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Abstract

Purpose To propose an innovative three-dimen-
sional surface presentation of the optic nerve head
(ONH) from the SPECTRALIS optical coherence
tomography (OCT) device.

Method A dataset of OCT ONH files from eight
glaucoma follow-up patients was obtained. The set
consisted of OCT ONH images for 20 right eyes (OD)
and 17 left eyes (OS). Preprocessing steps followed
with OCT reconstruction procedures were designed.
The three-dimensional (3D) surface rendering was
generated for all OCT ONH images. A set of eight
International Organization for Standardization (ISO)
roughness parameters were calculated to assess the
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disparities in the 3D ONH surface morphology during
follow-up visit.

Results The 3D ONH surface presents a new OCT
display to ophthalmology; so, the physician can
examine the surface morphology of the OCT ONH
region. The 3D ONH surface’s shape varied notice-
ably during follow-up visits in glaucoma patients. The
percentage disparity of ONH surface roughness’s can
be as small as 3% or almost zero, but it can be as large
as 56% or 100%.

Conclusions The approximation of OCT ONH 3D
surface is feasible; it may possibly be beneficial to
ophthalmology. It allows ophthalmologist to perceive
the entire changes in the ONH surface morphology
during the follow-up attendances; so, it can be used to
observe patient health. The ISO roughness measure-
ments are suggestive complementary factors to
observe the alterations in the OCT ONH region.

Keywords Optical coherence tomography - Optic
nerve head - 3D surface visualization - Glaucoma

Introduction

Optical coherence tomography (OCT) employs coher-
ence optical gating in order to obtain two-dimensional
(2D) cross section of the retina and optic nerve [1-4];
hence, in the ophthalmology clinic, it permits observ-
ing any defects in the thickness of the retinal nerve
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fiber layer (RNFL) and any variations in the shape of
the optic nerve head (ONH) [4]. The RNFL and ONH
are subject to be affected due to eye diseases such as
glaucoma [4-7]. The thickness of RNFL remains the
prevailing factor for observing the variations of the
intraocular pressure in the eye [5, 6]. However, several
2D parameters have been utilized to observe variations
in the morphology of ONH (e.g., axial length, cup-to-
disc ratio, ganglion cell complex, optic disc area and
optic disc rim area, the nasal and temporal ONH
incline measures) [7-9]. Volumetric parameters (e.g.,
ONH'’s cup volumes) have also been calculated based
on landmarks that were set by the ophthalmologist
[8, 10].

On the other hand, due to the advances in computer
sciences, the three-dimensional (3D) visualization of
data from diagnostic medical imaging has reached
medicine; the 3D medical imaging visualization can
disclose occult information to reach the precise
medical decision about patient’s health [11]. There-
fore, some researchers explored the 3D visualization
techniques on OCT images [12-16]. They evaluated
the benefit of 3D volume rendering of different human
eye’s structures appeared in OCT images.

This paper introduced new presentations of the
surface rendering of the ONH from SPECTRALIS
OCT examinations. The OCT coronal slices of the
ONH region were displayed. The 3D surface of the
ONH region was visualized. Both presentations, to the
best of our knowledge, have not been reported in OCT.
The suggested technique demonstrated the entire 3D
shape of ONH valley from top to bottom (i.e., the
lamina cribrosa). We observed this new 3D ONH
surface presentation on a set of glaucoma follow-up
patients. The variations in the 3D ONH surface’s
shape were assessed by means of ISO roughness
parameters, which, to best of our knowledge, have not
been investigated. The results showed that the 3D
ONH surface could prevail complementary informa-
tion that may possibly benefit ophthalmology
sciences. Since the experiments were done on 3D
volumes of OCT images, supplementary videos for
illustrations were attached with this paper. The paper
presents technical findings, medical validation is a
prospective research.
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Materials

