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Abstract

Introduction

Purpose To determine the reproducibility of measurements with the Nerve Fiber
Analyzer (NFA), a scanning laser polarimeter designed for quantifying glaucoma, in
both normal and glaucomatous subjects. We also assessed the variance of measure-
ments between instruments.

Methods Measurements were made with the third generation NFA, the GDx. The
study consisted of three parts. In the first part, we measured right eyes of 10 healthy
volunteers on 5 consecutive days. In the second part, 45 glaucoma patients under-
went NFA measurements of one randomly selected eye on two separate days within
a 5-week period. For all 14 available parameters, reproducibility of measurements
was expressed in terms of 95% limits of agreement, and as the intraclass correlation
coefficient. The NFA software has an option of creating a mean image from a selec-
tion of single images; for both parts of the study, the reproducibility of measure-
ments was calculated for a ‘single image’, and a ‘mean of 3’ image. In the third part
of the study, 17 volunteers underwent repeated NFA measurement sessions on each
of 3 different instruments. Using MANOVA, we determined the variance of measu-
rements between instruments.

Results The reproducibility of measurements varied considerably across parame-
ters. Limits of agreement in mean images for superior maximum and inferior maxi-
mum were 7.2u and 7.7y, respectively in our healthy subjects, and 8.7 and 7.9y,
respectively in our glaucoma patients. For normal subjects, the intraclass correlation
coefficient was >90% in 10 out of 14 parameters. In glaucomatous subjects the in-
traclass correlation coefficient was >90% in 13 out of 14 parameters. Some parame-
ters reproduced better in a mean than in a single image; these differences, however,
were small, and in general not statistically significant. The between instruments
component also varied across parameters, being highest in ratio-based parameters.

Conclusions 1. The reproducibility of measurements varied across parameters. 2. In
general, the reproducibility of measurements with the NFA was high. 3. The repro-
ducibility of measurements was similar between normal and glaucomatous subjects.
4. Any measured change in nerve fiber layer thickness would be statistically signifi-
cant if it exceeded about 7-8p in the superior maximum or inferior maximum para-
meter in normal subjects. 5. Reproducibility of measurements hardly differed between
single images and mean images. 6. The reproducibility of measurements between the
3 instruments we used was highest for straight parameters.

The Nerve Fiber Analyzer (NFA; Laser Diagnostic Technologies, San Diego, CA) is a
scanning laser polarimeter, designed for the detection and follow-up of glaucoma.
It uses a 780-nm diode laser to scan the retina, and to assess the retinal nerve fiber
layer (NFL) thickness in the peripapillary region, by measuring changes in polariza-
tion (i.e., retardation) of the scanning laser beam. Results from previous studies
with the NFA'" have shown a high sensitivity and specificity in discriminating
between a normal and glaucomatous NFL.
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Knowing the reproducibility of measurements of a method provides an insight into
its precision, which is crucial to a meaningful assessment of changes over time.
Many studies into the reproducibility of measurements of the NFA have been pub-
lished. Some results were obtained with the NFA I*7 and later studies were carried
out with the NFA I1.8" No results obtained with the latest NFA version (the GDx),
have yet been reported. The GDx has identical hardware as the NFA II, but yields a
different set of parameters (only 6 of the 14 parameters available on the GDx were
available on the NFA II).

In some studies, the ‘within-pixel’ reproducibility was calculated, rather than the
reproducibility within a parameter. In the within-pixel procedure, several retarda-
tion images were aligned, and for every pixel, a standard deviation was calculated.
The standard deviations of all 65536 pixels (or only of those outside the peripapil-
lary circle) were averaged. This approach gives the clinician an overall impression of
the reproducibility of the measurements in a particular patient. In addition, within
pixel reproducibility of measurements can be used for determining statistically sig-
nificant, localized, change over time. To that end, the software can digitally subtract
consecutive images, highlighting pixels where a statistically significant change has
occurred, all based on the location specific within pixel reproducibility of a given
eye. It is yet unclear how sensitive, specific, and meaningful this approach is.

The reported overall within-pixel reproducibility in the literature usually looks
extremely good, being around 3-5. Although it demonstrates the high precision of
the instrument, it probably has little intuitive clinical meaning. The GDx provides
14 parameters that may be used clinically for the diagnosis and follow-up of patients.
Clinicians might therefore be more interested in how well these parameters reproduce.

