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Glaucoma

Optimizing the Information Yield of 3-D OCT in Glaucoma

Henriét Springelkamp,"* Kyungmoo Lee,> Wishal D. Ramdas,"* Jobannes R. Vingerling,'*
Albert Hofman,? Caroline C. W, Klaver,"* Milan Sonka,®> Michael D. Abramoff;>-°

and Nomdo M. Jansonius®’

Purpose. To determine, first, which regions of 3-D optical
coherence tomography (OCT) volumes can be segmented
completely in the majority of subjects and, second, the
relationship between analyzed area and thickness measure-
ment test-retest variability.

Mernobs. Three-dimensional OCT volumes (6 X 6 mm) centered
around the fovea and optic nerve head (ONH) of 925 Rotterdam
Study participants were analyzed; 44 participants were scanned
twice. Volumes were segmented into 10 layers, and we
determined the area where all layers could be identified in at
least 95% (macula) or 90% (ONH) of subjects. Macular volumes
were divided in 2 X 2, 4 X 4, 6 X 6, 8 X 8, or 68 blocks. We
placed two circles around the ONH; the ONH had to fit into the
smaller circle, and the larger circle had to fit into the
segmentable part of the volume. The area between the circles
was divided in 3 to 12 segments. We determined the test-retest
variability (coefficient of repeatability) of the retinal nerve fiber
layer (RNFL) and ganglion cell layer (RGCL) thickness measure-
ments as a function of size of blocks/segments.

Resurts. Eighty-two percent of the macular volume could be
segmented in at least 95% of subjects; for the ONH, this was
65% in at least 90%. The radii of the circles were 1.03 and 1.84
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mm. Depending on the analyzed area, median test-retest
variability ranged from 8% to 15% for macular RNFL, 11% to
22% for macular RGCL, 5% to 11% for the two together, and
18% to 22% for ONH RNFL.

Concrusions. Test-retest variability hampers a detailed analysis
of 3-D OCT data. Combined macular RNFL and RGCL thickness
averaged over larger areas had the best test-retest variability.
(Invest Ophthalmol Vis Sci. 2012;53:8162-8171) DOI:
10.1167/iovs.12-10551

In open-angle glaucoma (OAG), damage to retinal ganglion
cell axons results in visual field loss. Morphological signs of
retinal cell damage and death are increased cupping of the
optic nerve head (ONH), thinning of the retinal nerve fiber
layer (RNFL),! and thinning of the retinal ganglion cell layer
(RGCL).%3

Morphological changes in OAG can be assessed qualitatively
by fundoscopy and fundus photography. They can also be
quantified with the Heidelberg Retina Tomograph (HRT;
Heidelberg Engineering, Dossenheim, Germany)® and scanning
laser polarimetry (GDx Nerve Fiber Analyzer; Carl Zeiss
Meditec AG, Jena, Germany)‘% More recently, optical coher-
ence tomography (OCT), and especially spectral-domain
OCT,”® have been added to this armamentarium. Unfortunate-
ly, the correspondence between imaging metrics and func-
tional tests such as perimetry (the structure-function
correlation) has been low to moderate.?~!3

The information yield of 3-D OCT in glaucoma can,
theoretically, be improved by quantitative analysis of the entire
volume of tissues that are affected morphologically by OAG,
the RNFL and the RGCL, over specific regions (regions of
interest [ROI]) of these tissues. However, though analysis of
increasingly smaller ROIs is attractive because it has the
potential to better correlate with functional testing, the
drawback is that test-retest variability may increase because
fewer samples are available. The relationship between test-
retest variability and ROI has been studied for peripapillary
RNFL thickness measurements (see Discussion section). As far
as we know, this relationship has not been studied for
thickness measurements of macular RNFL or RGCL.

The aims of the present study were (1) to determine which
regions of OCT volumes can be segmented accurately in the
majority of subjects using the Iowa Reference Algorithm,
which has been validated on the four most widely available
commercial OCT scanners,'¥1¢ and (2) to unravel the
relationship between ROI and test-retest variability.

