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Purrose. Disruption of external limiting membrane (ELM)
integrity on spectral-domain optical coherence tomography
(SD-OCT) is associated with lower visual acuity outcomes in
patients suffering from diabetic macular edema (DME).
However, no automated methods to detect ELM and/or
determine its integrity from SD-OCT exist.

MEerHODS. Sixteen subjects diagnosed with clinically significant
DME (CSME) were included and underwent macula-centered
SD-OCT (512 X 19 X 496 voxels). Sixteen subjects without
retinal thickening and normal acuity were also scanned (200 X
200 X 1024 voxels). Automated quantification of ELM
disruption was achieved as follows. First, 11 surfaces were
automatically segmented using our standard 3-D graph-search
approach, and the subvolume between surface 6 and 11
containing the ELM region was flattened based on the
segmented retinal pigment epithelium (RPE) layer. A second,
edge-based graph-search surface-detection method segmented
the ELM region in close proximity “above” the RPE, and each
ELM A-scan was classified as disrupted or nondisrupted based
on six texture features in the vicinity of the ELM surface. The
vessel silhouettes were considered in the disruption classifica-
tion process to avoid false detections of ELM disruption.

Resurts. In subjects with CSME, large areas of disrupted ELM
were present. In normal subjects, ELM was largely intact. The
mean and 95% confidence interval (CI) of the detected
disruption area volume for normal and CSME subjects were
mean,,o;ma = 0.00087 mm?> and Cl,sma = (0.00074, 0.00100),
and meancgyg = 0.00461 mm? and Clegyg = (0.00347, 0.00576)
mm?, respectively.

Concrusions. In this preliminary study, we were able to show
that automated quantification of ELM disruption is feasible and
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can differentiate continuous ELM in normal subjects from
disrupted ELM in subjects with CSME. We have started
determining the relationships of quantitative ELM disruption
markers to visual outcome in patients undergoing treatment for
CSME. (Invest Opbthalmol Vis Sci. 2012;53:8042-8048) DOI:
10.1167/i0vs.12-10083

Diabetic macular edema (DME) is the primary cause of
vision impairment in patients suffering from diabetes.!-
Typically, abnormal accumulation of advanced glycation end
products leads to the disruption of the blood-retinal barrier,
causing interstitial fluid accumulation,® swelling and thicken-
ing of the macular layers, and finally damage to central
vision.#> The external limiting membrane (ELM) is a structure
that separates the inner segments from the outer nuclear layer,
where the Miiller cells are joined to the photoreceptor cells.
The ELM serves as a skeleton to keep the photoreceptors
aligned.® The ELM has been hypothesized to maintain a protein
balance between the photoreceptor layer (ISL) and the outer
nuclear layer (ONL).” Recently, several studies have shown that
ELM interruptions visible on spectral-domain optical coher-
ence tomography (SD-OCT) are associated with lower visual
acuity outcome in patients with clinically significant DME
(CSME).8-11 Possibly this is because the integrity of the ELM has
a critical role in restoration of the photoreceptor microstruc-
tures and alignment.'>-'4 Earlier reported approaches!'>-!”
relied on manual tracing of the corresponding surface or on
detecting ELM on 2-D B-scans. However, such studies rely on
manual interpretation of the state of the ELM, and high intra-
and interobserver variabilities are likely. Automated 3-D
analysis of the ELM is of high interest because of its potential
to elucidate structural abnormalities with minimal variability
and possibly predict visual outcomes in DME.

The purpose of the present study was to describe a novel
and fully automated method to quantify the 3-D integrity of the
ELM in patients with CSME and in normal subjects. This pilot
study showing differences between 16 normal controls and 16
CSME patients was included mainly to demonstrate the
practical feasibility of the presented methodology and provide
preliminary comparisons between these two groups of
subjects. Larger studies will follow.