The intraclass correlation coefficient (ICC) and the coefficient of variation (CV) are
common ways to express the reproducibility of measurements per parameter. We
think, however, that these measures are not very intuitive to the clinician. We there-
fore looked for a method that expresses the reproducibility of measurements per
parameter, that is intuitive and has direct clinical meaning. The ‘limits of agreement,
as described by Bland and Altman in the Lancet in 1986" is such a method. It is based
on the difference between two consecutive measurements, and the 95% range of this
difference. It has the same unit of measure as the parameter itself and provides the
amount of change of a parameter that is needed for it to be statistically significant.
Limits of agreement may be useful to the clinician to assess the significance of any
measured change over time.

This study consisted of three parts. In the first part, we determined the reproducibili-
ty of measurements in healthy subjects. In the second part, it was assessed in glaucoma
patients. These two parts addressed the variance of measurements within a single
instrument. In the third part of this study, we assessed this variance across instruments.

The Nerve Fiber Analyzer A detailed description of the NFA has been published else-
where.**" In short, a 780 nm diode laser scans the peripapillary retina with a scan-
ning angle of 15x15 degs. The laserlight is polarized and as it passes through the re-

Methods
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tinal nerve fiber layer (NFL), a phase shift called retardation occurs, attributed to the
parallel orientation of the microtubules inside the retinal axons. This phase shifting
property of the NFL is called birefringence. In the backscattered light, the amount
of retardation is thought to linearly reflect the retinal NFL thickness, as has been
shown in a monkey model." The retinal NFL thickness is then displayed in a color-
coded 256x256 pixels image.

In this image, the operator will typically position a circle or ellipse on the margin of
the optic nerve head. A second one with 1.75 times the diameter of the first is dis-
played automatically, allowing the analysis of only those pixels that sit peripherally
to it. Areas of blood vessels are a source of noise® and are therefore automatically
excluded for analysis by the software. The entire image is divided into 4 segments
centered on the optic disc: superior 120° inferior 120°, nasal 50° and temporal 70°.
For a quantitative approach, several parameters are available.

The GDx is a third generation NFA, with a built-in normative database. For all 14
parameters that are available to the user, the percentile in the normal range is com-
puted. When it is below 10% or over 90%, the percentile is displayed on the printout.

Measurement procedures In our study, a measurement session (for brevity a ‘mea-
surement’) for one eye always consisted of obtaining a minimum of 3 single images
of high quality each (i.e. well focussed, the optic disc well centered in the image,
equal and total illumination in all segments and no detectable eye movement du-
ring image acquisition). Typically, this required about 6 tries. The software of the
instrument allows the operator to select any amount of images that may then be
aligned and converted into one ‘mean image’. In the first two parts of our study, we
assessed the reproducibility of measurements for single images (always the first of
our 3 images of high quality) and for a ‘mean of 3’ image. In the third part of the
study, only the ‘mean of 3’ image was considered. In selecting the 3 images of high
quality, the operator was masked to the results of the previous measurements. Du-
ring all measurements, we saw to it that patients had their heads as upright as pos-
sible. All three GDx instruments were located in similar, adjacent rooms with am-
bient lights left on. The software and hardware configuration of all three
instruments was identical. All measurements were carried out by the same operator
who also manually positioned the ellipse in all images.

Subjects In the first part of the study, measurements were taken on 5 consecutive
days of right eyes of 10 healthy volunteers. Their ages ranged from 22 to 61 years
(mean: 36 years). None of them had any ocular history; all had an IOP below 21 mm
Hg, normal looking optic discs and normal visual fields (GHT within normal limits)
on the Humphrey Field Analyzer (24-2 full threshold program). The refractive error
of all subjects was between +7 and -7 D.

In the second part, we measured one eye of 45 glaucoma patients on two separate
days within 5 weeks. The age of the patients was on average 63 years (range from 39
to 77 years); the mean defect (MD) of the patients was on average —10.7dB (stan-
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dard deviation = 7.04). If a patient had glaucoma in one eye only, that eye was con-
sidered. If a patient had glaucoma in both eyes, one eye was selected randomly.
Patients were recruited from the Glaucoma Service of our hospital, and all had glau-
comatous visual field defects with glaucomatous appearing optic discs. Patients with
any coexisting ocular disease, including pseudophakia, or systemic diseases with
possible ocular involvement, such as diabetes, were excluded from the study.

In the third part of the study, 17 volunteers (4 glaucoma patients and 13 healthy
subjects without any ocular history, aged between 27 and 62 years) had their right
eye measured twice on each of 3 different instruments. Again, a measurement con-
sisted of a mean of 3 single images of high quality.

