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Horizontal Scan

Vertical Scan

M-CHARTS Horizontal
Metamorphopsia Score

M-CHARTS Vertical

Metamorphopsia Score

Visual Acuity (LogMAR)

M-CHARTS Horizontal
Metamorphopsia Score

M-CHARTS Vertical

Metamorphopsia Score

Visual Acuity (LogMAR)

Parallelism full thickness
6 mm .

Torl, 1.5-3.0 mm P =
‘Torl, 0.5-1.5 mm P=
Center, 1.0 mm P<
NorS, 0.5-1.5 mm =
NorS, 1.5-3.0 mm P=
Parallelism inner layer
Torl, 1.5-3.0 mm P=
Torl,0.5-1.5mm P=
Center, 1.0 mm P <
Nor S, 0.5-1.5 mm =
NorsS, 1.5-3.0 mm P=

Parallelism outer layer
Torl,1.5-3.0 mm P=
Torl, 0.5-1.5 mm =
Center, 1.0 mm =
Nor S, 0.5-1.5 mm
NorS, 1.5-3.0 mm

Retinal thickness

Torl, 1.5-3.0 mm P=
Torl, 0.5-1.5 mm =
Center, 1.0 mm P=
NorS, 0.5-1.5 mm P=
NorS, 1.5-3.0 mm P=

.0001; R = —-0.543
.0063; R = —0.383
=.0002; R = —0.499
.0001; R = —0.632
.0036; R = —0.404
=.1106; A = —0.231

=.0052; R = —0.391
=.0004; R = —-0.483
.0001; R = —-0.621
.0016; R = —0.435
=.03870; R = —-0.298

.2754; R =-0.159
.0568; R = —0.274
.0232; R = -0.323
=.3061; R = —-0.150
=.7090; R = —0.055

.1261; R =0.222
.0009; R = 0.454
.0031; R = 0.410
=.1626; R =0.203
=.2910; R =0.154

=.0003; R = —-0.482
.0052; R = —0.391
=.0023; R = -0.421
.0003; R =—0.487
=.0220; R = -0.325
=.0148; R = —0.345

=.0022; R = ~0.422
= .0070; R = —0.378
= .0034; R = —0.407
.0255; R = —0.318
= .0570; R = —0.273

=.0098; A = —0.363
.0161; R = -0.341
.0160; R = —-0.341
= .4339; R=-0.115
= .8746; R = 0.023

.2462; R = 0.169
.0027; R = 0.416
.0078; R = 0.373
1231, R =0.223
.5059; R = 0.098

=.0016; R = —-0.434
.0257; R =-0.318
=.0050; R = —-0.392
.0001; R = —-0.522
.0206; R = -0.329
=.0738; R = -0.258

=.0445; R = -0.288
=.0139; R = -0.348
=.0006; R = —0.466
=.0233; R = —-0.322
=.0348; R =-0.302

=.0388; R = —0.296
.0198; R = -0.331
=.0345; R = -0.302
.3828; R'=-0.128
=.6622; R = -0.064

=.1106; R = 0.231
=.0059; A = 0.385
=.0011; R = 0.447
.0137; R = 0.348
=.1166; R = 0.227

=.0012; R = —-0.453
1487; R = —0.214
.0008; R = —0.465
= .0035; R = ~0.414
.0074; R = —0.383
=.0184; R = —0.341

=.0764; R = —0.261
=.0017; R = —0.440
.0040; R = —0.409
=.0163; R = -0.347
=.0131; R = -0.357

= .4314; R = -0.118
=.0386; R = —0.302
4311; R =-0.118
0470; R = —0.291
= .4689; R = 0.109

.3699; R = 0.134
.0201; R = 0.337
.0018; R = 0.438
.2168; R =0.184
=.2663; R = 0.166

.0001; R = —0.533
.0012; R = —0.453
0001; R = —0.524
=.0009; R = —0.462
= .0024; R = —0.428
= .0250; R = —0.326

=.0026; R = —0.425
.0007; R = —0.469
=.0038; R = -0.410
.0103; R = —-0.369
=.0434; R = -0.295

=.0421; R = -0.297
=.0010; R = —0.460
=.5334; R = —0.094
=.0097; R = -0.371
=.8523; R = 0.028

=.2903; R = 0.158
.0076; R = 0.382
.0218; R = 0.333
.2289; R = 0.179
=.2208; R =0.183

=.0024; R = —0.428
= .4462; R = ~0.114
.0064; R = ~0.389
.0018; R = —0.439
.0292; R = —0.317
=.0061; R = —0.392

=.4522; R =—-0.113
.0132; R = -0.357
.0077; R = —0.381
.0581; R =-0.278
.0071; R = —0.385

=.9934; R = 0.001
=.03813; R = -0.314
.0700; R = —0.267
=.3365; R = —0.144
= .4219; R = 0.120

=.0581; R = 0.278
=.0007; R = 0.472
.0004; R = 0.486
= .0026; R = 0.426
= .0034; R = 0.415

piretinal membrane;

