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Abstract: Irregularities in retinal shape have been shown to correlate with axial length, a major risk
factor for retinal detachment. To further investigate this association, a comparison was performed
of the swept-source optical coherence tomography (SS OCT) peripheral retinal shape of eyes that
had either a posterior vitreous detachment (PVD) or vitrectomy for retinal detachment. The objective
was to identify a biomarker that can be tested as a predictor for retinal detachment. Eyes with a PVD
(N = 88), treated retinal detachment (N = 67), or retinal tear (N = 53) were recruited between July
2020 and January 2022 from hospital retinal clinics in South Australia. The mid-peripheral retina
was imaged in four quadrants with SS OCT. The features explored were patient age, eye axial length,
and retinal shape irregularity quantified in the frequency domain. A discriminant analysis classifier
to identify retinal detachment eyes was trained with two-thirds and tested with one-third of the
sample. Retinal detachment eyes had greater irregularity than PVD eyes. A classifier trained using
shape features from the superior and temporal retina had a specificity of 84% and a sensitivity of 48%.
Models incorporating axial length were less successful, suggesting peripheral retinal irregularity is
a better biomarker for retinal detachment than axial length. Mid-peripheral retinal irregularity can
identify eyes that have experienced a retinal detachment.

Keywords: Fourier analysis; machine learning; posterior vitreous detachment; optical coherence
tomography; retinal detachment

1. Introduction

More than 50% of retinal detachments present with the macula detached [1]. Combined
with surgical complications [2], most people who experience a retinal detachment will
suffer permanent vision loss even with successful intervention [3]. The prevention of retinal
detachment with cryotherapy or laser retinopexy has been shown to be effective post-
posterior vitreous detachment (PVD) in the presence of a retinal tear [4] and prior to PVD
in eyes known to be at high risk, including type 1 Stickler syndrome and the fellow eyes
of individuals with a giant retinal tear [5–11]. Unfortunately, for the majority, there is no
clinical feature to identify those who would benefit from prophylactic treatment. Increased
axial length or myopia is not specific enough to guide intervention. Lattice degeneration,
the most significant peripheral retinal degeneration, has also been found insufficient to
guide treatment [12,13]. There is then the need for a biomarker to increase the identification
of eyes that would benefit from prophylactic treatment prior to vision loss.

Optical coherence tomography (OCT) is widely available in ophthalmic practices [14]
The retinal shape or contour, defined as the path of the retinal pigment epithelium across
the B-scan, has already been shown to be a useful feature in retinal disease management.
Macular curvature is useful in the assessment of myopic maculopathy, including dome-
shaped maculopathy, myopic traction maculopathy, and macular schisis [15–19]. Smaller
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within-scan features have also been shown to be useful in the assessment of macular
degeneration and focal choroidal excavation in pachychoroid retinopathy [20–23]. While
the generation of the rectangular B-scan image from the fan-shaped A-scan capture leads to
some alteration in general retinal curvature (which can be corrected) [24] the smaller within-
scan features are well preserved in the image in a manner similar to the way in which the
patterns on a leather belt remain recognisable, whether it is held straight or flexed.

