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Purroske. To investigate macular curvature, including the evaluation of potential associ-
ations and the dome-shaped macular configuration, given the increasing myopia preva-
lence and expected associated macular malformations.

MerHobs. The study included a total of 65,440 subjects with a mean age (& SD) of 57.3 +
8.11 years with spectral-domain optical coherence tomography (OCT) data from a unique
contemporary resource for the study of health and disease that recruited more than half
a million people in the United Kingdom (UK Biobank). A deep learning model was used
to segment the retinal pigment epithelium. The macular curvature of the OCT scans
was calculated by polynomial fit and evaluated. Further, associations with demographic,
functional, ocular, and infancy factors were examined.

Resurrs. The overall macular curvature values followed a Gaussian distribution with high
inter-eye agreement. Although all of the investigated parameters, except maternal smok-
ing, were associated with the curvature in a multilinear analysis, ethnicity and refractive
error consistently revealed the most significant effect. The prevalence of a macular dome-
shaped configuration was 4.8% overall, most commonly in Chinese subjects as well as
hypermetropic eyes. An increasing frequency up to 22.0% was found toward high refrac-
tive error. Subretinal fluid was rarely found in these eyes.

Concrusions. Macular curvature revealed associations with demographic, functional,
ocular, and infancy factors, as well as increasing prevalence of a dome-shaped macular
configuration in high refractive error including high myopia and hypermetropia. These
findings imply different pathophysiologic processes that lead to macular development
and might open new fields to future myopia and macula research.
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I t is commonly believed that the retina follows the round-
ness of the globe and shows a slight outward directed

vital, as it is a strong driver of maculopathy development
is the presence of a posterior staphyloma with anomalous
macula curvature.”?>! However, myopia research is domi-

curve. Nevertheless, divergent macular configurations such
as staphyloma or a dome-shaped macular configuration
have been described.!~* These divergent configurations are
reported to be mainly associated with such features as thick-
ened sclera and choroid in the context of or secondary to
high myopia (apart from space-occupying processes such as
choroidal tumors),” defined by refractive error exceeding —6
diopters (D) or axial length of >26 mm.!"%° In the cohort
with high myopia, it was reported with a frequency of 4% to
15%.12 Given the increasing myopia prevalence,”-® under-
standing macula malformation in the context of myopia is
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nated by exploring associations of refractive error or occa-
sionally axial length, but not macula curve, due to diffi-
culty measuring it. Therefore, the pathophysiology underly-
ing macular malformations, especially dome-shaped macu-
lopathy, is not completely understood nor has the prevalence
of these malformations been systematically investigated.

In the last decade, high-definition optical coherence
tomography (OCT) has become widely available that allows
for three-dimensional imaging of the macula.!' In this
context, objective quantification of the macular curvature
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has recently been introduced.!? It might offer the potential
for an effective comprehensive evaluation. Although macular
curvature has been reported to be associated with choroidal
thickness and axial length, as well as retinitis pigmentosa
and associated genes,'*"!> large epidemiologic studies are
still pending.

With over 500,000 recruited adults, UK Biobank (UKBB)
is the world’s largest single resource for the study of
health and disease.'®"'® A subset of subjects underwent
enhanced ophthalmic examinations that included obtain-
ing OCT data.’ This study, therefore, used this unique
opportunity to comprehensively and systematically inves-
tigate macular curvature—in particular, the prevalence of
the dome-shaped configuration in the UKBB—and to evalu-
ate potential associations that can be tested in later studies.
Further insights into macular configurations and develop-
ment might be of particular scientific interest for myopia
research, the study of ocular development, and to investi-
gate the many ocular diseases associated with this particu-
lar region, including age-related macular degeneration, the
most common cause of legal blindness in the developed
world.?