Informed consent was obtained from all participating subjects after the nature of
the procedure had been fully explained

Statistical Analysis For all statistical tests, the level of statistical significance was
set at ®=0.05. There was no suspicion of non-normality for the within-patient vari-
ability of all parameters in both the normal subjects and glaucoma patients.

In the first two parts of the study, the reproducibility of measurements was expressed
as 95% limits of agreement (LA) and in terms of the intraclass correlation coefficient
(ICC). Calculations were performed for all 14 parameters available to the user. The
definitions of all 14 parameters have been presented in the appendix. Some parame-
ters (what we call straight parameters) relate to direct measurements, whereas others
are obtained more indirectly by division of direct measures (these are so called ratio-
parameters marked by (r) in Tables 1-3) or by a neural network analysis (The
Number). LA relate to the agreement of measurements on two consecutive days with-
in the same subject, and are defined, in this article, as 1.96 times the square root of
two times the within-subject variance." LA are also called ‘reproducibility’ and repre-
sent a critical value that will not be exceeded with 95% probability by the absolute dif-
ference of two single measurements within the same subject on two consecutive days
under the same conditions, assuming a normally distributed within-subject variabili-
ty with the same variance across all subjects. In the methods described by Bland and
Altman, the LA are calculated from two repeated measurements. If one has more than
two repeated measurements, the within-subject variance can also be estimated, with
greater precision than with only two repeated measurements. This was done in our
normal group, where we used a series of 5 repeated measurements per subject.

In addition to the traditional LA, we also expressed the LA of a parameter as a per-
centage of the mean of the between-subjects distribution of that variable (LA%).
This ad-hoc expression equals 1.96 * V2 times the coefficient of variation, and is
only presented here in order to facilitate the mutual comparison of the LA of dif-
ferent variables. In addition, means and total standard deviations have been pre-
sented per parameter (Tables 3-1 and 3-2).

Our second measure to express the reproducibility of measurements was the ICC;
we estimated the within-subject and between-subject variances, again assuming that
the within-subject variance was the same across the volunteers. The ICC was
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obtained by expressing the between-subject variance as a percentage of the total
(within- plus between subject) variance. The ICC represents the power by which sub-
jects can be distinguished from each other by their measurement outcome. It is gen-
erally accepted that reproducibility of measurements is high when the ICC is >90%.

In the normal subjects, differences in within-subject standard deviation between
measurements based on single images and mean images were compared within the
same subject with a Wilcoxon matched pairs signed ranks test after logarithmic (In)
transformation of the standard deviation. In the glaucoma group, a sign test was
used because of too many zero within-subject standard deviations. We have pre-
sented p-values related to the statistical significance of differences in LA between
single images and mean images (Table 3-1 and 3-2).

For the third part of the study, a random effects model with subject and instrument
as random factors, was used to estimate three variance components: between-sub-
ject variance, between instrument variance, and error (or within-instrument) vari-
ance. Because of imbalance in the data of this experiment a maximum likelihood
method was used (‘PROC MIXED’ in the SAS statistical package).

Results Reproducibility of measurements in normal subjects For all available parameters,
the mean value across subjects, the standard deviation (SD), the 95% Limits of Agree-
ment (LA), the 95% Limits of Agreement as a percentage of the mean value (LA%),
and the Intraclass correlation coefficients (ICC) for normal subjects have been sum-
marized in Table 3-1. The reproducibility of measurements varied considerably bet-
ween parameters. In general, the straight parameters were more robust than the ratio-
parameters. For example, in mean images, superior maximum had LA(%) of 8.5% of
the mean values, whereas the LA(%) was 29.2% for maximum modulation. In mean
images in healthy subjects, the parameters with LA of 10% and lower were: superior
maximum, inferior maximum, symmetry, average thickness, superior average, inferior
average and ellipse average. The superior/nasal parameter reproduced better than the
superior ratio (which is a superior/temporal ratio).

In mean images, the LA of the superior maximum and inferior maximum parame-
ter were 7.2 and 7.7, respectively. In some parameters, the LA were lower in mean
images than in single images. In others, it was vice versa. However, these differences
were small, and only one out of 14 p-values that reflected the statistical significance
of this difference, was <0.05 (superior maximum; p=0.007).

The differences in ICC between single images and mean images were small, and
probably insignificant. In mean images, the intraclass correlation coefficient (ICC)
was over 90% except for superior ratio, inferior ratio, maximum modulation and
ellipse modulation.