Retinal irregularity is the difference between the best-fit curve to the retinal contour
and the retinal shape. This can be quantified in the frequency domain through Fourier
transformation, which deconstructs the irregularity into shape features consisting of parti-
tions (bins) in a spectrum of sine waves of varying frequencies. Retinal irregularity varies in
a consistent manner across different regions of the posterior and mid-peripheral retina and
increases with increasing axial length, the primary determinant of myopia [25]. Differences in
irregularity measured with spectral domain OCT (SD OCT) have been found between eyes
with a retinal detachment and those with PVD [26]. Over the last decade, swept-source OCT
(SS OCT) has emerged as a new imaging modality with its own unique properties [27–29].
SD OCT scan rates of 65,000 A-scans per second can be exceeded by swept-source devices,
which may achieve up to 200,000 A-scans captured per second [30,31]. Swept-source OCT
uses a tuneable laser to replace the SD OCT super-luminescent diode as the sampling light
source, with the returning light from the object captured by a dual-balanced photodetector [32].
Ophthalmic SS OCT use lasers with wavelengths in the infrared, typically centred around
1040–1060 nm, longer than the SD OCT light source, which has the disadvantage of reduc-
ing its minimum theoretical axial resolution, although the fast resampling combined with
image processing can offset this to produce results similar to SD OCT [33]. The advantages
of swept-source OCT are a faster image capture rate and lower sensitivity roll-off with
increasing tissue penetration, which provides greater image quality across the depth of
tissue [34,35]. This has enabled longer and wider retinal sampling in a single B-scan [36–38].
This paper explores the use of SS OCT mid-peripheral retinal images in differentiating
retinal detachment from PVD eyes. The aim is to identify a biomarker that can be tested
prospectively to identify eyes at risk of retinal detachment before PVD occurs. As an initial
step, the objective here was to find such a biomarker in eyes that have experienced PVD or
treatment for retinal detachment or a retinal tear.

2. Materials and Methods
2.1. Subjects

Participants were recruited from outpatient eye clinics at two general teaching hospi-
tals (Flinders Medical Centre and the Royal Adelaide Hospital) in South Australia. Eyes
were imaged from individuals who had experienced either a PVD, retinal tear, or reti-
nal detachment, with the latter two groups including only those that were the result of
PVD-related events and after all treatment was completed. All eyes were examined by a
retinal specialist (S.R.L.), and PVD was diagnosed in the presence of typical symptoms
and signs and confirmed with OCT. All imaging was performed between July 2020 and
January 2022 at Flinders Medical Centre using a Zeiss swept-source Plex Elite OCT (Carl
Zeiss Meditec, Dublin, CA, USA). The study was approved by the Southern Adelaide Local
Health Network Human Research Ethics Committee and was performed in accordance
with the tenets of the Declaration of Helsinki. Prior written informed consent was obtained
from all participants.

2.2. Image Capture

SS OCT images were taken using a UHD 1 Spotlight 200 kHz scan, with a single 16 mm
(2047 pixels) wide by 6 mm (3072 pixels) deep composite image created from 100 repetitions
of the B-scan, eliminating the effects of subject movement. Four peripheral retinal images
were taken from each eye. Images were taken in the coronal plane perpendicular to the
direction of gaze, with the participant looking up, down, left, and right. The temporal
and nasal scans were oriented vertically at 90 degrees to the horizontal, with those taken
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looking up and down parallel to the horizon. OCT image capture was performed at the
most extreme eccentricity, where retina could still be visualised across the full width of the
16 mm B-scan window (Figure 1). The 6 mm deep scan ensured that all eyes were able to
be imaged across the full width.
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Figure 1. Sample swept-source OCT peripheral retinal images. Sample 16 × 6 mm2 B-scan mid-
peripheral retinal images from three different eyes, illustrating variation in retinal contour. Each
image is composed of 100 repetitions of the same scan.