METHODS
Study Populations

Between 2006 and 2010, the UKBB study recruited 502,682
subjects who were between 40 and 69 years of age,
registered with the UK National Health Service (NHS),
and living within a 25-mile radius of one of the 22
study assessment centers. The study was approved by the
National Information Governance Board for Health and
Social Care and the NHS North West Multicenter Research

UK Biobank
| 502,882 Participants \

Ophthalmic Assessment
| 133,630 Participants |

OCT Data for Analysis

85,737 Participants
85,275 OD 84,804 OS
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Ethics Committee (reference no. 06/MRE08/65), and was
conducted in accordance with the tenets of the Declaration
of Helsinki.'® 12! Detailed information and study protocols
are available online at the UKBB website (www.ukbiobank.
ac.uk). This research has been conducted using the UK
Biobank Resource under application number 60554.

Enhanced ophthalmic assessments were attended by
133,630 participants and included measures of refractive
error, autorefraction, visual acuity (VA), and intraocular pres-
sure (IOP); 85,737 subjects had macular spectral-domain
OCT imaging performed at six UKBB centers (Sheffield,
Liverpool, Hounslow, Croydon, Birmingham, and Swansea)
that was used for further analysis. Participants with prior
refractive laser or surgery, OCT data inappropriate for poly-
nomial fit (e.g., insufficient quality, dealignment), and miss-
ing or incomplete associated data were excluded from
further analysis (Fig. 1). In line with the UKBB, our study did
not exclude eyes with known ocular diseases, as we aimed to
present a representative cross-section of the studied popu-
lation. Emmetropia (—1 to +1 D), hypermetropia (>+1 D),
and myopia (<—1 D) were defined based on refractive error
(spherical equivalent). Further subclassifications were made
into mild (>+1 to +3 D and —3 to <—1 D), moderate (>+3
to +6 D and —6 to <—3 D), or high (>+6 D and <—6 D)
hypermetropia and myopia, respectively.

Imaging

A 6 x 6-mm? macular OCT volume scan (128 B-scans with
512 A-scans each) was performed using a spectral-domain
OCT imaging device (3D OCT-1000 Mark II; Topcon, Tokyo,
Japan) in a dark room without pupil dilatation. The right eye
was imaged first. The scan was then repeated for the left eye.
The horizontal raster scans from the OCT device used in the

Exclusion due to corrupted data & data unable for polynomial fit
403 Participants

1,387 0D 1,176 OS

85,334 Participants
83,888 OD 83,804 OS

Exclusion due to status post refractive surgery or laser treatment
2,894 Participants

28100D 2,783 OS

82,440 Participants
81,078 OD 80,845 OS

Exclusion due to incomplete associated data
17,417 Participants

17,610 OD 18,022 OS

65,023 Participants
63,468 OD 62,823 OS

Ficure 1.
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Inclusion and exclusion of subjects. The flow chart demonstrates the selection of the study population.
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UKBB (Topcon 3D OCT-1000) did not undergo any sort of
spatial processing that would alter the curvature (personal
communication with Topcon Research). However, varying
optical path distortions by OCT system optics or relative
eye positions could not be excluded.?? The OCT data were
stored as FDS files, a proprietary image storage file format,
on the UKBB supercomputers in Oxford, UK, without prior
analysis.

Curvature Analysis

Our aim was to build a machine learning model that can
extract the area between the inner limiting membrane and
retinal pigment epithelium (RPE) from OCT B-scans and thus
detect the boundary of the RPE and choroid (RPE/C) without
any human annotations (Supplementary Fig. S1). For this,
the FDS files were transformed into FDA data. Then, we first
employed the A* (A_star) algorithm to obtain initial segmen-
tation masks of the retinal layers,?® and we used them as the
initial training target for the machine learning model. The
A* algorithm is an extension of Edsger Dijkstra’s algorithm,
which is widely used in pathfinding and graph traversal ?*
and thus can be adopted to distinguish different parts of
boundaries in graph-based image segmentation problems.
However, this traditional image segmentation algorithm is
not robust enough to handle images with poor contrast or
abnormal brightness filled with random noise; in fact, the
output segmentation masks included many errors. In order
to filter out these errors, we calculated the minimum reti-
nal thickness and standard deviation (SD) for each B-scan
from predicted segmentation masks. In this study, only the
samples with a minimal retinal thickness between 30 and 80
pixels (which converts to 180 to 480 pm at an axial reso-
lution of 6 pm/pixel) and SD < 10 pixels (60 pm) were
accepted. We processed one B-scan from randomly selected
8500 FDA data.