garithm of minimal angle of resolution; N = nasal; S = superior




TABLE 3. Correlation Between Parallelism of Retinal Layers and Retinal Thickness in Optical Coherence Tomographic Images of
Patients With Epiretinal Membrane

Parallelism

Full Thickness

Inner Layers

Outer Layers

Retinal thickness, horizontal scan
Temporal, 1.5-3.0 mm
Temporal, 0.5-1.5 mm

Center, 1 mm
Nasal, 0.5-1.5 mm
Nasal, 1.5-3.0 mm

Retinal thickness, vertical scan

Inferior, 1.5-3.0 mm
Inferior, 0.5-1.5 mm
Center, 1 mm

Superior, 0.5-1.5 mm
Superior, 1.5-3.0 mm

P <
P«
P
P«
P

P <
P<
P<
P
P <

.0001; R = —0.608
.0001; R = —-0.720
.0001; R = —-0.701
.0001; R = —-0.673
.0001; R = —-0.541

.0001; R = —0.551
.0001; R = -0.617
.0001; R = —0.601
.0001; R = —0.633
.0001; R = —0.608

P < .0001; R =-0.614 P =.0138; R = —0.348
P <.0001; R = -0.720 P =.0008; R = —0.456
P <.0001; R = —0.690 =.0447; R = —0.288
P <.0001; R = —0.662 =.0185; R = —0.334
=.0002; R = —0.505 P =.5717; R = —0.083
=.0002; R = —-0.516 P =.0008; R = —0.467
P < .0001; R = —0.528 P =.0030; R = —-0.419
P < .0001; R = —0.609 =.1477; R = -0.215
P < .0001; R = —0.606 =.0655; R = —-0.271
P < .0001; R = —0.640 P = .8814; R = 0.022

of structural changes in OCT images of ERM. Results from
multiple linear regression analysis showed that parallelism
in both the horizontal and vertical scans contributed most
to the horizontal and vertical metamorphopsia scores,
implying that parallelism correlated with metamorphopsia
score better than did retinal thickness.

Parallelism represents the positional relationship among
line segments rather than retinal thickness. Although our
selection of the parameter parallelism was first based on
its potential to evaluate retinal layer integrity using the
full thickness of the retina instead of local layer thickness,
we challenged our results by also evaluating its usefulness in
the inner and outer layers in the current study. As a result,
inner-layer parallelism correlated strongly with metamor-
phopsia score and visual acuity, while outer-layer paral-
lelism had a modest relationship with these visual
functions, suggesting that the contribution made by the
parallelism of the inner layer to visual function was greater
than that made by the outer layer in this study.

A number of studies have reported relationships between
retinal morphologic features and metamorphopsia in ERM.
Watanabe and associates,”’ Kim and associates,'* and
Okamoto and associates'” used SDOCT and reported
a significant relationship between inner nuclear layer
thickness and metamorphopsia. Arimura and associates
investigated the relationship between the degree of retinal
contraction and the degree of metamorphopsia, and found
that there were significant positive correlations between
horizontal contraction of the retina and vertical metamor-
phopsia score and between vertical contraction of the
retina and horizontal metamorphopsia score.”” Collec-
tively, these studies suggest that metamorphopsia in
patients with ERM associates with pathologic changes in
the inner layer of the retina but not with photoreceptor
status. Our results also showed that parallelism of the inner
layer correlated strongly with metamorphopsia score.
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However, Ooto and associates described that eyes with
ERM showed abnormal photoreceptor cone mosaic
patterns and found that the presence of “microfolds” (a
characteristic finding that might correspond to contraction
in the photoreceptor layer caused by shrinkage of the ERM)
was associated with metamorphopsia by using adaptive-
optics scanning laser ophthalmoscopy images, which
suggested involvement of the photoreceptor layer in meta-
morphopsia.”* In our study, parallelism in the outer layer in
both horizontal and vertical scans showed modest correla-
tions with horizontal or vertical metamorphopsia score.
Thus, parallelism in the outer layer may have the potential
of reflecting the photoreceptor integrity.