METHODS

Subject and Data Collection

Sixteen subjects diagnosed with clinically significant DME based on
stereo biomicroscopic examination by retinal specialists underwent
macula-centered SD-OCT imaging (Spectralis; 512 X 19 X 496 voxels;
Heidelberg Engineering, Vista, CA). SD-OCT scans were also acquired
from 16 normal subjects without retinal thickening exhibiting normal
acuity (Cirrus; 200 X 200 X 1024 voxels, 6 X 6 X 2 mm?3, voxel size 30 X
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SD-OCT layer segmentation on a normal and a CSME subject. (a) Central slice from the original raw SD-OCT from a normal subject. (b)

Eleven-surface segmentation results for (a). (¢) 3-D rendering of the 11-surface segmentation result for (b). (d) Central slice from the original raw SD-
OCT from a CSME subject. (e) Eleven-surface segmentation results for (d). (f) 3-D rendering of the 11-surface segmentation result for (e).

(a)

Ficure 2. Vessel silhouettes appear as low-intensity regions disrupting
the appearance of the ELM layer. (a) The arrows indicate vessel
silhouettes formed by the vasculature of the retina. (b) The red line
indicates the location of the slice shown in (a) on the en face
projection image of the retina. Note the correspondence of the
locations where vessels cross the slice and the location of the vessel
silhouettes in the slice itself depicted by colored arrows.

30 X 2 um3; Carl Zeiss Meditec, Inc., Dublin, CA). The collection and
analysis of image data were approved by the Institutional Review Board
of the University of Iowa and adhered to the tenets of the Declaration of
Helsinki; written informed consent was obtained from all participants.

ELM Layer Segmentation

The OCT volume was first segmented automatically using our
established multilayer graph-search approach,'8-22 yielding 11 surfac-
es. Once segmented, the subvolume containing the ELM region
between surfaces 6 and 11 (region between the outer plexiform layer
[OPL] and the ONL) was flattened based on the segmented retinal
pigment epithelium (RPE) surface. The ELM is located between
surfaces 6 and 7. Due to the abnormality of the data, the layer
segmentation on CSME data sets may be problematic for surfaces 7 and
8, while the result for RPE layer is quite robust (see Fig. 1). Therefore,
flattening was consistently based on the segmented RPE layer.

Ficure 3. The illustrations for the ELM layer disruption detection. The first column shows the original OCT image; the second column shows the
contrast-enhanced OCT image by normalization; the third column shows the ELM layer segmentation results (indicated by red line) and disruption
area detection results (indicated by yellow); and the fourth column shows the surface view of disruption area (indicated by yellow). The top and

bottom rows show the results for normal and CSME subjects, respectively.
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Ficure 4. An example of ELM disruption area detection. (a) One slice
of the original OCT image. (b) Total retinal thickness (from top of RNFL
to bottom of RPE). (¢) ELM surface shown in red; ELM disruption
regions shown in yellow. (d) ELM surface on which the disruption
regions are marked in black. The red arrow points to the slice
corresponding to slice location depicted in (a, ©).
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Ficure 5. Detected disruption area volume comparison for normal,
normal down-sampled, and CSME subjects. (a) 7=0.6; (b) T=0.5; () T
= 0.4. The plots show the averages and 95% confidence intervals.
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Fiure 6. Disruption voxel percentage in ELM layer for normal,
normal down-sampled, and CSME subjects. (a) 7= 0.6; (b) T'=0.5;
(c) T=0.4. The plot shows the average and 95% confidence interval.

Subsequently, an edge-based graph-search surface-detection method!®
was employed to segment the ELM layer on this subvolume. It is
important to notice that the layer segmentation is based on a graph-
search method that has been successfully validated.'®-22 Specifically,
for the ELM layer segmentation, the region features (gradient, surface
constraints, and anatomic relationship) were effectively integrated into
the graph-search cost function to improve the layer segmentation
performance.

