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Purpose: To investigate the efficacy of the geometric morphometrics method for the
evaluation of retinal deformation in patientswith epiretinalmembrane (ERM) anddeter-
mine whether the degree of deformation can serve as a predictive factor for postopera-
tive visual outcome.

Methods: We retrospectively evaluated data from 29 eyes of 29 patients with primary
ERM. Preoperative optical coherence tomography images were compared with images
of their normal fellow eyes using the geometric morphometrics thin-plate spline
technique. Conventional parameters such as retinal layer thickness and previously
reported indices were alsomeasured. The correlation between the preoperative param-
eters and visual acuity was evaluated. Statistical comparisons were performed using
a paired t-test, and associations between the optical coherence tomography image
parameters and visual acuity were determined using Spearman’s rank correlation coeffi-
cient.

Results: Bending energy, which was calculated using geometric morphometrics, was
significantly associated with visual acuity as well as conventional optical coherence
tomography parameters and previously reported indices. Multiple regression analysis
showed that bending energy was an independent predictive factor for postoperative
visual acuity changes.

Conclusions: The geometric morphometrics method is an effective approach for evalu-
ating the severity of ERM and predicting the efficacy of surgery.

Translational Relevance: Geometric morphometrics can effectively evaluate retinal
deformation in eyes with epiretinal membrane.

Introduction

Epiretinal membrane (ERM) is a vitreomacular
disease characterized by a premacular fibrocellular
membrane.1 The pathologic change of ERM is charac-
terized by wrinkling and distortion of the retina owing
to membrane contraction. Although surgical removal
is generally performed, improvement in visual acuity
varies widely depending on the severity of ERM and
retinal deformation.

Recent developments in optical coherence tomog-
raphy (OCT) have enabled detailed and noninva-
sive assessment of retinal structures. Using this

technology, studies have shown a correlation between
preoperative OCT imaging parameters and visual
acuity.2 In these studies, OCT parameters included
the thickness, integrity, or irregularity of each retinal
layer.3–6 These methods are simple, effective, and
powerful tools for assessing ERM severity and retinal
deformation. However, most of these parameters
extract one-dimensional information from the OCT
image. We believe that a two-dimensional OCT image
information will offer an improved understanding for
comprehensive analysis.

Geometric morphometrics is a biological approach
to the quantitative investigation of differences in shapes
between members of different species, such as insects

Copyright 2023 The Authors
tvst.arvojournals.org | ISSN: 2164-2591 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Downloaded from tvst.arvojournals.org on 02/09/2023

mailto:akio.oishi@nagasaki-u.ac.jp
https://doi.org/10.1167/tvst.12.1.24
http://creativecommons.org/licenses/by-nc-nd/4.0/


Geometric Morphometrics Can Evaluate Retinal Shape TVST | January 2023 | Vol. 12 | No. 1 | Article 24 | 2

and fishes.7 This approach can extract feature values
while preserving the two-dimensional information by
considering shape as coordinate information.8 The
thin-plate spline (TPS) method is a geometric morpho-
metrics analysis technique that represents the deviation
from a reference image as spatial distortion and calcu-
lates the bending energy required to create a warp.

In this study, we applied the TPS method to
quantify retinal shapes in ERM while preserving the
two-dimensional information and investigated correla-
tion between geometric morphometrics parameter and
visual acuity.

Materials and Methods

This retrospective study was conducted in accor-
dance with the Declaration of Helsinki and approved
by the Institutional Review Board of Nagasaki Univer-
sity Hospital Clinical Research Ethics Committee,
Nagasaki, Japan. The ethics committee waived the
need for written informed consent. Instead, the study
information was published on the hospital’s homepage.
Patients were provided with the opportunity to opt out.

We screened patients who underwent surgery for
idiopathic ERM at the Nagasaki University Hospi-
tal between January 2015 and December 2017. The
exclusion criteria were high myopia (axial length >

26.0 mm or spherical equivalent < –6.0 diopters),
secondary ERM (retinal vascular disease, retinal
breaks, uveitis, and trauma), cataract Emery grade 3
or higher, a history of vitreoretinal surgery, and other
ocular pathologies that may affect visual acuity (e.g.,
glaucoma and corneal opacity). In addition, patients
with retinal disease in their fellow eye were excluded
because the fellow eye was a reference for each patient.
Visual acuity and OCT images were obtained preop-
eratively and at 1, 3, and 6 months postoperatively.
Best-corrected visual acuity (BCVA) measured with
the Landolt chart was converted to the logarithm
of the minimum angle of resolution. Preoperative
and postoperative OCT scans were obtained using a
Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA).
Surgical procedures were performed using standard
25G pars plana vitrectomy under sub-Tenon anesthe-
sia. All phakic eyes underwent phacoemulsification
and intraocular lens implantation. After core vitrec-
tomy, the ERMwas removed using intraocular forceps.
Internal limiting membrane peeling was performed
at the surgeon’s discretion. Triamcinolone acetonide
and Brilliant Blue G were used for intraoperative
visualization.

