retinal microstructure with a resolution of 10 um. We found good
correlation of NFL measurements by OCT to histopathologic analysis (Huang LN, Schuman
JS, Kloizman TP, et al. Poster presentation at the Association for Research in Vision and
Ophthalmology Annual Meeting, 1997; and Schuman JS, Pedut-Kloizman T, Pieroth L, et al.
Oral presentation at the Association for Research in Vision and Ophthalmology Annual
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Meeting, 1996). The reproducibility of OCT measurements compares well with other currently
available ophthalmic instrumentation designed for optic nerve and NFL analysis.23v3 A

In cross-sectional studies, focal defects are found in approximately 20% of glaucomatous eyes
examined. 12 Quigley et al2 divided the types of NFL defects of patients who developed a
visual field defect within a period of 5 years into upper and lower NFL zones. He found bundle
defects in 5% superiorly and 3% inferiorly.

The gender distribution in our study did not correlate with that of previously described reports
of bundle defects of the NFL, as the majority of our study patients were female. This distribution
would not be expected to influence NFL measurements, as reported previously.22 It may
indeed be that focal defects actually occur more frequently in women than in men; however,
the number of study subjects in our study was not high enough to address this question. It is
likely that this gender imbalance merely reflected the nature of our patient pool.

There are discrepancies in the literature about the pathogenesis of focal and diffuse defects of
the NFL. Samuelson and Spaeth39 found a significantly lower maximal pretreatment IOP
among patients with focal visual field defects than among those with diffuse visual field loss.
Most of the patients analyzed also had focal NFL defects. Vascular, structural, and mechanical
factors may increase laminar susceptibility, independent of 10P.

We chose to differentiate focal NFL defects from focal visual field defects because visual field
changes in the earlier stages of glaucoma are difficult to track and can show a heterogenous
pattern.l“l'l?”40 Based on findings in the studies cited above, we conclude that evaluation of
the NFL may be superior to visual field testing in the earliest stages of glaucoma, because of
its high sensitivity.

Future studies will investigate in more detail which longitudinal changes in NFL thickness
occur in patients with glaucoma. Furthermore, we expect additional refinements in our
diagnostic criteria as more normative OCT data become available.

Localized NFL defects seem to occur in the early stages of glaucoma and are sometimes
associated with optic disc hemorrhages. The stages of glaucoma in our study correlated with
previously described focal defects of the NFL.14.16,17,21,41 Most case subjects in our study
had early glaucoma. In this study, it is not possible to determine whether the focal defects
preceded the development of diffuse defects.

The location of the focal NFL defects in this study also correlated with previously described
focal defects. The focal NFL defects were located in the inferotemporal and superotemporal
regions of the NFL. Jonas et al42,43 similarly found that focal NFL defects occur significantly
more often in the inferior fundus region, followed by the superior areas and the temporal region.

We found a specificity of 81% and a sensitivity of 65% of detecting focal defects solely through
statistical analysis of OCT measurements (i.e., without clinical interpretation of the
tomographic OCT scan). Sensitivity may improve when more normative data are available.

Optical coherence tomography permits us to detect focal defects independent of the visibility
of the NFL. Thus, the chances of detecting these defects in areas of physiologic decreased
visibility are higher using OCT than compared to conventional clinical methods.44

We found that focal defects are often demarcated by blood vessels (Figs 5, 7, and 8); it is
possible that blood vessels provide structural support for the NFL from the periphery toward
the ONH.
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Optical coherence tomography is an objective, reproducible, and sensitive tool to track
localized defects of the NFL and may provide early detection of glaucomatous damage.l&
45 Although clinical NFL examination has been recommended as a most sensitive indicator
of glaucoma,3v4 clinical examination is difficult and subjective, and NFL photography requires
high technical skill. It is critical that accurate NFL assessment be performed by all clinicians;
OCT not only facilitates NFL evaluation, but it permits quantitative, objective, and
reproducible tissue measurements.
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Image processing techniques were used to automatically extract measurements of retinal nerve
fiber layer (NFL) thickness from each A-scan in the tomogram and are described in detail in
reference 47. In brief, the computer algorithm consisted of the following steps: (1) logarithmic
transformation; (2) A-scan registration; (3) smoothing; (4) identification of the vitreoretinal
interface, retinal pigment epithelium, and photoreceptor layer; (5) threshold selection; (6)
identification of the posterior boundary of the NFL; and (7) calculation of NFL thickness.