ELM Disruption Area Detection

After detection of the ELM layer, each ELM A-scan is classified as
disrupted or nondisrupted based on the textural and morphologic
properties in the vicinity of the ELM surface. A standard normalization
procedure is performed to enhance the original OCT images. Six texture
features were selected for classification: intensity, gradient, local
variance, local intensity orientation, local coherence, and retinal
thickness. The intensity represents the voxel’s gray intensity level; the
gradient represents the intensity difference between the voxel and
neighbor voxel; the local variance measures the variance of the intensity
at the local region centered around the voxel (region of 3 X 3 voxels); the
local intensity orientation measures the intensity distribution shape at
the local line (perpendicular to the ELM layer orientation) centered
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Ficure 7. ELM disrupted area detection results (indicated by yellow spots) on all 16 normal subjects in full-resolution Cirrus image data. Numerous
pinpoint areas of 50 to 100 pm? ELM disruption exist, but no larger disruption areas were found.

around the voxel (line length: 7 voxels), which should be similar to
Gaussian shape (higher in the center and lower at both ends); the local
coherence measures the coherence of the intensity at the local region
centered around the voxel (region of 3 X 3 voxels); and the thickness is
defined as the distance from the top surface of RNFL (retinal nerve fiber
layer) to the bottom surface of RPE. A disruption probability function
based on these six features is established as follows:

P(X) =0 Pinlensity (X) + o - Pgmdz'enl (x)
+ o3+ Ppariance (-x) + 04+ Porientation (x) (1)

+ o5+ Peoberence (.X') + 06 * Pinickness (x)
Iy
Pz‘ntensz‘tj/(-x) =exp| — m (2)

gradient,
Pgmdz'enl (x) =e&Xp| ——————
Hgragient — Ogradient

variance,
Pyariance (.X') =exp| —

Roariance — Ovariance

1 if center voxel's intensity >

Porientation(X) = two end voxels' intensity (5)
0 otherwise
Z 5(1313 Hp — op )
yeEregion,
Peoperence (x ) = (6)

N

(7)

thickness.x — thickness,
Pipickness (.X') =exXp| —

or

In the above equations, «; through oy are coefficients with oy + oz + o3
+ a4 + as + og = 1, which are the weights for Piuiensin (), Pgradienf(X),
Pyariance®;  Porientation)s Peoberence(), and Prpiceness(); 1y and oy
represent the mean and standard deviation of the intensity derived
from all voxels of the ELM layer; iy adiens A0A Ograaien: TEPrEsent the
mean and standard deviation of the gradient derived from all voxels of
the ELM layer; tyariance A0 Guriance rEPresent the mean and standard
deviation of the variance derived from all voxels of the ELM layer;
region, represents the local neighborhood of x (in this work, 3 X 3
neighborhood was used);
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Ficure 8. ELM disrupted area detection results (indicated by yellow spots) on all 16 normal controls (compare with full-resolution images shown in

Fig. 7).

1 i Pla<b)
0 otherwise

o(a.0) = { ,
> yeregion, Oy, iy — or)computes the number of voxels with
intensity below the threshold (u; — ap; N represents the total
number of voxels in the local region (here, N = 9); thickness,
represents the total retinal thickness (from top of RNFL to
bottom of RPE) at location x; thickness,, . represents the
maximum of retinal thickness for the entire retina (maximum
of thickness, for all locations x); and g, represents the standard
deviation of the total retinal thickness (from the top of RNFL to
the bottom surface of RPE).
Then, the disruption classification function is defined as follows:

. . 0 ifPx)<T
Disruption(x) = { 1 ;;he(mz/ise

(8)
where T is a predefined threshold value.

The vessel silhouettes cause the ELM layer to have low intensity under
the vessels (see Fig. 2), causing voxels in these regions to be initially
classified as disrupted. After the detection of disruption areas, the vessel
silhouettes were identified by our vessel detector,?> and the resulting
vessel segmentation was used as masks to remove false detections.

Data Analysis

The OCT volumes of normal subjects were down-sampled in the y
direction (direction of B-scan lines) to match the voxel size (240 pm) in
the volumes of the subjects with CSME. Mean and 95% confidence

interval of the detected disruption region volume was compared
between the normal, normal down-sampled, and CSME subjects.
Student’s paired /-test was used to assess statistical significance of the
area differences of disrupted regions of the ELM for the two groups of
subjects. Three different threshold values of 7' (T'= 0.4, 0.5, and 0.6)
were applied to compute the disruptions as percentage over the whole
volume, which aims at showing the robustness of the proposed
method irrespective of 7.