2.3. Image Processing

Data extraction and image analysis were performed with programs written for this
study in MATLAB. Raw .img data files were exported from the OCT device with the IMG
export facility. These were converted to tagged image file format (tiff). Retinal shape
represented by the retinal pigment epithelial line was extracted from the OCT images using
a purpose-built graph theory algorithm [39]. The best-fit second-order polynomial curve
was subtracted from the retinal contour, and a fast Fourier transformation was performed
on the residual. The moduli for each frequency bin were corrected for the length of the
signal (the adjusted length of the retina in the B-scan). This results in all irregularity values
in the frequency domain being measured in mm2 per mm of retina imaged or simply mm.
For each scan, the irregularity was determined relative to the average irregularity of the
PVD eyes. PVD eyes alone were used for this average so that the reference standard came
from the most common single diagnostic group. The eyes were distributed into five folds,
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and to ensure that there was an even distribution of axial lengths and diagnoses between
each fold, they were sorted separately for each diagnostic group by axial length. Eyes were
randomly allocated from each group into the 5 folds by generating consecutive sets of
random numbers from 1–5 equal to the number of eyes. Numbers in each fold were non-
equal when the sample was not divisible equally by five, and the remaining n samples were
randomly placed into n groups. For eyes in each fold, an average B-scan irregularity was
calculated from all the images from PVD eyes in the other 4 folds, equivalent to 80% of the
PVD sample, and the difference between this and each image’s irregularity was determined.
A candidate feature vector for each eye was created consisting of the first 30 bins of the
irregularity spectrum from each of the four directions of gaze (in order: up, down, temporal,
and nasal), the best-fit curvature to the retinal contour for each image in the same order, the
axial length of the eye, and the participant’s age, resulting in 126 potential features [25].

2.4. Statistical Methods

Spearman’s rank correlation was used to assess the correlation between axial length
and average irregularity, the irregularity for each region, and age, for all eyes combined and
by diagnostic group. Between-group comparisons were performed using two-sample t-tests.
Comparison of regional differences in irregularity was performed with one-way ANOVA.
All analyses considered statistical significance to be reached when p < 0.05. Classifier
sensitivity and specificity were calculated from the PVD and retinal detachment eye test set.
Sensitivity was calculated as retinal detachment eyes labelled 2 (true positive) divided by
total number of test set retinal detachment eyes. Specificity was the number of PVD eyes
labelled 1 (true negative) divided by the total number of test set PVD eyes.

2.5. Feature Selection

Feature identification and training were performed with retinal detachment and PVD
eyes. Retinal tear eyes were considered as eyes that would have developed a retinal
detachment but for their timely presentation and were used as a second validation set. The
retinal detachment and PVD eyes were randomly split 2/3:1/3 into training and testing
sets, and feature selection was performed with the training set prior to testing. Multivariate
feature selection with regularisation methods LASSO and elastic net were used to identify
potential feature combinations [40]. Both LASSO and elastic net input variables were scaled
to a mean of 0 with variance of 1 with elastic net α = 0.5 and ten-fold cross-validation to
identify potential features.

Once a reduced feature set was obtained, all possible combinations of the remaining
features were explored using quadratic discriminant analysis using the training set to
identify classifiers with three or fewer features and the highest sensitivity for a specificity
greater than 0.90. The high specificity threshold was selected to reduce the number of false
positives (identifying a PVD eye as one with a retinal detachment), as labelling a PVD as
retinal detachment was considered less acceptable than vice versa. Classifier performance
was then evaluated with the test set.

3. Results
3.1. Subjects

Participant demographics and the number of eyes in each group are reported in Table 1.
In total, 88 eyes with a PVD, 67 eyes with a retinal detachment (treated using vitrectomy
without scleral buckling), and 53 eyes with a retinal tear were imaged. Age ranged from
47 to 84 years, with axial length from 22.14 to 27.27 mm. Imaging was uncomplicated
in all eyes, with no significant media opacities noted in the PVD group and the vitreous
cavity optically clear post-vitrectomy in retinal detachment eyes. Subjects with a retinal
detachment were younger and had larger eyes than those who experienced PVD. Those
who experienced a retinal tear had eyes with shorter axial lengths than those who presented
with a retinal detachment.
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Table 1. Participant demographics.

Group N OD/OS M/F Age ± SD (Years) Axial Length ± SD (mm)

PVD 88 47/41 42/46 65.3 ± 6.1 24.41 ± 1.10
Retinal detachment 67 36/31 41/26 62.6 ± 8.5 * 25.10 ± 1.10 **
Retinal tear 53 30/23 37/16 64.1 ± 6.5 24.41 ± 1.12 ***

* Age, p = 0.04; ** axial length, p < 0.005, comparing PVD to retinal detachment. *** Axial length differed between
retinal tear and retinal detachment eyes, p = 0.001, with no other difference between retinal tear eyes and the
other groups (two-sample t-tests). SD, standard deviation; OD, right eye; OS, left eye; M/F, male and female
sex, respectively.