OCT files were obtained for eight patients who had
multiple visits to a private ophthalmology clinic
(ISHRAQ eye center) in Amman, Jordan, in the past
2 years (2016-2017). All patients were from Jordan (5
males, 3 females, range of ages: 12-77 years). Six
patients had two follow-up visits, but the OCT files for
left eye were missing for one of those patients, one
patient (age 12) had three follow-up visits, and one
patient (age 13) had five follow-up visits for right eye
and four follow-up visits to left eye. In each visit, the
patient enrolled OCT examinations using a 2D spec-
tral domain OCT device (SPECTRALIS® Laser
Tracking Tomography made by Heidelberg Engineer-
ing in Germany). Hence, in total, the dataset consisted
of 37 OCT ONH exams (20 right and 17 left eyes). All
eyes suffered from variable severity of glaucoma
according to Heidelberg Eye Explorer (software)
version 6.9.5. For each eye, the OCT file of the
ONH region was used. The supplementary file, called
as “original OCT ONH video,” illustrates one of the
original OCT files. Each OCT file contained two
presentations of the ONH region as shown in Fig. 1
(Still Frame). On the left side, there is a video showing
the location of 24 slices that are confined in a green
circle including the whole ONH region and its
surroundings (circle diameter is 3.5 mm), while, on
the right side, there is an animation of the 24 2D cross
sections of ONH and part of the retina. The latter is
usually called as the “B-Scan mode” of the ONH. The
two displays are concatenated to form a single
1262 x 496 matrix. The spatial resolution was set to
2 pm, and they were displayed as RGB colored image.
All files were saved and later processed in a personnel
computer (PC) with the following main specifications:
Intel © Core™ i7-4790 CPU@3.6 GHz, 64 bits, and
8.00 GB RAM. The PC was equipped with “Image]”
program (i.e., Image Processing and Analysis in
JAVA) and “Surfer 3D Viewer” program. Both
platforms were used to accomplish the experiments.

Methods

The experiments were performed on the ONH B-scan
mode. Each 2D cross section image in the B-scan
shows the variations in the morphology (i.e., the valley
shape) of the ONH within a slice of one of the 24 slices
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1200 pm

Fig. 1 The first frame out of 24 frames for one of the OCT ONH right eye

(Fig. 1. right). Figure 2 shows the block diagram of
the method that was developed to generate the 3D
surface of the ONH. All experiments were performed
in accordance with research ethics and guidelines. The
research did not contain any studies with human
participants (volunteers) performed by any of the
authors. The OCT cases, used in the experiments, are
old examinations. The patient’s identifications were
removed from all OCT files, so they become as
anonymous OCT images. For this type of study,
formal consent is not required in our institution. The
study was approved by the Research Committee
ISHRAQ Eye Centre in Amman, Jordan.

The method consisted of five steps. First, we
extracted the 710 x 496 x 24 video from the B-scan
of the OCT file. This resulted in a 3D volume
consisting of 710 x 496 of 24 cross sections in the

Coronal ONH views
710x[24x15]x496

ONH B-Scan Smooth ONH B-Scan
710x496x24 710x496x24

‘ -—) 3D Smooth —_—
= MEDIAN 5x5x5

3D Interactive 3D Surface
— =] Surface Roughness
Visualization Measurements

Fig. 2 The block diagrams for OCT 3D ONH cup surface

ONH and its surroundings. Each cross section in the
video included the optic nerve cup, neuro-retinal rim,
and part of the RNFL. The video was converted from
RGB to 16 bits grayscale to speed-up the post-
processing steps. Second, a 3D median filter in a
5 x 5 x5 window was applied. This yielded to
smooth the RNFL and ONH as well as it remarkably
removed the small OCT mottles occurring in the
vitreous chamber of the eye, as shown in the second
supplementary file called as “the Smoothed B-Scan of
the OCT ONH region.” Third, the B-scan video was
re-sliced (reconstructed) from top to bottom retaining
the original image resolution (i.e., without interpola-
tion). This resulted in a 710 x 24 x 496 video. Since
there was only 24 slices in the original B-scan, the
width of each image in the resulting video was small
(only 24 rows). Therefore, the video y-axis (width)