Reproducibility of measurements in glaucoma patients As for normal subjects,
some parameters had higher LA than others (table 3-2). Reproducibility of measure-
ments was not consistently better or worse in glaucoma patients as compared to nor-
mals. In single images, LA were lower for 7 parameters in glaucoma patients as com-
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pared to healthy subjects. In the remaining 7 parameters, the LA were higher. For mean
images, the same was observed.

All parameters, except the number, had lower LA in mean images than in single
images. However, in only one of the 14 parameters was this difference statistically
significant (superior integral; p=0.021).

The differences in ICC between single images and mean images were also small, and
probably insignificant. The ICC for mean images was over 90% in all parameters
except for maximum modulation.

Variability between instruments The results of the analysis of variance have been
presented in Table 3-3. All components that contribute to the variance of a repeated
measurement have been expressed in percentages of the total variance of 100%.

The reproducibility of measurements varied across parameters. The between patients
component was by far the largest one. In general, the straight parameters showed much
less variation than the ratio parameters. Of the straight parameters the between instru-
ment variation was on the same order of magnitude as the within instrument variation
(typically 2-5% of the total variation). Of the ratio parameters, both the between in-
strument and the within instrument (or error) component could be as high as 31.1%.

We have shown that the reproducibility of measurements of the GDx varies consid-
erably across parameters. For example, 95% limits of agreement (LA) in normal
subjects varied from 7.1% for ellipse average to 29.2% for maximum modulation.
We therefore think it is more meaningful to speak of ‘the reproducibility of a
parameter’, rather than of ‘the reproducibility of a technology’.

The 3 parameters similar to those that have shown a high sensitivity and specificity
for detecting glaucoma with the NFA I,' (superior maximum, inferior maximum and
symmetry) were among the most robust parameters (LA of each approximately 9%
and the ICC well over 90%). These three parameters, however, did not discriminate
very well between normal and glaucoma in the study by Weinreb et al.? Three
parameters that discriminated well in their study, and reproduced well in our study,
were ellipse average, inferior average and average thickness.

It is generally accepted that the reproducibility of measurements is high when the
ICC is over 90%. This was true for most of the parameters that we have investigat-
ed, both in glaucoma patients and normals. We therefore conclude that the repro-
ducibility of measurements with the GDx, in general, is high.

We have also found that the LA are not consistently better or worse in glaucoma
patients than in normal subjects. Also, the ICC in normal subjects was over 90% in
10 out of 14 parameters; in glaucoma patients the ICC was over 90% in 13 out of 14
parameters. These conclusions are in agreement with those of Holl6 et al.,” who
reported coefficients of variation that were similar for glaucoma patients and con-
trol subjects with the NFA II.

Discussion
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We have presented LA for all available GDx parameters. The tenet of these LA is that
they are a clinically meaningful and intuitive parameter: as soon as a change in a
certain parameter exceeds these limits, it reflects a statistically significant change.
Any change within these limits is, with 95% probability, a coincidence. All parame-
ters have their own characteristic LA. We believe that LA provide, in principle, clin-
ically useful information to assess the significance of any change measured over
time. How meaningful this approach is, has yet to be shown in long-term studies.
The Number is unlikely to be useful for detecting change over time, since it reflects
the likelihood of glaucoma, and not the severity of the disease.

Our results show that some parameters tend to be slightly more robust in mean
images than in single images, especially in glaucoma patients. However, the present
differences were small and statistically significant for only one in 14 parameters
(both in the group of normals and in the glaucoma group). This one p-value, how-
ever, probably has little meaning in a series of multiple comparisons. One might
expect that, in case of no differences between 20 given test variables, one in every 20
p-values will be below 0.05. We therefore conclude that LA are generally slightly
lower in mean images than in single images, but that these differences do not reach
statistical significance. In general, one would expect a mean image to have a better
reproducibility than a single image, since one is averaging over more pixels of infor-
mation, thus reducing the effect of random noise. Fortunately, this difference was
not statistically significant. In a previous study with the NFA II we did find a statis-
tical significance between a mean of three and a single image.(Colen et al., IOVS
1998;89(suppl):S-3223) It is unclear why we found no such statistical significance
with the GDx.

One might conclude from our study that a single image is just as good as a mean
image since the LA of single images does not differ statistically significantly from
that of mean images. However, using only one image is not the same as taking only
one image. We always take a minimum of 6 images per eye. This makes it easier for
us to select those images of highest quality (fewest motion artifacts, best illumina-
tion etc.)