3.2. Within-Eye Distribution of Irregularity

One-way ANOVA with a post hoc Tukey test indicated that the average irregularity
was significantly greater in the inferior retina (mean (SD) 9.70 (7.14) mm) than in other
regions (F (3,825) = 37.83, p < 0.001), with the temporal and nasal retinal irregularity (6.06
(2.51) mm and 6.01 (2.43) mm, respectively) no different from the superior retina (6.04
(3.16) mm) (Figure 2).
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Figure 2. Regional irregularity, swept-source OCT. Average irregularity (presented here in frequency
domain partitions (bins) for superior, temporal, inferior, and nasal retina) was greatest in the inferior
retina for all diagnostic groups. PVD eyes (blue), retinal detachment eyes (red), and retinal tear eyes
(pink). Irregularity units are mm2 per mm of retina, hence mm.

3.3. Between-Group Differences in Irregularity

Total irregularity did not differ between groups (retinal detachment irregularity 28.92
(8.14) mm, PVD 27.17 (8.72) mm, p = 0.21), with retinal tear irregularity intermediate
between the two (27.49 (10.11) mm). Within each region, irregularity differed significantly
between retinal detachment and PVD eyes in the superior retina (6.61 (3.44) mm vs. 5.53
(2.23) mm, p = 0.02) but not in any other retinal area.

3.4. Correlation of Irregularity with Axial Length

Axial length correlated weakly with the average total irregularity of all eyes (p = 0.02,
ρ = 0.17) and average total irregularity for the PVD group alone (p = 0.04, ρ = 0.23) but
not with average irregularity of the retinal detachment or retinal tear eye groups. Within
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the four individual regions, axial length correlated weakly with the total irregularity from
superior (p = 0.05, ρ = 0.14) and inferior (p = 0.015, ρ = 0.18) retinas. In individual diagnostic
groups, this correlation only persisted for PVD eyes (superior retina, p = 0.08, ρ = 0.20;
inferior retina, p = 0.03, ρ = 0.24) and not with retinal detachment or retinal tear eyes.

3.5. Feature Selection

Elastic net regularisation identified a group of six shape features with a mean squared
error = 0.22. These features were from lower frequency superior retina, axial length,
lower frequency from the inferior retina, and three features from higher frequencies in the
temporal retina. LASSO identified a group of three features with a mean squared error of
0.24. These three were also identified using elastic net, and all six features were further
explored through the training set classifier performance.

3.6. Training Set Classifier Performance

All possible combinations of one–six features from the six candidate features were
identified and used to train the quadratic discriminant classifiers. The three classifiers with
the greatest training set sensitivity for specificity are shown in Supplementary Table S1:
Performance of tested classifiers. The classifier generated from the fourth frequency bin
from the superior retinal scan and two higher frequency bin (23 and 26) shape features
from the temporal retinal scan were selected for use. Five-fold randomised cross-validation
of the classifier using training set eyes repeated 20 times had an average success rate = 0.66,
with the standard deviation of the success rates = 0.07.

3.7. Test Set Results

Table 2 presents the confusion matrix for the test set eyes. The classifier exhibited a
specificity of 84% and a sensitivity of 48% in separating retinal detachment from PVD eyes.
The initial receiver operating characteristic curve generated by 5000 bootstrap replicas
showed an inverse sigmoid or logit shape, suggesting the predictor had a non-linear (U-
shaped) relationship with the outcome [41]. This was corrected by centring the classifier
output to its median value, leading to an area under the curve = 0.74 (95% confidence
intervals 0.59–0.85, Figure 3). The classifier sensitivity for retinal tear eye identification
was 35%.

Table 2. Confusion matrix for swept-source OCT classifier.