The thickness of the retinal layers was measured
by manual image analysis using ImageJ software
(National Institutes of Health, Bethesda,MD).We also
measured the central foveal thickness (CFT), foveal
photoreceptor outer segment length, juxtafoveal (500
μm apart from the foveola) ganglion cell layer (GCL)
thickness, juxtafoveal inner nuclear layer (INL) thick-
ness, and juxtafoveal outer nuclear layer thickness. The
CFT was defined as the distance between the vitre-
oretinal interface and the retinal pigment epithelium
cell line at the centre of the fovea. The photorecep-
tor outer segment length was defined as the distance
between the ellipsoid zone and the retinal pigment
epithelium. Juxtafoveal GCL, INL, and outer nuclear
layer thicknesses were measured at 500 μm from the
fovea. The photoreceptor deformation index and inner
retinal irregularity index were determined, as previ-
ously reported.4,5 Govetto’s grading systemwas used to
classify ERM staging.9 The segmentation and grading
of OCT images were performed by two retinal special-
ists. In case of different judgment, decision was made
by discussion.

Geometric morphometrics analysis (TPS, semiland-
mark method) was performed using freely available
software10 (TPS series: tpsDig2, tpsSplin). Landmarks
were set at every 100 μm up to a distance of 1000
μm from the foveola at the boundary of the inter-
nal limiting membrane and retinal pigment epithelium.
The boundaries of the INL were marked at every 100
μm up to a distance of 1000 μm from the innermost
point of the INL. Normal retinal shape of the fellow
eye was used as a reference image, and bending energy
was calculated in pre- and postoperative ERM images
(Fig. 1).

Furthermore, bending energy was calculated with
different settings for the reference image and reference
point to ensure robustness of the analysis (Fig. 3). First,
we used a single normal retinal image as the reference
image, whereas each fellow eye was used in the main
study (Fig. 3A). Second, bending energy was calculated
at different intervals of 200 and 500 μm from the refer-
ence points and 100 μm in the main study (Fig. 3B).

Statistical analyses were performed using EZR
software (version 1.40, Jichi Medical University,
Shimotsuke, Japan), which is a modified version of R
commander.11 Statistical comparisons were performed
using a paired t-test. Associations between OCT image
parameters and visual acuity were determined using
Spearman’s rank correlation coefficient. A multiple
regression analysis was performed using the Akaike
information criterion for variable selection. Data
are presented as mean ± standard deviation. A P
value of less than 0.05 was considered statistically
significant.
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Figure 1. Method of converting deformation of the retina into spatial distortions in eyes with ERM. (A) In the TPS method, deformation of
the retina is regarded as distortion of the coordinate plane in which the retinal image is plotted, and the energy required for the distortion
(bending energy) is calculated. Retinal image of the normal fellow eye is used as reference (bending energy = 0). (B) As the retinal shape
improves with surgical ERM removal, bending energy also decreases.

Results

Twenty-nine eyes of 29 patients were included in
this study. Surgeries were performed by two surgeons.

The clinical characteristics at baseline and 6 months
postoperatively are shown in Table 1. The mean BCVA
significantly improved after surgery. The thickness
of retinal layers (CFT, GCL, and INL) significantly
decreased. The bending energy was also significantly
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Table 1. Basic Characteristics of Patients With ERM

Characteristic Preoperative Six Months Postoperatively P Value

No. of eyes/patients 29/29 – –
No. of men/women 7/22 – –
Age, years 69.4 ± 6.7 – –
BCVA, logMAR 0.269 ± 0.139 0.036 ± 0.117 <0.0001*

CFT 403 ± 89 305 ± 60 <0.0001*

GCL 130 ± 32 86 ± 20 <0.0001*

INL 84 ± 22 71 ± 11 0.00437*

ONL 176 ± 22 177 ± 14 0.75
PROS 53 ± 12 54 ± 6 0.884
Bending energy 8.67 ± 4.79 4.55 ± 2.38 <0.0001*

ILM peeling (+/−) 26/3 – –
Cataract surgery (+/−) 27/2 – –
ERM staging
Stage 1 (n, %) 6 (21)
Stage 2 (n, %) 19 (66)
Stage 3 (n, %) 4 (14)
Stage 4 (n, %) 0 (0)
Data are mean ± standard deviation unless otherwise noted.
*Statistically significant at P < .05 by paired t-test.
ILM, internal limiting membrane; logMAR, logarithm of the minimum angle of resolution; ONL, outer nuclear layer; PROS,

photoreceptor outer segment.

reduced. For ERM staging, stages 1 and 2 cases were
commonly included in our study and stage 3 cases
were rare, stage 4 cases were not included in this
study.