Through the process described above, we collected a
total of 6409 input-output pairs. We used the Pyramid Pars-
ing Network (PSPNet) with the ResNet18 backbone as our
segmentation architecture.?>° The model was trained with a
binary cross-entropy loss function using the Adam optimizer.
We chose a batch size of 8. The learning rate was initially set
to 1 x 1073, and decay over each update was set to initial
learning ratio divided by epochs. All inputs and outputs were
cropped to 512 x 512 by setting y-coordinates whose sum
of pixel values had a maximum intensity to the center and
then resized to 256 x 256. All images were normalized to
a range between 0 and 1. We assessed the performance of
the neural network using cross-validation with the validation
set and evaluated the generalizability with an independent
dataset. Samples were divided into training sets at 80%, vali-
dation sets at 20%. The training and validation sets contained
images from mutually exclusive groups of subjects. During
the training, shadows and Gaussian/speckle noises were
randomly applied to the training data, as well as basic data
augmentations such as shift, flip, and rotation.

When we filtered out segmentation errors from the A*
algorithm, many hard examples were also excluded from the
dataset; therefore, the trained model was not robust enough
at this point. In order to bolster this weakness, we retrained
our model with additional hard examples. For this, we first
processed 1250 FDA data items and excluded segmenta-
tion error. Next, we computed a sum of entropy for each
obtained segmentation mask where each pixel had a prob-
ability value of being foreground. We then regarded exam-
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ples with high entropy value as hard examples, which were
sorted in descending order, and the top 200 images were
added to the original dataset for the training. The model
achieved a mean intersection over union value of 0.97 on
the validation set.

In the end, a total of 170,079 eye images were processed
and 128 x 170,079 segmentation masks were generated
by the segmentation network. Because the B-scans often
include several vertically flipped images, we built a binary
classification network with the LeNet architecture that can
identify flipped B-scans and unflip them automatically.?’
RPE/C boundaries were then extracted simply by tracking
the bottom boundary for each segmentation mask. For each
extracted RPE/C boundary, a two-dimensional polynomial
curve was fitted at the center 32 slices of B-scans, separately.
In the absence of axial length data or data for the OCT device
optics, a correction for distortions by different lateral scal-
ing or varying optical paths was not possible.?*?%:2° Finally,
the median of coefficients of the leading term was saved as
a representative curvature value of the eye (Supplementary
Fig. S1).

Validation of Curvature Analysis

In order to validate the macular curvature analysis, the eyes
were divided into quartiles based on macular curvature
values. Randomly (using the True Random Number Gener-
ator, https://www.random.org/), one eye of each quartile
was chosen and the central OCT scan was included in an
Adobe PhotoShop PSD file (Fig. 2). Ten PSD files consisting
of one OCT scan per quartile were generated. The files were
saved twice: once with layers in random order for validation
and once with the correct order of layers as control. Two
independent experienced retinal specialists (P.L.M. and A.T.),
masked to the results of the other, were then asked to order
the four OCT scans in each PSD file (random order) accord-
ing to the appearance of macular curvature. Finally, the
results were compared to the control files, which revealed
perfect agreement. Furthermore, the 100 cases with the most
extensive curvature values were manually checked.