-twima | |
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was scaled by a factor equal to 15. This yielded to
710 x 360 x 496 video. The value equal to 15 was
chosen because this led to width of 360 pixels, which
would have been the expected width if the SPEC-
TRALIS device had generated the whole available 360
slices of the green circle encompassing the ONH
region instead of 24 (the first supplementary file). This
video was called as the coronal slices of the OCT
ONH. It shows the serial ONH coronal shape varia-
tions starting at the ONH edges and continually
narrowing toward the deepest point of the optic nerve
(toward the Lamina Cribrosa). The third supplemen-
tary file, named as “The coronal slices of OCT ONH
region,” shows a demonstration.

In the fourth step, the average intensity of the 496
coronal slices of the ONH region was calculated. This
resulted in a single image of size of 710 x 360 x 1
pixels as seen in Fig. 3 (left). Thus, the retina areas
appear bright shades, while the ONH cup’s regions
appear dark in Fig. 3 (left). For the sake of further
illustration, Fig. 3 (middle) shows the negative image,
while Fig. 3 (right) shows the RGB colored image of
the negative image. It is important to note that these
images (Fig. 3) present OCT information in different
manner from the original OCT file (Fig. 1). Finally, in
the fifth step, 3D surface rendering was utilized to
display the averaged coronal ONH region in Fig. 3
(right). The 3D surface visualization revealed the
variations in the 3D morphology of the ONH surface
(Fig. 4). It was developed so the user (ophthalmolo-
gist) could rotate the ONH 3D view to observe any
differences during the successive visits of the patient.
The “Red-Green-Blue (RGB) look-up-table LUT”
color plate was utilized. This color plate employs the
RGB rainbow color order, so the red represents the
highest intensity value while the violet represents the

Retina Retina

lowest. Therefore, using the image in Fig. 3 (middle),
the deep points of the ONH were presented by green-
to-red spectrum colors, while the ONH edges and the
retina parts were presented by blue-to-violet colors.

The 3D surface’s morphology can be described by
calculating roughness parameters; they are also called
as waviness parameters. Therefore, we measured
roughness of the ONH surface in Fig. 3. There are
international roughness parameters such as those
described in ISO 25178-2 and ISO 4287-2000 stan-
dards (Ref. No. 17 and 18). A set of seven common
parameters were selected. They are the arithmetic
mean deviation (R,), the root-mean-square deviation
(Ry), the kurtosis of the deviation (Ry,), the skewness
of the deviation (Ryy), the lowest surface valley (R,),
the highest surface peak (Rp), and the total surface
height (R,) of the ONH surface. These parameters can
be calculated in ImageJ with correspondence to ISO
4287-2000. They are all based on the amplitude
(intensity) of each pixel in Fig. 3. Also, the sum of the
pixel intensities was measured; it was denoted as
roughness integrated density (Ryypen)- It Was normal-
ized by dividing its value by the size of the image
(710 x 360). Hence, eight roughness parameters were
assessed. Our objective was to quantify and monitor
the variations in the ONH surface after the successive
visits to ophthalmology clinic.

Results

The 3D ONH surface was generated of each eye (right
and left) for all patients in each follow-up visit. This
was done using the “Surfer 3D viewer” program.
Figure 4 illustrates the 3D ONH surface displays for
three different patients who had two, three, and five

Fig. 3 The average image of the 496 coronal slices of the ONH cup of right eye (left). The RGB colored image (right) of the negative

image (middle)