METHODS

Study Population and Data Collection

The Rotterdam Study is a prospective population-based cohort study
investigating age-related disorders.'” It is conducted in Ommoord, a
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FiGure 1.

district of Rotterdam, The Netherlands. The study started in 1990 and is
still ongoing. The original cohort comprised 7983 participants 55 years
or older; ancillary studies were added later on, and in total 14,926
participants were enrolled. The ophthalmic examination as performed
at baseline and at all follow-up examinations has been described
before.'® Measurements of intraocular pressure (IOP) and linear cup/
disc ratio (LCDR), used for this paper, have also been described
elsewhere.'® In 2007, OCT scanning of the macular and ONH regions
was added to the armamentarium.

Optimizing 3-D OCT Information Yield in Glaucoma 8163

Upper row shows regions of the macular volume that are unsegmentable in >5% of subjects ([A], yellow area) and regions of the optic
nerve head volume that are unsegmentable in >10% of subjects ([B], yellow area). Inner circle denotes area where >95% of optic nerve heads fit in
if centered around the center of the optic nerve head (radius = 1.03 mm); outer circle is largest circle that fits in the gray area if centered around
the center of the volume (radius = 1.84 mm). Right eye representation. Lower row (C, D) is similar to upper row (A, B), but now the volumes were
not centered around the fovea/optic nerve head.

All measurements were conducted after the Medical Ethics
Committee of the Erasmus University had approved the study protocol
and after all participants had provided written informed consent in
accordance with the tenets of the Declaration of Helsinki.

OCT Data Collection

To determine which regions of the OCT volumes could be segmented
in what fraction of subjects, the macula and ONH of 925 consecutive
subjects was imaged with the Topcon 3-D OCT-1000 (Topcon, Tokyo,
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Ficure 2. Test-retest variability (twice the standard deviation of the differences) for macular retinal nerve fiber layer (A) and macular retinal
ganglion cell layer (B), both absolute (upper row, in micrometers) and relative to average thickness (lower row, in percentages).

Japan). Initially, both eyes were scanned; later, we confined the
scanning to only the right eye because of time constraints in our
population-based setting. Volume size was 6 X 6 X 1.68 mm (512 X 128
X 480 voxels). Volumes were centered around the fovea and the ONH
and performed in the horizontal direction. We excluded volumes with
severe motion artifacts due to eye and head movements.

For the test-retest variability analysis, the macula and ONH of the
right eye of 43 additional consecutive subjects and of the left eye of
one subject were scanned twice on one day with the Topcon 3-D OCT-
2000 (Topcon). Here, volume size was 6 X 6 X 2.30 mm (512 X 128 X
885 voxels). In between the scans, the head was lifted from the chin
rest. We excluded volumes with severe motion artifacts. Volumes with
one or more blocks or segments (as defined below, Data Analysis, Test-
Retest Variability subsection) where the RNFL or RGCL was completely
unsegmentable were also excluded.

Data Analysis

Iowa Reference Algorithm, Segmentable Regions. Using our
standard automated 3-D graph search approach,'#2° all OCT volumes
were segmented into 10 layers, demarcated by 11 surfaces. For each A-

scan we determined, across subjects, the number of subjects for which
all 10 layers could be defined, and then determined, after centering
around the fovea and ONH, respectively, the largest continuous region
where all layers could be defined in 95% of subjects for the macular
region and in 90% of the subjects for the ONH region (see Discussion).
Volumes of OS were flipped to get OD data format. A-scans that could
be not segmented reliably by the algorithm were marked automatically.