Label 1 Label 2 Total

PVD 26 5 31
Retinal detachment 13 12 25
Total 39 17 56

Numbers represent eyes from the validation set. This classifier was the second line in additional file Table 1.
Sensitivity = 0.48, specificity = 0.84, Fisher’s exact test, p = 0.018.
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the curve = 0.74 (95% confidence intervals 0.59–0.85).

4. Discussion

Mid-peripheral retinal shape irregularity identified eyes that had experienced a retinal
detachment from a mixed sample of eyes that had experienced either PVD or PVD-related
retinal detachment. Sensitivity for retinal detachment approached 50%, with a high speci-
ficity of 84%. An ability to identify half of the retinal detachment eyes is a considerable
improvement on the status quo, where currently no test for retinal detachment is available.
If this were to be employed as a test for retinal detachment, a high specificity is desirable to
ensure eyes that are not at risk of vision loss are not mislabelled.

SS OCT retinal irregularity was greatest in the inferior retina and correlated with the
axial length in eyes with a PVD. The lack of correlation between axial length and irregularity
in retinal tear and detachment eyes, along with the slightly greater average irregularity,
suggests that these eyes were simply more irregular regardless of size. The greater inferior
irregularity was associated with a variety of retinal contours. In more than one-third of
eyes, there was a localised infero-temporal concavity. These “micro-staphylomata” were
up to 8 mm wide, but with a depth of less than 1 mm, they would be hard to identify using
other imaging techniques.

The smallest changes that can be detected with SS OCT are defined by the spatial
resolution of the images (an optical axial resolution of 6µm). However, this does not define
changes corresponding to the beginning of retinal detachment. Classification is based upon
the combination of three shape features in the frequency domain, which does not translate
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to a particular geometric change in the OCT. The threshold for each feature is not a single
value and varies as the magnitude of the other two features changes.

4.1. Comparison with SD OCT

SS OCT retinal irregularity was greatest in the inferior retina, similar to previously
reported SD OCT-determined irregularity [25]. Nasal and temporal retinal irregularities,
here sampled vertically, were of a similar magnitude to superior retinal irregularity. This
suggests that the lower magnitude irregularity seen in the temporal and nasal regions with
SD OCT related more to the horizontal scan orientation rather than to regional differences
between the superior and inferior retina and temporal and nasal retina and that mid-
peripheral irregularity is greater when measured coronally compared with transversely.

The SS OCT classifier results are consistent with the reported findings with a classifier
using SD OCT [26], with an increased sensitivity while maintaining high specificity. The
improvement appears to be from the incorporation of shape features from coronal plane-
imaged temporal retinas, a format that was not possible with the previous generation of SD
OCT. Two of the six candidate features for classification (axial length and lower frequency
upper retina) were consistent with the SD OCT classifier model. Perhaps surprisingly, in the
context of the established association between myopia and retinal detachment, the model
performed well without the inclusion of axial length, the only known useful anatomical
metric for retinal detachment risk prior to retinal shape analysis.

The larger (16 mm) B-scan available with SS OCT enabled the analysis of shape features
larger than was possible with SD OCT. These larger features (bins 2 and 3 in the frequency
domain) were not important in classification, suggesting that the larger B-scan size is not
critical when sampling shapes to classify retinal detachment and PVD eyes.

4.2. Association between Irregularity and Retinal Detachment

The cause of the association between axial length and retinal detachment and the link
between this and local retinal shape are unknown. It is unlikely that irregularity leads
directly to retinal tear formation but rather that an underlying property of the eye causes
both increased shape irregularity and promotes retinal tear formation.

This link between local irregularity and retinal detachment may relate to regional
variation in the growth of Bruch’s membrane in the equatorial regions of the eye [42–44].
Retinal breaks occurring with PVD are associated with a localised posterior extension
of the posterior margin of the vitreous base (Figure 4) at or near the equator. Small
segments of the posterior margin of the vitreous base may be drawn posteriorly with
Bruch’s membrane expansion during myopisation, either in continuity with or separated
from the continuous vitreous base. These posterior points of firm vitreo-retinal attachment
are put under extra mechanical strain when PVD occurs up to the vitreous base, leading to
hole or tear formation.