@ Springer



Int Ophthalmol (2019) 39:1939-1947

1943

Fig. 4 The 3D surface of OCT ONH region during two (a), three (b), and five (c¢) follow-up visits

follow-up visits. This figure demonstrates that there
are perceivable (visible) differences in the shape of the
ONH surface. This finding was repeated for all eyes in
the dataset. In other words, there was disparity in the
shape of the 3D surface of the ONH region for all
glaucoma patients in their follow-up visits. Each 3D
visualization in Fig. 4 was designed to permit the
ophthalmologist to observe the ONH appearance from
different angels in accordance to rotation parameters
for x-, y-, and z-axis in the 3D view. The supplemen-
tary video named as “3D OCT ONH surface with
rotation” illustrates an example of 3D OCT ONH
surface rotating around z-axis located at the center of
ONH valley.

In order to quantify the ONH surface variations, the
selected eight roughness parameters (R, Rq, Riu, Rk
Ry, Ry, Ry, and Rynpen) Were calculated. This was done
for all eyes in the dataset. For example, Fig. 5 shows
the average roughness (R,) measurements on all right
and left eyes for all patients. It shows that R, decreases
or increases during the successive visits to ophthal-
mology clinic. Thus, we measured the disparities in

the value of each one of these eight roughness
parameters during all follow-up visits. Then, we
calculated the average (AVG), standards deviation
(STDEV), maximum value (MAX), and minimum
value (MIN) of the disparities for all follow-up
patients. Figures 6 and 7 show bars indicating the
limit values of summing ‘‘AVG = half STDEV”’ of
roughness disparities for right and left eyes, respec-
tively. Each bar is crossed by a line showing the MAX
and MIN disparity for each roughness parameter. The
x-axis shows the numerical results labeled in tables.
Both figures proved, quantitatively, that there were
inequalities of ONH region’s waviness during follow-
up visits, as visually noted in Fig. 4.

Discussion and conclusions
From technical point of view, this paper continued
previous investigation on the geometry of ONH from

SPECTRALIS OCT images [9]. However, instead of
the ONH incline-slope quantities that previously

@ Springer
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Measurements of Average Roughness of ONH cup at follow-up visits for Right and Left Eyes
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Fig.

A chart showing the average roughness (R,) measurements on all right (blue bars) and left eyes (red bars)

Variations in Roupghness measurements for Right Eyes on ONH's 3D surface presentation

20.00
15.00
10.00

5.00

Values

0.00
-5.00
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-15.00
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Int Dens Rq Ra Rsk Rku Highest Peak Min valley Height
AVG + STDEV/2 6.35 4.34 4.58 0.00 0.00 4.54 0.30 3.46
Max Variation 14.93 9.09 9.27 0.06 0.13 11.00 8.00 9.00
Min Variation -4.87 -5.07 -4.87 -0.15 -0.40 -8.00 -7.00 -13.00
AVG -STDEV/2 0.88 0.13 0.38 -0.05 -0.14 -1.74 -4.30 -4.66

Roughness Measurements

Fig. 6 A chart showing the MIN, MAX, and AVG £ STDEYV values of the disparities in the eight roughness parameters on the right

eyes 3D ONH surface during the follow-up attendances

Variations in Roupghness measurements for /eft Eyes on ONH's 3D surface presentation

30.00
20.00
10.00
3 0.00 — — +
2 -10.00
s
-20.00
-30.00
-40.00 = = =
Int Dens Rq Ra Rsk Rku Highest Peak Min valley Height
AVG + STDEV/2 3.20 3.47 3.53 0.05 0.14 6.76 1.72 6.92
Max Variation 9.72 9.93 9.71 0.16 0.37 20.00 6.00 23.00
Min Variation -16.23 -16.81 -17.52 -0.09 -0.24 -28.00 -8.00 -28.00
AVG -STDEV/2 -3.76 -3.90 -4.14 -0.01 -0.03 -5.56 -2.52 -6.52