Test—Retest Variability. We analyzed test-retest variability for a
series of ROI grids. For the macula, the area of the volume was divided
into 4 (2 X 2), 16 (4 X 4), 36 (6 X 6), 64 (8 X 8), and 68 (0.6 X 0.6 mm,
following the 10-2 perimetry grid) square ROIs (blocks). For the ONH,
we determined the radii of two circles. The radius of the larger circle
was chosen so that it provides the largest circle that fit completely into
the area that could be segmented in 90% of the subjects (see above) if
centered on the x-y center of the volume. The radius of the smaller
circle was chosen so that the ONH fit into the smaller circle completely
in 95% of the subjects (peripapillary atrophy was allowed outside the
smaller circle, as the RNFL can be segmented in areas with
peripapillary atrophy). For the analyses, the circles were centered on
the center of the individual ONH, and the area between the circles was
divided into radially oriented ROIs (segments) of 120° (3 segments),
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Ficure 3. Test-retest variability (twice the standard deviation of the differences) for optic nerve head retinal nerve fiber layer; absolute (upper row,
in micrometers) and relative to average thickness (lower row, in percentages).

60° (6 segments), 45° (8 segments), 36° (10 segments), and 30° (12
segments). We determined the position of the segments so that the
raphe at the temporal side (assumed to be at the 9 o’clock position for
the right eye) was always a demarcation between two segments. If a
ROI was partially unsegmentable, the mean thickness of the RNFL or
RGCL in the ROI concerned was based on the segmentable part. If one
or more ROIs were completely unsegmentable, the volume was
excluded (see above, OCT Data Collection subsection).

As a measure of test-retest variability, we used the coefficient of
repeatability,?! which is defined as two times the standard deviation of
the signed differences between test and retest. Test-retest variability
was determined for the thickness measurements of the ONH RNFL,
macular RNFL, macular RGCL, and the sum of macular RNFL and RGCL.
It was calculated both as absolute (in micrometers) and relative to
average thickness (in percentages) for all ROIs. We used a general linear
model to determine whether the test-retest variability was related to
ROI size, mean thickness of the layer concerned, or location within the
macular area. Here, the dependent variable was the unsigned relative
difference between test and retest.

Normative Data. Normative data were based on the macular and
ONH volumes of the right eyes of the 925 consecutive participants
described above (OCT Data Collection subsection). We excluded
participants with a positive family history of glaucoma, participants
with an IOP above 21 mm Hg, and participants who received IOP-
lowering treatment. We calculated the mean thicknesses with standard
deviation and 95% central range (2.5th to 97.5th percentile) for the
macular RNFL, macular RGCL, the sum of macular RNFL and RGCL, and
the ONH RNFL.

All analyses were performed with IBM SPSS Statistics Release 19.0.0
(IBM Corp., Armonk, NY). A P value of 0.05 or less was considered
statistically significant.

RESULTS

For the segmentable region analysis, 976 macular volumes (897
OD; 79 0OS) and 949 ONH volumes (874 OD; 75 OS) were
available. The mean (standard deviation) age, IOP, and LCDR of
these subjects were 57 (7) years, 14 (3) mm Hg, and 0.3 (0.2),
respectively; 44% were male.

Figures 1A and 1B show the regions of the macular (Fig. 1A)
and ONH (Fig. 1B) volumes that could be segmented in the
majority of participants. Eighty-two percent of the area of the

macular volume could be segmented in at least 95% of the
subjects. Sixty-six percent of the area of the ONH volume
could be segmented in at least 90% of the subjects. The radii of
the inner and outer circles for the ONH volume were 1.03 and
1.84 mm, respectively (Fig. 1B). Figures 1C and 1D are similar
to Figures 1A and 1B, but now the volumes were not centered
around the fovea/ONH.

For the test-retest variability analysis, 30 pairs of macular
volumes and 42 pairs of ONH volumes were available. Here,
the mean (standard deviation) age, IOP, and LCDR were 71 (5)
years, 14 (3) mm Hg, and 0.4 (0.2), respectively; 55% were
male.