An expansion of Bruch’s membrane at the equator in the coronal plane may be limited
by the more limited expansion of the eye size in this plane during myopisation [45]. Bruch’s
membrane expansion may exceed the coronal circumference of the eye within which it is
confined, leading to “wrinkles” in this plane, while axial expansion draws local segments of
the vitreous base posteriorly, producing the configuration that leads to retinal breaks when
PVD occurs (Figure 4). The relationship between retinal tear formation and irregularity
is hypothesised to reflect an association arising from multidirectional but locally variable
growth of the mid-peripheral Bruch’s membrane within an eye that grows axially more
than coronally during myopisation.
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Figure 4. Hypothetical explanation for the association between retinal irregularity and retinal
detachment. This schematic illustrates the posterior margin of the vitreous base (identified by the
thick black line). Mid-peripheral retinal Bruch’s membrane grows in every direction during eye
enlargement with myopisation. The limited growth of the eye in the coronal plane restricts Bruch’s
membrane expansion, compressing it and leading to increased irregularity seen with retinal OCT
(blue arrow and cartoon OCT with asterisk *). The greater growth of the eye in the antero-posterior
direction leaves the retinal contour flattened or less irregular (cartoon OCT with hash mark #). The
risk of retinal detachment arises from uneven antero-posterior Bruch’s membrane expansion drawing
the posterior margin of the vitreous base posteriorly (red arrow), producing triangular protrusions or
circular islets. These points are subject to increased mechanical stress during PVD, leading to retinal
break or hole formation. The classifier identifies retinal detachment eyes by the coronal compression
of Bruch’s membrane.

Alternative explanations include alterations in connective tissue behaviour from col-
lagen variations linked to myopia and retinal detachment-associated genes [46,47]. This
may lead to both small-scale changes in scleral rigidity, producing shape irregularity, as
well as abnormal vitreo-retinal attachment. Local variation in scleral strength may produce
localised weakening and increased irregularity. These “micro-staphylomas” alter the inter-
action between the vitreous and retina, changing the strength of vitreo-retinal adhesion. In
areas of the posterior extension of the vitreous base, this might lead to retinal tear formation
when PVD occurs.

4.3. Limitations of This Study

As all groups analysed here are post-PVD, these results cannot establish that the same
shape features prior to PVD will be able to predict retinal detachment. Prior work found
no evidence of a change in retinal shape features with SD OCT compared with before
and after PVD or retinal detachment surgery. Currently, fellow eyes without a PVD from
individuals who have experienced a retinal detachment in one eye are being imaged to
assess prospective model accuracy. The literature suggests the risk of retinal detachment in
these eyes is 7–10% [48,49], with 42.4% of eyes that develop a PVD within five years of the
cardinal event experiencing either a retinal tear or retinal detachment [50]. Classification
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accuracy may be improved further if clinical features, such as lattice degeneration, family
history, and genetic profile, are considered [46,47,49,51,52]. Discriminant analysis is a
suitable algorithm for a moderately-sized sample such as this, which may seem small for
those used to deep learning models. All self-optimising classifiers are defined by their
sample, so other populations may need their own training sets.

5. Conclusions

These SS OCT data provide further support for the concept that retinal shape differs
between eyes that have had a retinal detachment and those that have experienced a PVD.
The data presented here do not identify whether these shape features precede retinal
detachment. However, SD OCT work has suggested that shape features are not affected by
surgery, retinal detachment, or PVD [16]. Prospective data will be required to demonstrate
whether these features identify eyes at risk of retinal detachment prior to PVD.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bioengineering10030377/s1. Supplementary Table S1: Performance
of tested classifiers.
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