Table 2 shows correlations between the preoperative
parameters and BCVA (preoperative, postoperative,
and change frombaseline to 6months postoperatively).
The preoperative BCVA had significant correlations

Table 2. Correlation Among Preoperative Parameters and Visual Acuity

Preoperative Parameter Preoperative BCVA BCVA 6 Months Postoperatively BCVA Change

BCVA – r = .598 r = −0.519
P = .000607* P = 0.00395*

Age r = 0.37 r = 0.671 r = 0.163
P = 0.0479* P < 0.0001* P = 0.397

CFT r = 0.287 r = 0.019 r = −0.399
P = 0.132 P = 0.922 P = 0.032*

GCL r = 0.41 r = 0.236 r = −0.332
P = 0.0273* P = 0.218 P = 0.0789

INL r = 0.327 r = 0.0846 r = −0.379
P = 0.0829 P = 0.663 P = 0.0427*

ONL r = −0.213 r = −0.186 r = 0.268
P = 0.268 P = 0.334 P = 0.161

PROS r = −0.348 r = −0.196 r = 0.117
P = 0.064 P = 0.309 P = 0.544

Bending energy r = 0.561 r = −0.0179 r = −0.74
P = 0.00156* P = 0.926 P < 0.0001*

*P < .05 (Spearman’s rank correlation coefficient).
ONL, outer nuclear layer; PROS, photoreceptor outer segment.
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Figure 2. Comparison of bending energy and previously reported indices for the evaluation of visual function in eyes with ERM. Corre-
lations between visual acuity and preoperative retinal parameters (bending energy and reported indices) are presented. Bending energy
is correlated with visual acuity no less than previously reported indices. The Spearman’s rank correlation coefficient was used for statistical
analysis.

Table 3. Multiple Regression Analysis Between Preop-
erative Parameters and Postoperative Visual Acuity
Change in Patients With ERM

Preoperative
Parameter

Standard Regression
Coefficient P Value

Age 0.280 0.01733
BCVA −0.284 0.05478
Bending energy −0.661 <0.0001

Adjusted
R2 = 0.7517

Variable selection was performed using the Akaike infor-
mation criterion.

with baseline age, GCL, and bending energy and weak
correlations and marginal P values with the remaining
factors. Meanwhile, postoperative BCVA significantly
correlated with preoperative BCVA and age. Regarding
change in BCVA, poor preoperative BCVA, thick CFT,
thick INL, and larger bending energy were associated
with better improvement.

Next, we used multiple regression analysis because
these parameters are correlated each other. Table 3
shows the results of multiple regression analysis

between BCVA change and preoperative parameters
(age, preoperative BCVA, preoperative OCT param-
eters). The thickness of the central fovea and INL
were not selected as contributing factors despite
the univariate correlation. Meanwhile, preoperative
bending energy was significantly related to BCVA
change.

Finally, we compared the correlation coefficients
between visual acuity and bending energy to those of
the previously reported indices. Figure 2 shows the
correlations between previously reported indices of
patients with ERM and BCVA (preoperative, change).
Bending energy showed a similar correlation coefficient
as the reported indices.

Additionally, we verified the robustness of our
geometric morphometrics parameters to the refer-
ence setting. For one variation, we calculated bending
energy using only one randomly chosen reference OCT
image (Fig. 3A). The pilot analysis showed correlation
coefficients comparable to those of the patient-specific
analysis. In another variation, we performed the analy-
sis with different spacings of the reference points
(200 and 500 μm) (Fig. 3B). Although the correlation
coefficient tended to be smaller with a larger refer-
ence point spacing, the correlation between bending
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Figure 3. Robustness verification of bending energy by different measurement. To verify robustness of bending energy by variations in
measurement technique, bending energy was calculated with different method of setting reference image and reference point. (A) A single
normal retinal image was regarded as the reference image, whereas each fellow eye was used in the main study. (B) Bending energy was
calculated with different interval of reference points (200 μm and 500 μm), whereas it was 100 μm in the main study. The Spearman’s rank
correlation coefficient was used for statistical analysis. BCVA, best corrected visual acuity.

energy and visual acuity was still observed at all
spacings.