Figure 2 presents the absolute (in micrometers) and relative
(in percentages) test-retest variability for the macular RNFL
(Fig. 2A) and RGCL (Fig. 2B) thickness measurements per ROI
for each grid. Figure 3 shows the test-retest variability for the
ONH RNFL thickness measurements per ROI for each grid.
Figure 4 gives the median, minimum, and maximum test-retest
variability for each grid for the macular RNFL (Fig. 4A), the
macular RGCL (Fig. 4B), the macular RNFL and RGCL
combined (Fig. 4C), and the ONH RNFL (Fig. 4D). Test-retest
variability increased with a more detailed grid. For the
individual macula layers, only the 2 X 2 and 4 X 4 (RNFL)
grids achieved a median test-retest variability of 10% or better.
When we combined the two macula layers, the test-retest
variability decreased substantially: For the combined layers, the
median test-retest variability of the thickness measurements
ranged from 5% (2 X 2 grid) to 11% (8 X 8 grid). For the ONH,
the test-retest variability was <20% only for the 120° and 60°
grids. The test-retest variability depended significantly on the
ROI size (P < 0.001 for macular RNFL, RGCL, and the two
combined; P = 0.02 for ONH RNFL); the mean thickness of the
layer concerned (P < 0.001 for macular RNFL; P = 0.002 for
macular RGCL; P < 0.001 for macular RNFL and RGCL
combined; and P < 0.001 for ONH RNFL); and location within
the macular area (P < 0.001).

Figure 5 shows the mean thicknesses for the macular RNFL
(Fig. 5A) and macular RGCL (Fig. 5B) as a function of grid size.
Figure 6 presents the mean thicknesses for the ONH RNFL.
Table 1 presents the descriptive statistics of the normative data
for the 2 X 2 macular grid and the 120° ONH segments. These
data were based on 795 macular volumes and 781 ONH
volumes.
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Ficure 4. Test-retest variability of the thickness measurements presented as median with minimum and maximum of the various grids as displayed
in Figures 2 and 3. (A) Macular retinal nerve fiber layer (RNFL); (B) macular retinal ganglion cell layer (RGCL); (C) macular RNFL and RGCL

combined; (D) optic nerve head (ONH) retinal nerve fiber layer.

Di1scussION

The results of this study show that essentially the entire
volume of the macula could be segmented and that test-retest
variability depends on the size of the ROI. Unsegmentable
regions were more common around the ONH, especially on
the nasal side. We achieved the best test-retest variability for
the combined RNFL/RGCL thickness measurements in the
macular area.

The area of the macular volume that was segmentable in at
least 95% of the subjects (Fig. 1A) was initially determined after
centering on the fovea. The rationale of this centering is to
compare corresponding regions of the retina between
subjects. Figure 1A shows a clear vignetting. This might be
caused either by poor volume quality toward the borders of the
volume or by poor centering during the scanning process.
Figure 1C shows the same analysis as Figure 1A but now
without centering on the fovea. In this analysis, 96% of the area
of the macular volume could be segmented in at least 95% of
the subjects (to be compared to 82% in Fig. 1A). Hence, the
volume quality does not diminish toward the borders of the

volume (except for the two small regions in the upper
corners). Rather, centering during the imaging process was
suboptimal in our study.

Because many ONH volumes had a large unsegmentable
region at the nasal side, we arbitrarily adopted a 90% threshold
for determining the segmentable part of the ONH volume. If
we had used a 95% threshold for ONH, it would have been
possible to segment only 54% of the volume (to be compared
to 66% for the 90% threshold). Again, some vignetting can be
seen, which disappeared largely after the removal of centering
on the ONH during the data analysis process (Fig. 1D). In
Figure 1D, 84% of the area of the ONH volume could be
segmented in at least 90% of the subjects (to be compared to
66% in Fig. 1B). The unsegmentable region at the nasal side,
however, remained clearly visible, indicating that volume
quality is a real issue in this region. Due to imperfect centering
during the scanning process, the actual percentage of rings
with unsegmentable regions was 12.5% rather than 10%; but in
only 4.8%, the unsegmentable part continued up to the inner
circle, making it impossible to determine RNFL thickness in
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Ficure 5. Normative data (color graphs for all grids except the 10-2 grid, in micrometers) for macular retinal nerve fiber layer (A) and macular

retinal ganglion cell layer (B).

part of the circumference. In the remaining 7.7%, the thickness
determination was based on the part that was still segment-
able. In 80% of the 12.5% with unsegmentable regions within
the ring, the unsegmentable regions were located at the nasal
side of the ONH.