RESULTS

Figure 3 shows the ELM layer segmentation, disruption area
detection results, and surface views of the disruption areas on
normal and CSME subjects. Figure 4 shows another example of
ELM disruption area detection results on a subject with CSME
with thickness information. The detected disruption region
volume comparison on normal, normal down-sampled, and
CSME subjects at three different threshold values, 0.6, 0.5, and
0.4, is shown in Figure 5. The mean and 95% confidence
interval of the detected disruption volumes for normal, normal
down-sampled, and CSME subjects (I'=0.5) were mean,, ma =
0.00087 mm? and Cl,,orma = (0.00074, 0.00100), mean,,rmat.ds
=0.00076 and Cl,rmards = (0.00063, 0.00089), and meancgyg
= 0.00461 mm? and Clegyg = (0.00347, 0.00576) mm3,
respectively. The paired #test demonstrated strong statistical
significance of the volume differences between the ELM
disruption areas detected for CSME subjects and normal
controls (both full-resolution and down-sampled, P < 0.001),
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Ficure 9. ELM disrupted area detection (in yellow) on all CSME subjects. Large areas of disrupted ELM are visible.

while the area differences between the full-resolution and
down-sampled normal image subjects were not statistically
significant.

Figure 6 shows the disruption voxel percentages in the ELM
layer for normal, normal down-sampled, and CSME subjects at
three different threshold values, 7= 0.6, 0.5, and 0.4. Figures 7
through 9 show all examples of the ELM disrupted area
detection results on the normal, normal down-sampled, and
CSME subjects.

DISCUSSION

We have developed and evaluated an automated method to
quantify the 3-D integrity of the ELM in patients with CSME and
in normal subjects. The results of this preliminary study show
that in patients with CSME, large areas of disrupted ELM exist
(Fig. 9), while in normal subjects the ELM is mostly continuous,
and large disrupted areas do not exist. An unexpected finding
was, however, that numerous small pinpoint areas of 50 to 100
pum? ELM disruption were detected in normal subjects. The
impact of this finding is not clear at this moment.

The classification of the ELM disruption area is based on
texture and morphologic features. In this study, a threshold
value of T'was used for the disruption area classification. Three
different threshold values of 7' were applied to compute the
disruption volume as the percentages over the whole volume.
Figure 7 demonstrates that the differences between disruption

area sizes obtained from the normal and CSME subjects are
very consistent regardless of the value of 7. This observation
demonstrates that the proposed method is robust with respect
to the chosen values of T.

Because the resolution of normal data in the y direction is
much higher than that of the CSME subjects, we have
downsampled the normal OCT scans in the y direction to
produce the same resolution (240 um) as was achieved by
clinical scanning in the CSME subjects. The experimental
results in Figures 6 and 7 show that the disruption detection
results are consistent for the normal and normal down-sampled
subjects.

There are several shortcomings in this study. The study did
not address the clinically more important question whether the
ELM quantitative measures developed here correlate with visual
acuity and visual outcome. The goal of this study was to
demonstrate the development of this new quantitative tech-
nique, but a much larger study is needed to determine the
association, if any, of these measures to visual acuity and visual
outcome of CSME. First, the number of subjects was too small
to allow determination of the performance of the proposed
method. Second, there is no ground truth for the estimation of
ELM disruption area, so the correlation analysis between the
proposed method and the expert cannot be performed.

To our knowledge, this is the first method reported in the
archival literature for automated and quantitative detection of
ELM disruption areas in retinal OCT images. If our preliminary
results can be confirmed in a larger study, algorithms to
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automatically estimate the ELM disruption area from SD-OCT
have the potential to improve the management of patients with
CSME.

In summary, in this preliminary study, we have developed a

method for automated estimation of ELM disruption areas. The
results showed that the detected ELM layer disruption is
significantly larger in subjects with CSME than in normal
subjects (P < 0.001). We have started determining the
relationship of ELM disruption measures to visual acuity in
patients with CSME.
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