Finally, we have demonstrated that reproducibility of measurements across three dif-
ferent instruments is highest for straight parameters. Ratios are less robust, obvious-
ly because both the numerator and the denominator will have their variability.
Notably if the denominator is relatively small to its variability, the variability of the
ratio will be large. Not surprisingly, symmetry was more robust than the other ratio
parameters in normal subjects (relatively large denominator), but not as robust in
glaucoma patients, where small denominators were to be expected in individual cases.

In conclusion, we have explored the reproducibility of measurements with the
Nerve Fiber Analyzer/GDx. Some parameters are promisingly robust to serve in fol-
low-up of patients, and we are currently investigating the significance of the more
robust parameters in long-term follow-up studies.
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The reproducibility of measurements varied across parameters. In mean images in
healthy subjects the parameters with LA of 10% and lower were: superior maxi-
mum, inferior maximum, symmetry, average thickness, superior average, inferior
average and ellipse average. The ICC indicated that the reproducibility of measure-
ments with the NFA in general is high. The LA in normal and glaucomatous subjects
were similar. The tenet of the LA is that, for example, in normals, any measured
change in nerve fiber layer thickness is statistically significant when it exceeds about
7-8u in the superior maximum or inferior maximum parameter. Differences
between single and mean images were small and not statistically significant. Finally,
reproducibility of measurements across three different instruments was highest for
straight parameters.

Acknowledgement: We thank Laser Vision for courteously lending us a GDx for the third
part of our study.
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Appendix
GDx Parameters

Superior Maximum: This is the average of the 1500 thickest pixels in the superior
quadrant.

Inferior Maximum: This is the average of the 1500 thickest pixels in the inferior
quadrant.

Symmetry: This is the ratio of the average of the 1500 thickest pixels in the superi-
or quadrant over the average of the 1500 thickest pixels in the inferior quadrant.
Superior Ratio: This is the ratio of the average of the 1500 thickest pixels in the supe-
rior quadrant over the average of the 1500 median pixels in the temporal quadrant.
Inferior Ratio: This is the ratio of the average of the 1500 thickest pixels in the infe-
rior quadrant over the average of the 1500 median pixels in the temporal quadrant.
Superior/Nasal: This is the ratio of the average of the 1500 thickest pixels in the
superior quadrant over the average of the 1500 median pixels in the nasal quadrant.
“The Number”: This is an experimental number currently under evaluation. A neural
network has been trained to look at all values obtained when an image is acquired. The
neural network then assigns a number between 0 and 100 to each patient according to
the following scale: 0 = totally normal, 100 = glaucoma. Early evaluation of the num-
ber indicates that patients who score between 0-30 are normal; patients scoring over 70
are glaucomatous; and those scoring between 30-70 are glaucoma suspects. Patients in
this last category may prove to be “borderline” or “outside normal limits” on some GDx
parameters but not exhibit any visual field loss or other indications of glaucoma.
Max Modulation: Provides an indication of the difference between the thickest
parts of the nerve fiber layer and the thinnest parts. First, the average is calculated
for 1) the 1500 thickest points in the superior quadrant, 2) the 1500 thickest points
in the inferior quadrant, 3) the 1500 median points in the nasal quadrant and 4) the
1500 median points in the temporal quadrant. Once an average number is derived
for each quadrant, the lowest number is subtracted from the highest number. The
resulting number is then divided by the lowest number.

Average Thickness: The average thickness of all pixels in the image; evaluates all
65,536 points used to create an image. The Average is calculated by adding up all of
the values of the usable pixels outside of the optic nerve head (as designated by the
operator) and dividing by the number of pixels used.

Ellipse Modulation: Like “Max Modulation”, Ellipse Modulation is an indication of the
difference between the thickest parts of the nerve fiber layer and the thinnest parts.
The difference is that, rather than using all of the points in the image, Ellipse
Modulation uses the points in the ellipse surrounding the optic nerve. Ellipse
Modulation is calculated by taking the thickest pixel along the ellipse, subtracting the
thinnest pixel along the ellipse, and dividing the total by the value of the thinnest pixel.
Ellipse Average (measurement is in microns): The average thickness of the nerve
fiber layer around the ellipse surrounding the optic nerve.

Superior Average (measurement is in microns): The average thickness of the nerve
fiber layer along the portion of the ellipse surrounding the optic nerve in the supe-
rior quadrant.

Inferior Average (measurement is in microns): The average thickness of the nerve fiber
layer along the portion of the ellipse surrounding the optic nerve in the inferior quadrant.
Superior Integral (measurement is in millimeters squared): The total area under the
curve (or total volume) of the nerve fiber layer along the superior portion of the
ellipse surrounding the optic nerve.
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