Statistical Analysis

Statistical analysis was performed using R 4.0.3 (R Founda-
tion for Statistical Computing, Vienna, Austria) and Python
3.7 (Python Software Foundation, Wilmington, DE, USA).
The distribution of the macular curvature and its correlation
with ethnicity (white, comprised of English/Irish or other
white background; Asian, comprised of British Asian, Indian,
Pakistani, Bangladeshi, or other Asian background; black,
comprised of black British, Caribbean, African, or other
black background; Chinese; mixed, comprised of white and
black Caribbean or African, white and Asian, or other mixed
background; and other, comprised of undefined ethnicity),
demographic, ocular, and functional parameters were inves-
tigated. These parameters included refractive error, as spher-
ical equivalent (D), measured by autorefractor and calcu-
lated as sphere + [cylinder/2]); VA (in logarithm of the
minimum angle of resolution [logMAR]); corneal-corrected
IOP (mmHg), measured using the Ocular Response Analyzer
(Reichert Corp., Buffalo, USA); age; sex; corneal curvature,
measured as maximal curvature (K,,4x); childhood environ-
ment (birth weight, maternal smoking); and fluid intelli-
gence (FI) score based on a baseline touchscreen ques-
tionnaire with 13 questions. Factors were chosen according
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Figure 2. The spectrum of macular curvature. The histogram (left) shows the distribution of macular curvature values; the colors highlight
the four different quartiles. The optical coherence tomography B-scans (right) represent exemplary images for all four quartiles as used for
validation. For the demonstrated exemplary set, the individual curvature value of the respective eyes is displayed. The bottom image shows
an inward-directed macular curve associated with a negative curvature value, indicating a dome-shaped configuration.

to literature evaluations, as associations with eye develop-
ment or effects on the pathogenesis of dome-shaped macu-
lar curvature have been hypothesized. '4:30-35

Multilevel linear regression models adjusting for age,
gender, and ethnicity (demographic parameters) as fixed
effects, with a random effect for person to allow for the
right- and left-eye data from the same person to contribute
to the analysis (model 1), were used to examine associ-
ations with macular curvature. Model 2 extended model
1 with further adjustment for ocular measures (refractive
error, IOP, corneal curvature) and functional data (VA, FI).
Model 3 extended model 2 with further adjustment for child-
hood environment (birth weight, maternal smoking). Macu-
lar curvature measures were modeled as z-scores in the
regression models, and coefficients represent the fraction of
SD change per unit increase or per group change (for cate-
gorical values) in covariates. Age represents the changes per
decade increase, VA per 0.1 logMAR change, and IOP per
5-mmHg rise; other continuous variables are expressed in
their units. References for categorical variables are female
versus male, white versus all other ethnicities, and maternal
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smoking versus no maternal smoking. For inter-eye compar-
isons, paired t-tests were used. P values with o < 0.05 were
considered statistically significant.

RESULTS

A total of 126,291 eyes of 65,023 subjects (35,176 female)
with a mean age + SD of 57.3 + 8.11 years were included.
The vast majority were assigned to white ethnicity (90.4%
of included participants). In terms of refractive error, 58,432
eyes of 34,813 subjects (46.3%) were emmetropic; 33,283
eyes of 20,007 subjects (26.4%) were hypermetropic, with
25,843 eyes (16,769 subjects), 6317 eyes (4494 subjects), and
1123 eyes (828 subjects) assigned to mild, moderate, and
high hypermetropia, respectively. Also, 34,576 eyes (27.4%)
of 20,205 subjects were myopic with 17,278 eyes (11,986
subjects), 12,355 eyes (8139 subjects), and 4943 eyes (3322
subjects) assigned to mild, moderate, and high myopia,
respectively (Supplementary Fig. S2). Further demographic,
morphologic and functional parameters can be found in
Supplementary Table S1.
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Ficure 3. Macular curvature and associated parameters. The panel reveals adjusted mean macular curvature by deciles of variables of
interest. Adjusted means (solid black dots), 95% confidence intervals (vertical solid lines), and regression lines (dotted line) are from a
multilevel model allowing for repeated macular curvature measurement for each person.