In step (1), the absolute value of optical reflectivity represented by each pixel in the image was
transformed into a relative logarithmic (decibel) scale in which the standard deviation of the
noise in the image corresponded to a level of 0 dB. Thus, the minimum detectable reflectivity
was approximately 6 dB. All future calculations were performed using this logarithmic
representation. In step (2), each A-scan comprising the tomogram was registered in the
longitudinal direction to account for involuntary axial eye motion. In this step, the A-scans
were individually shifted in the longitudinal direction to make the retinal contour appear flat.
Registration was accomplished by cross-correlating each A-scan with its nearest neighbor to
determine the offset (corresponding to the peak cross-correlation value) at which adjacent scans
were maximally similar. Instep (3), speckle noise in the image was reduced by two-dimensional
linear convolution with an 11 x 11 element center weighted kernel that was approximately a
low-pass filter with a cutoff frequency of 0.1 pi radians in both dimensions. The kernel was
created by repeated self-convolution with the following 3 x 3 matrix: 1/16*[121;242;12
1]. In step (4), the boundaries of the neurosensory retina were identified by using an edge
detection technique. Each A-scan was convolved with an 11-element column vector [-1 -1 -1
-1-1011111]to identify sharp transitions that might indicate horizontal edges. The largest
two peaks in each resulting column vector generally corresponded to (1) the high contrast in
reflectivity between the nonreflective vitreous and the reflective NFL and (2) the contrast
between the minimally reflective photoreceptive layer and the highly reflective retinal pigment
epithelium and choriocapillaris. An error-correcting step was used to interpolate these two
boundaries in situations in which an edge might be obscured. The anterior boundary of the
NFL was assumed to lie at the vitreoretinal interface. The posterior boundary of the NFL was
known to occur somewhere between the vitreoretinal interface and the location of the
photoreceptor layer. The location of the photoreceptor layer was established for each A-scan
as the position of minimum reflectivity within the posterior of the area between the vitreoretinal
interface and the retinal pigment epithelium. In step (5), a threshold value was calculated for
each A-scan separately to account for variations in optical alignment and media opacity across
the image. The maximum values of reflectivity for each A-scan (after smoothing and
logarithmic transformation) were compiled into a row vector, and a constant (15 dB) was
subtracted from each row vector element to provide an initial value for the thresholds. The row
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vector of thresholds was then smoothed to remove extreme values by circular convolution with
a 21-element Blackman windowed finite-impulse response low-pass digital filter with a cutoff
frequency of pi/10 radians. In step (6), the location of the posterior boundary of the NFL was
determined using the threshold value calculated in step (5). Pixels in each smoothed A-scan
were evaluated in anterior direction starting at the photoreceptor layer until a superthreshold
reflectivity was encountered. The location of this first superthreshold pixel established the
initial location of the posterior NFL boundary. Then, starting at the vitreoretinal interface,
pixels were evaluated in a posterior direction until the first subthreshold pixel after a
superthreshold pixel was located. If the pixels located by the two searches were adjacent to
each other, then the posterior NFL boundary was confirmed. If the two pixels were separated,
then one of these pixels was chosen as the location of the NFL boundary based on the average
reflectivity of the intervening pixels. If the average reflectivity exceeded the threshold, then
the deeper pixel was selected; otherwise, the shallower pixel was selected. Both an anterior
search and a posterior search were performed to reduce potential variability due to spurious
intraretinal reflections. For clinical review, all boundaries demarcated by the computer were
shown overlayed on the optical coherence tomographic images. In step (7), retinal thickness
was calculated from the number of pixels between the inner and outer retinal boundaries. A
constant retinal refractive index of 1.36 was assumed to convert time-of-flight delay to
intraretinal distance. This assumption was expected to induce a negligible error in the thickness
measurements because the refractive index was expected to deviate no more than 5% from the
estimated value. Consider that the difference in refractive index between the retina and water
is only 2%. A 5% difference in index over the entire NFL thickness of approximately 100.5
um would result in a 5.5-um error in measurement, which is negligible compared to the
longitudinal resolution of the instrument.
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Figure 1.
Schematic diagram of the 100 optical coherence tomography points taken within 2.5 seconds.
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Figure 2.