A possible explanation for the finding that unsegmentable
regions were more common in the ONH volumes than in the
macular volumes is the fact that the ONH volume has a greater
distance to the optical axis of the eye.?? The observed higher
frequency of unsegmentable regions at the nasal side of the
ONH is in line with this explanation. The segmentable area
could also be influenced by image quality. Unfortunately, the
OCT device used in our study does not provide an image
quality parameter. As a proxy, we averaged the signal strength,
per subject, over all voxels and plotted the resulting value as a
function of the area that could be segmented. Figure 7 shows
the results for the macular area (Fig. 7A) and ONH (Fig. 7B). As
can be seen in these figures, there is possibly some but no clear
relationship between mean signal strength and segmentable
area.

120°

60° 45°

For the coarsest grid (2 X 2 ROIs) of the macular volume,
we reached a test-retest variability of 6% to 9% for the RNFL,
with the highest values located inferiorly. With more detailed
grids, the inferior region and especially the foveal area had the
highest test-retest variability. These areas also showed the
highest test-retest variability for the RGCL. To our knowledge,
only DeBuc et al.??> have examined the test-retest variability for
RNFL in a 6 X 6 mm macular volume. They found a coefficient
of repeatability of 4.6% for the mean RNFL thickness. Mean
RNFL thickness test-retest variability for the macular volume as
a whole was 4.0% in our data, in good agreement with DeBuc
et al. Other studies addressing test-retest variability of OCT
thickness measurements focused on the thickness of the entire
retina in circular (EDTRS) grids. Neither of these is useful from
the point of view of glaucoma.

Table 2 summarizes studies that reported on test-retest
variability of peripapillary RNFL thickness measurements.
Some of these studies measured at different segment sizes
and showed that test-retest variability increased with an
increasing number of segments. Test-retest variability was
generally highest superiorly (11 to 1 o’clock position) and

H i
I 0 pm
30°

Ficure 6. Normative data (color graphbs for all grids, in micrometers) for optic nerve head retinal nerve fiber layer.
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TasLe 1. Normative Data for RNFL Thickness, RGCL Thickness, and
the Combined Layers for the 2 X 2 Block Grid in the Macular Region
and for the RNFL Thickness for the 120° Segments in ONH Region

Mean Thickness, pm
(Standard Deviation;
95% Central Range)

Macular RNFL

Temporal superior 22 (3; 17-27)
Nasal superior 41 (7; 28-549)
Temporal inferior 23 (3; 18-30)
Nasal inferior 44 (8; 29-61)
Macular RGCL
Temporal superior 34 (5; 24-43)
Nasal superior 35 (4; 27-43)
Temporal inferior 34 (4; 25-43)
Nasal inferior 34 (4; 25-41)

Macular RNFL + RGCL
Temporal superior
Nasal superior
Temporal inferior
Nasal inferior

56 (6; 43-67)
76 (9; 58-92)
58 (6; 45-69)
78 (10; 58-95)

ONH RNFL
Temporal superior 105 (18; 55-135)
Nasal 92 (19; 49-129)