Roughness Measurements

Fig. 7 A chart showing the MIN, MAX, and AVG £ STDEYV values of the disparities in the eight roughness parameters on the left

eyes 3D ONH surface during the follow-up attendances

suggested on single OCT ONH cross section [9], the
3D presentation of the entire ONH surface was
generated and analyzed. This ONH surface appear-
ance is not presented in SPECTRALIS, although it is
possible as suggested in Fig. 2. The inclusive surface
of the OCT ONH region is 3D visualized as seen in
Fig. 4. This would allow to visually look closer on
disparities, if any, in OCT ONH shape during follow-
up glaucoma patients. This could complement the

@ Springer

common OCT presentations that are used to diagnose
patients’ eyes. This is the first contribution in this
paper. (We consider this as the main finding in this
paper). The computer scientists can build up further
displays. We suggest overlaying successive 3D ONH
surfaces into single 3D display to observe or calculate
differences, if occur. We did not do such to keep the
number of figures and size of paper to the required
limits.
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On the other hand, the coronal slices of the OCT
ONH were reconstructed as seen in the supplementary
file (The coronal slices of OCT ONH region). This
video showed the OCT ONH serial coronal slices,
beginning at vitreous face till the bottom of the ONH
valley (Lamina Cribrosa). Although it was straight-
forward generated from the OCT B-scan mode
(Fig. 2), this video is also not presented in SPEC-
TRALIS. The frames in the video were accumulated to
present the average intensity of ONH coronal slices in
Fig. 3 in order to later generate the 3D ONH surface.
Therefore, we suggest that the 3D ONH surface
(Fig. 4) and the OCT coronal ONH slices (supple-
mentary video) may benefit calculating the common
ophthalmology quantities (e.g., the ONH axial length,
cup-to-disc ratio, optic disc and optic disc rim area,
cup volume [7, 8, 10]). They might also help
researchers in segmentation and/or auto-detection of
eyes diseases affecting the ONH region [19, 20]. This
is the second contribution in this paper.

Quantitatively, roughness parameters provided cal-
culable proofs to observe ONH surface alterations
during follow-up glaucoma patients. Figures 6 and 7
show that the roughness measurements R,, Ry, Ry, R,
and R,, have higher disparity ranges than Ry, and Ryy.
Hence, the former parameters have the potential to
observe the profiles of OCT ONH region surface. The
Rinpen 18 N0t a roughness parameter; it is the integrated
density of gray levels in an image (sum of pixels
brightness). Figures 6 and 7 show that Ry pe, i also
possible to observe ONH variations. This allowed to
conclude the third contribution of this paper. That is,
the roughness parameters and Ryp., are suggestive
factors to monitor the disparities in the OCT ONH
surface morphology that are due to eye diseases such
as glaucoma. There are other roughness parameters in
ISO 25178-2 and ISO 4287-2000 [17, 18], which
could also have been investigated. Investigation of all
roughness parameters was beyond the objective of this
paper.

From clinical point of view, Fig. 5 shows that, in
case of glaucoma, there are inequalities of average
roughness (R,) for both right and left eyes. The
figure shows that R, decreases or increases during the
successive visits to ophthalmology clinic; the percent-
age of disparity was approximately in the range of
3-55% for both right and left eyes. We calculated the
percentage of disparity in the ONH surface for other
roughness parameters. Table 1 reports the MIN,

MAX, AVG, and STDEV of the percentage of
disparity for all roughness parameters. It shows that
the percentage of variation can be as small as 3% or
almost zero, but it can be as large as 56% or 100%.
These variations are attributed to changes in the
pressure of the intraocular pressure (IOP) in glaucoma
patients during follow-up visits [4—7]. This leads to
conclude that the ONH surface presentation (Fig. 4)
along with roughness measurements may complement
other OCT presentations and parameters used in
ophthalmology clinic to observe follow-up glaucoma
patients. This conclusion may be used for other eye
diseases influencing ONH region such as optic disc
swelling [3, 4]. This is the final contribution from
experiments in this paper.