Optical coherence tomography graph illustrating the mean peripapillary nerve fiber layer
(NFL) thickness (£1.96*standard deviation) of all control eyes (open squares) compared to all
eyes with inferotemporal NFL defects (filled circles). Note that the overall shapes of the two
curves are similar. SD = standard deviation.
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Figure 3.

Optical coherence tomography graph illustrating the mean standardized peripapillary nerve
fiber layer (NFL) thickness (+2.33*standard deviation) of all control eyes (open squares)
compared to all eyes with inferotemporal NFL defects (filled circles). Note that the mean
standardized values at the optical coherence tomography points for the study eyes are almost
the same as those for the control eyes, except for the inferotemporal region. SD = standard
deviation.
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Figure 4. Control 18

A, stereoscopic optic nerve head photography of a control eye. B, red-free nerve fiber layer
(NFL) photograph of the control eye. C, full Humphrey 24-2 visual field. D, circular optical
coherence tomography (OCT) scan shows normal NFL thickness values in all four quadrants.
E, OCT graph depicting 100 OCT points taken within 2.5 seconds. MD = mean deviation;
CPSD = corrected pattern standard deviation.
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Figure 5. Case 17

A, stereoscopic optic nerve head photograph of the right eye with moderate cupping of the
optic disc and a localized arcuate nerve fiber layer (NFL) defect inferotemporally. B, red-free
NFL photograph shows the localized arcuate NFL defect inferotemporally (arrows). Note that
a blood vessel demarcates the focal NFL defect inferiorly. C, Humphrey 24-2 visual field
shows a superior cecocentral scotoma. D, circular optical coherence tomograph (OCT) shows
significant thinning of the NFL, especially in the inferotemporal region. E, OCT graph shows
focal thinning in the inferotemporal NFL.
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Figure 6. Case 15

A, stereoscopic optic nerve head photograph of the right eye in a subject with a localized arcuate
nerve fiber layer (NFL) defect inferotemporally (arrows). B, red-free NFL photograph shows
the localized arcuate NFL defect inferotemporally (arrows). C, Humphrey 24-2 visual field
shows a superior paracentral defect corresponding with the inferotemporal defect. D, circular
optical coherence tomograph (OCT) shows significant thinning of the NFL, especially in the
inferotemporal region. E, OCT graph shows focal thinning in the inferotemporal NFL.
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Figure 7. Case 11

A, stereoscopic optic nerve head photograph of the left eye in a subject with a localized arcuate
nerve fiber layer (NFL) defect superotemporally (arrows). B, red-free NFL photograph shows
the localized arcuate NFL defect superotemporally (arrows). Note that a blood vessel
demarcates the focal NFL defect superiorly. C, Humphrey 24-2 visual field shows an inferior
arcuate defect. D, circular optical coherence tomograph (OCT) shows focal thinning of the
NFL (arrow). E, OCT graph shows thinning in the superotemporal NFL.
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Figure 8. Case 22

A, stereoscopic optic nerve head photograph of the left eye in a subject with a localized arcuate
nerve fiber layer (NFL) defect inferotemporally (arrows). B, red-free NFL photograph shows
the localized arcuate NFL defect inferotemporally (arrows). Note that blood vessels demarcate
the focal NFL defect superiorly and inferiorly. C, Humphrey 24-2 visual field shows a
paracentral defect. D, circular optical coherence tomograph (OCT) fails to show focal thinning
of the NFL inferotemporally (arrow). E, OCT graph fails to show excess thinning in the
inferotemporal NFL.
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