Temporal inferior 112 (17; 65-139)

inferiorly (5 to 6 o’clock position)—the areas where the major
vessels can be found. This is in agreement with our data (Fig.
3). Different definitions of test-retest variability have been
used in the literature (Table 2). Only studies applying the same
definition should be compared. Since we did not look at the
quarter grid, we can compare the test-retest variability for only
the clock hour grid. Budenz et al.>* showed a median test-
retest variability of 14.3 um in 51 glaucoma patients. In normal
eyes, a median test-retest variability of 16.3 pm?3> and 15.9
um?® was reported (converted to our definition). Our median
test-retest variability of 22.3 pum is somewhat higher. In our
study, the two volumes were recorded and analyzed indepen-
dently; they were not superimposed and aligned before
analysis, nor was an eye-tracking system used. For follow-up
of a single patient, such measures could lower test-retest
variability and thus improve change detection. With our
approach, however, the test-retest variability gives a more
realistic estimate of the accuracy of single scans, which are
often used in screening settings and in population-based
studies. A lower test-retest variability after registration of a
previous scan was found in the study of Kim et al.?® In that
study, median test-retest variability decreased after application
of two different registration methods (from 8.2 to 6.3 and 6.8
pm, respectively).

A strength of this study is the sample size. Segmentable
regions and normative data were based on almost a thousand
subjects. The population-based setting and the fact that we
used volumes of consecutive participants should have made
our sample as unbiased as possible. OAG cases previously
identified within the study were excluded, as were participants
with an increased OAG risk (see Methods section). Together
with the low prevalence of OAG in the general population, this
should ensure an appropriate dataset for determining norma-
tive data.

A limitation of this study is the quality of the scans. Due to
limited time for scanning, centering of the fovea and ONH was
suboptimal, and scans with motion artifacts could not be

I0VS, December 2012, Vol. 53, No. 13
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Ficure 7. Mean signal strength (percentage of maximum) as a
function of segmentable area (percentage of maximum) for the
macular area (A) and ONH (B).

repeated. Scans performed in a clinical setting (as opposed to
our population-based setting) could have larger segmentable
areas. This remains to be proven, though. Another drawback is
the use of two different OCT devices (Topcon 3-D OCT-1000
and OCT-2000; Topcon) with different volume sizes, due to an
update during the course of the study. Within the substudies
(segmentable regions and test-retest variability), however, we
used the same OCT device for all participants. The older age of
the participants in our two substudies (71 and 57 years,
respectively) may have made it more difficult to get high-
quality scans, due to a higher frequency of ocular morbidity
such as cataract. On the other hand, OAG also typically occurs
in the elderly, and our scan quality would therefore be
representative for the target population.

In the macular volume, a combined thickness measurement
of the two layers studied (RNFL and RGCL) improved the
repeatability significantly. This indicates that the border
between the RNFL and RGCL has a relatively large variability
on repeat scanning. However, a good repeatability alone is not
sufficient to obtain a good diagnostic performance. Focusing
on tissues relevant to the disease of interest is also important.
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As both the RNFL and the RGCL are involved in OAG, a
combined analysis of these two layers seems, a priori, a logical
approach. In order to get a first impression of the diagnostic
performance (which will be addressed in detail in a further
study), we calculated areas under the receiver operating
characteristic curves (AUCs) for the average thicknesses of
the macular RNFL, the macular RGCL, and both layers together.
We found AUCs of 0.89, 0.87, and 0.92, respectively, based on
the participants used in this study as controls and 21 eyes of 21
OAG patients as cases. These 21 OAG cases were a random
subset of OAG cases identified previously in the Rotterdam
Study who had had an OCT scan.'®4° The average (range)
standard automated perimetry mean deviation was —9.1 dB
(—1.4 to —21.8 dB). Although the differences between these
AUCs were—possibly related to the small number of OAG
cases—not statistically significant, the point estimates indicate
that a thorough study of the combined analysis of the two
layers is worth the effort.

In conclusion, it is possible to obtain detailed thickness
measurements, but there is a balance between the ROI size and
variability. In the macular volume, a combined thickness
measurement of the two layers studied (RNFL and RGCL)
improved the repeatability significantly. The optimal grid size
for screening and progression detection in glaucoma can be
deduced by comparing cross-sectional measurements in
healthy subjects and glaucoma patients and by performing
longitudinal measurements in glaucoma patients, respectively.
These issues, including a confirmation of the presumed
superiority of a combined analysis of the RNFL and RGCL,
should all be addressed before OCT scanning can be optimally
used in clinical practice.
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