However, clinical factors need to be obtained in
order to correlate between percentage disparities in 3D
ONH surface waviness from one side (Table 1) and
the progress of glaucoma on the other side. For
examples, it would be needed to know the type and
dose of medical prescription, severity of glaucoma,
commitment to medicine schedule, and follow-up
intervals for each glaucoma patient. Despite the
necessity to know these clinical factors, it is clear
from Figs. 4, 5, 6, 7 that there were variations in the
shape of the ONH surface during the follow-up of the
glaucoma patients due to alterations in the IOP.
Therefore, the results suggest prospective clinical
research toward investigating to which extent the
disparities in 3D ONH surface associate with glau-
coma. We propose to study the correlation of 3D ONH
surface disparities (roughness measurements) with the
well-established parameters used in glaucoma evalu-
ation, e.g., RNFL, cup-to-disc ratio, or different
volumes. This, however, would require large dataset
to perform statistical analysis. This is out of the scope
of this paper because it would increase the number of
figures and tables as well as the text for discussion.

In the literature, the investigations of 3D visualiza-
tion on OCT files have been explored since 2008
[12-16]. They all utilized 3D volume rendering for
volumetric visualization of the OCT macula
[12, 13, 16], the OCT ONH geometry [12, 13], and/
or the OCT laminar structure of ONH [14, 15]. Wang
et al. (2016) used the 3D OCT volumetric data to
calculate the ganglion cell complex, peripapillary
thickness, RNFL, and ONH; they claimed that
extracting quantities from the 3D OCT data should
substantially improve diagnostic accuracy [12]. In
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Table 1 The MIN, MAX, AVG, and STDEV of the percentage of disparity (%) in the ONH surface during the follow-up visits

Percentage disparity in roughness parameters (%)

Int. dens. Ry R, Rk Ry Highest peak Min valley Total height

Right eye (OD)

MIN-MAX 3-54 1-55 3-54 1-11 1-20 0-60 0-100 5-34

AVG 17 17 19 4 7 15 56 16

STDEV 17 18 18 4 7 16 43 8
Left eye (OS)

MIN-MAX 3-54 3-50 3-56 0-13 0-24 0-48 0-100 0-48

AVG 18 16 18 4 8 15 51 15

STDEV 16 15 16 4 9 17 40 17

contrast, in this paper, we attempted to display the
surface of the ONH region (i.e., 3D surface rendering
instead of 3D volume rendering), as seen in Fig. 3 and
4. We developed different methods based on recon-
struction of the OCT B-Scan mode (Fig. 2). This
yielded to new presentation of ONH region called “the
coronal slices of the OCT ONH region.” Set of ISO
roughness parameters (Figs. 5, 6, 7) were explored as
new quantities that may possibly help in ophthalmol-
ogy sciences. In summary, the methodology in this
paper succeeded in presenting a new approximation to
the entire ONH surface; this could help visual
observation of the OCT ONH region’s alterations
during the follow-up visits; measurements of surface
roughness were introduced.

Finally, it is important to explain an important
technical point. That is the SPECTRALIS OCT device
employed 24 out of 360 possible slices in the green
circle (Fig. 1). If the 360 slices were utilized to
generate the B-scan of the ONH (or higher number
than 24 slices was used), there would have been no
need for scaling in the third step. Consequently, this
would have improved the approximation of the 3D
ONH surface in Fig. 4, the fourth animation video (3D
OCT ONH surface with rotation), and the measure-
ments of roughness parameters in Figs. 5, 6, 7.
Moreover, this would have allowed to present the
ONH fundus photograph beside the ONH 3D surface
morphology clarifying the ONH region for observa-
tion by ophthalmologist. We expect that if the
SPECTRALIS OCT device allowed to obtain more
than 24 OCT slices, this would have further demon-
strated the worthiness (technical prospective) of the

@ Springer

findings in this paper. Clinical evaluation is an
upcoming research.
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