Association with Macular Curvature

The overall macular curvature described a Gaussian distribu-
tion with a mean (£ SD) of 0.00213 + 0.00145 (Fig. 2). Multi-
ple putative associated features of macular curvature were
initially considered, including demographic characteristics
(age, ethnicity, sex), ocular measures (refractive error, IOP,
corneal curvature), functional data (VA, FI), and childhood
environment (birth weight, maternal smoking). Figure 3
shows the association of macular curvature with each
explored covariate. Here, as well as in a linear regression
analysis, refractive error indicated the most distinct corre-
lation (r = —0.391, P > 0.001), revealing lower macular
curve values (i.e., flatter curve) with increasing spherical
equivalent. Associations of other parameters with macular
curvature were lower but evident (Fig. 3). Maternal smoking
during pregnancy (mean = 0.00212) and female sex (mean
= 0.00212) were associated with a slightly lower macular
curvature (maternal non-smoking, mean = 0.00214; males,
mean = 0.00214). Concerning ethnicity, white subjects
(mean = 0.00212 £ 0.00145) and Asian subjects (mean =
0.00215 + 0.00132) showed the lowest macular curvature,
whereas Chinese subjects (mean = 0.00272 £ 0.00192) and
black subjects (mean = 0.00235 + 0.00127) revealed the
highest overall values (Fig. 3). Of note, white participants
(mean = —0.30 £ 2.71 D) and Chinese participants (mean =
—2.26 £ 3.19 D) also represented the subgroups in terms of
lowest and highest refractive errors, respectively. However,
the black subgroup also revealed low refractive error (mean
= —0.39 £ 2.25 D), in the range of white subjects.

To minimize association biases and because features
might exhibit a significance in a multilinear model despite
not showing any real correlation in a bivariate analysis, we
fitted three multilinear models (Table 1). Model 1 focused
on demographic parameters only, and there was a signifi-
cant effect of ethnicity such that black and Chinese partic-
ipants revealed a positive correlation to macular curva-
ture scores. Age and sex revealed a significant effect, as
well, which changed distinctively in the models 2 and 3,
which included functional and ocular measures and infancy
factors, respectively. In addition to ethnicity, refractive error
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consistently revealed the most significant effect on macu-
lar curvature scores. The impact of VA, corneal curvature,
IOP, FI, and birthweight was low, but still significant. Mater-
nal smoking, however, did not reveal any significance in the
model.

Dome-Shaped Configuration

Defined as inverted macular curvature (negative values)
(Fig. 2), the prevalence of a macular dome-shaped config-
uration was overall 4.78% (6040 eyes of 4725 subjects) and
was more common in hypermetropic than in emmetropic or
myopic eyes (Table 2). Of note, the prevalence increased
with more extreme refractive errors into both directions.
In contrast, an extensive dome-shaped macular configura-
tion (fourth quartile of eyes with negative macular curva-
ture values; macular curvature, <—0.00105589; 1.26%; 1599
eyes of 1346 subjects) was more common in myopic than
in emmetropic or hypermetropic eyes. The highest preva-
lence of this particular extensive macular shape was found
in the subgroup of high myopia (Table 2), in particular in
the subset of those eyes with very high refractive error (<—9
diopters spherical equivalent), which revealed a prevalence
of 6.49% (79 of 1217 eyes). The odds ratios for the extensive
macular dome-shaped configuration were 3.23 and 5.34 for
high and very high myopia, respectively. In the set of the 100
eyes with the most negative macular curvature (i.e., most
extensive macular dome-shaped configuration), subretinal
fluid was present in 29% of cases, whereas it was absent in
all other assessed OCT scans (used for validation), including
those with negative macular curvature. The 100 eyes with
the most negative macular curvature revealed significantly
impaired VA compared to other eyes (mean + SD, 0.140 +
0.212 vs. 0.020 £ 0.202; P < 0.0001), whereas those with and
without subretinal fluid did not show a significant difference
in VA (P = 0.344).