Discussion

In the present study, we applied geometric morpho-
metrics to ERM analysis. Previous studies have applied
geometric morphometrics in ophthalmology to inves-
tigate disc shape in glaucoma and extraocular muscle
position in strabismus.12–15 However, to the best of
our knowledge, this technique has not been used in
the analysis of ERM. For the first time, we calculated
bending energy to quantify retinal shape deformation
and showed that this factor is a significant predictor of
visual outcome.

The advantage of geometric morphometrics is
its ability to consider two-dimensional informa-
tion of OCT images instead of one-dimensional
nature of distance parameters. Retinal layer thick-
ness is a simple and easy-to-use indicator of ERM

severity. However, there are limitations in evaluating
distortion in OCT images using one-dimensional
parameters, considering that the original image inher-
ently contains two-dimensional information. Regard-
less of the severity of the distortion, retinal thickening
is limited by the plasticity of the organ. Thus, conven-
tional parameters may underestimate the differences
among the most severe ERM cases. In contrast, as the
distortion increases, bending energy can theoretically
increase without limit. In our study, bending energy
showed a wider variance than conventional parame-
ters, indicating a larger effective measurement range
of analysis than conventional parameters. This finding
partly explains the strong correlation between bending
energy and visual acuity.

Because this is the first attempt to apply geometric
morphometrics to the evaluation of ERM, we assessed
the robustness of the analysis (Fig. 3). Briefly, the
analysis worked well with a random normal eye as well
as a healthy fellow eye, and decreasing the number of
sampling points did not affect the correlation. These
results indicate the robustness of this method to the
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variations in reference settings. Furthermore, these
results may also suggest the possibility of automating
the analysis. Robustness against reduction of reference
points and no necessity of a healthy fellow eye would
be an advantageous property for automated analysis
by software. It may be possible to make this method
part of the built-in function of OCT measurement
equipment, and then, it can be a practical too in busy
routine clinical care. Hence, we believe that our method
can be reliably used in future studies to replicate the
results. For instance, it can effectively quantify other
retinal diseases based on changes in the OCT images.
Because ERM is characterized by the deformation of
the retinal shape, we used this method effectively to
investigate patients with ERM in this study. However,
this method can be applied to any disorder by setting
the reference points on the OCT image.15 Moreover,
other geometricmorphometrics techniques could effec-
tively evaluate retinal shape. For example, the elliptic
Fourier descriptor method can quantify the contour
of a closed curve by approximating it as a compos-
ite of trigonometric functions. Using such methods
may enable quantification of lesions that are otherwise
difficult to analyze using conventional methods. Now
that we can obtain detailed retinal images, most of the
information contained in the image can help in better
patient management. Thus, geometric morphometrics
is an effective upgrade over conventional image evalu-
ation methods in ophthalmology.

This study, however, had some limitations. First, this
method does not reflect specific retinal findings investi-
gated in previous studies,16 such as schisis17 and ellip-
soid zone disruption,18,19 because the analysis converts
all shape distortions equally to bending energy. Adjust-
ing the weights for visually important findings may
improve the accuracy of the prediction. Second, this
method requires well-defined retinal layers for calculat-
ing bending energy. Thus, severe ERM cases such as
Govetto’s stage 4 would be difficult to be evaluated by
this method. However, as long as the retinal layers can
be defined, it may be an effective tool to evaluate the
degree of ERM. Third, patients with retinal diseases in
both eyes had to be excluded because their fellow eyes
were used as controls. However, the preliminary results
(Fig. 3) indicate that the image of the fellow eye is not
required for analysis. Establishing standard morpho-
logical data from a large dataset representing specific
age, sex, and axial length would eliminate the need to
use fellow eyes. Fourth, the number of cases included
in this study was relatively small. Further studies would
be desired to validate the effectiveness of this method.
Fifth, cataracts may affect the visual acuity. However,
we selected the cases with mild cataract to minimize
the effect. Indeed, the visual acuity of all fellow eye

with cataract was better than 0.2 (logarithm of the
minimum angle of resolution). Furthermore, simulta-
neous vitrectomy and cataract surgery was majority in
this study (93%). Thus, we think the effect of cataract
in this study was relatively small. Finally, because the
TPS method can be potentially developed into three
dimensions,20 using a three-dimensional image dataset
obtainedwithOCTvolume scanwouldmake the analy-
sis more robust.

In summary, we devised an approach to calcu-
late the novel retinal deformation index using geomet-
ric morphometrics analysis and established this index
as a predictive factor for visual outcomes. Thus, our
findings have paved a way for future studies to confirm
the validity of this approach.
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