A classical digital filtering process was used to generate
skeletonized images for calculation of parallelism in this
study.”° The benefits of image analysis based on a simple
filtering process are its low computational complexity and
faithfulness to the original images without segmentation
failure. However, as stated before, extraction of structures
other than the boundaries of retinal layers, such as vessels
and vessel shadows in the vertical scan, might be considered
flaws. On the other hand, considering that parallelism can
represent changes in the layered structure, parallelism may
have the potential to automatically detect abnormal findings
in OCT images even in cases with normal retinal thickness.
Moreover, parallelism can be used as a parameter of
complexity of images, thereby enabling quantification of
complicated findings such as retinal structural changes in
age-related macular degeneration” or hyper-reflective
foci,*>*® cystoid space,”’ microaneurysm,’’ and degenerated
photoreceptor layers in diabetic macular edema.”’ Evaluation
of parallelism will be tested in retinal diseases other than ERM
and using different OCT machines in future.

Our study has the following limitations: (1) sample size
was relatively small; and (2) there is room for improvement
in the filtering process.
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In conclusion, parallelism is proposed as a new robust

and practical parameter for structural integrity. This
parameter reflects how parallel the layers are to each other

in OCT images. Parallelism was significantly lower in eyes
with ERM than in normal eyes, and correlated strongly
with metamorphopsia and visual acuity in eyes with ERM.
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SUPPLEMENTAL FIGURE 1. Parallelism of retinal layers evaluated in horizontal line scan of normal subjects. (Top left) In the
horizontal spectral-domain optical coherence tomography scan, significant differences were shown in full-thickness parallelism among
5 subfields (center [1 mm], 2 parafovea [temporal and nasal, 0.5-1.5 mm], and 2 perifovea [temporal and nasal, 1.5-3.0 mm]). (Top
right) Retinal thickness was smallest in the center (1 mm) and was largest in the parafovea (0.5-1.5 mm). (Bottom left) Parallelism in
the center (1 mm) was significantly smaller than those of the perifovea (1.5-3.0 mm) and parafovea (nasal, 0.5-1.5 mm) in the inner
layer. (Bottom right) Significant differences were not shown in outer-layer parallelism among 5 subfields. #*P < .05, paired ¢t test
followed by Bonferroni correction.
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SUPPLEMENTAL FIGURE 2. Parallelism of retinal layers evaluated in vertical line scan of normal subjects. (Top left, Bottom left,
Bottom right) In the vertical scan, significant differences were shown in full-thickness, inner-layer, and outer-layer parallelism. Paral-
lelism of the perifovea (1.5-3.0 mm) tended to be smaller than parallelism of the other subfields, and significant differences in full-
thickness and outer-layer parallelism were observed between the perifovea and some of the other subfields. Vessel shadows were
imaged as lines perpendicular to the retinal layers in vertical scans, which might have caused decreased parallelism in the perifovea.
(Top right) Retinal thickness was smallest in the center (1 mm) and was largest in the parafovea (0.5-1.5 mm). *P < .05, paired t test
followed by Bonferroni correction.
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SUPPLEMENTAL FIGURE 3. Extraction of skeletonized image from retinal layers in vertical line scan of optical coherence tomo-
graphic images. Images of the right eye of a 65-year-old man from our database of normal volunteers. (Top row) Vertical line scan
thorough the fovea of the infrared (IR) spectral-domain optical coherence tomography (SDOCT) image. (Second row) SDOCT image
of the 6-mm section outlined in black in top row. (Third row) Filtered image of second row after application of derivative of a Gaussian
filter for edge detection. (Bottom row) Skeletonized SDOCT image generated from third row. Note that vessel shadows are imaged as
lines perpendicular to the retinal layers (outlined in white), which might have contributed to decreased parallelism in the perifovea
(inferior, 1.5-3.0 mm) compared with the horizontal scan. Parallelism calculated for the 6-mm section, full thickness of the center
(1 mm), parafovea (superior, 0.5-1.5 mm), and perifovea (superior, 1.5-3.0 mm) was 0.844, 0.928, 0.885, and 0.784, respectively.
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