In terms of ethnicity, a macular dome-shaped and an
extensive dome-shaped configuration were most common in
subjects of Chinese origin (5.38% and 2.15%, respectively)
followed by white origin (4.99% and 1.33%, respectively)
and other origin (3.86% and 0.96%, respectively). Subjects
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TaBLE 1. Standard Deviation Differences in Macular Curvature by Change in Independent Variables
Model 1 Model 2 Model 3

Independent Variables Estimates CI P Estimates CI P Estimates CI P
Age (per decade) -0.05 -0.06 to -0.05 1.3E-32 0.04 0.04-0.05 5.6E-20 0.02 0.01-0.04 1.1E-04
Sex

Female (ref.) — — — — — — — — —

Male 0.02 0.01-0.04 5.1E-03 -0.01 —-0.02 to 0.01 3.3E-01 —-0.03 -0.05 to -0.01 1.1E-02
Ethnicity

White (ref.) — — — — — — — — —

Black 0.14 0.10-0.18 1.6E-10 0.23 0.18-0.27 7.7E-21 0.14 0.06-0.22 1.1E-03

Asian 0.002 -0.04 to 0.04 9.4E-01 0.07 0.03-0.12 2.3E-03 0.07 —-0.01 to 0.15 7.5E-02

Other 0.002 —0.05 to 0.05 9.4E-01 0.11 0.05-0.18 2.0E-04 0.12 0.03-0.22 1.4E-02

Mixed 0.04 —-0.03 to 0.12 2.8E-01 0.05 -0.04 to 0.13 2.8E-01 0.03 -0.09 to 0.14 6.6E-01

Chinese 0.40 0.29-0.50 1.1E-12 0.21 0.09-0.33 7.GE-04 0.08 -0.10 to 0.26 3.6E-01
Visual acuity (per 0.1 logMAR) — — — -0.02 -0.02 to -0.01 8.4E-36 -0.02 -0.02 to -0.01 1.8E-21
Refractive error (per D) — — — -0.15 -0.15 to -0.15 0.0E+00 -0.15 -0.16 to -0.15  0.0E+00
Corneal curvature (per D) — — — —-0.02 -0.03 to -0.02  2.2E-19 -0.02 -0.03 to -0.02 1.7E-13
Intraocular pressure (per mmHg) —_ —_ —_ -0.02 -0.03 to -0.02 3.8E-14 -0.02 -0.03 to -0.02 8.2E-09
Fluid intelligence — — — 0.03 0.03-0.03 4.6E-63 0.03 0.03-0.04 1.9E-40
Maternal smoking — — — — — — 0.02 0.00-0.004 7.3E-02
Birthweight (per kg) —_ —_ —_ —_ — — -0.03 -0.05 to -0.02  4.8E-05

Model 1 was a multilevel model that adjusted for demographic parameters (age, sex, and ethnicity) as fixed effects and a random effect
for person to allow for within-person eye measurements. Model 2 was an adjusted version of model 1 that included functional measures
(visual acuity and fluid intelligence) and ocular measures (spherical equivalent, corneal curvature, and intraocular pressure). Model 3 was
an adjustment of model 2 that included infancy factors (maternal smoking and birthweight). The marginal R? values (i.e., variance explained
by the models) and the conditional R? values were 0.004 and 0.747 for model 1, 0.161 and 0.794 for model 2, and 0.167 and 0.797 for model
3, respectively. P-values < 0.05 were considered significant and indicated by bold figures.

TaBLe 2. Dome-Shaped Macular Configuration and Refractive Error

Extensive
Dome-Shaped Dome-Shaped
Configuration Configuration

(V = 6040) (N = 1599)

Refractive Subgroup N % n % n
Emmetropia 58,432 3.17 1855 0.74 435
Hypermetropia 33,283 7.37 2453  1.43 475
Mild 25,843 543 1404 1.19 308
Moderate 6317 1270 802 209 132
High 1123 21.99 247 3.12 35
Myopia 34,576 5.01 1732 1.99 689
Mild 17,279 4.06 702 1.52 262
Moderate 12,355 5.14 635 1.95 241
High 4943 7.99 395 3.76 186

with Asian (2.74% and 0.60%, respectively), mixed (2.44%
and 0.72%, respectively), or black (1.90% and 0.41%, respec-
tively) origin showed the particular concave macular config-
uration less frequently. These findings were partly inde-
pendent from the impact of refraction on macular curva-
ture, as Chinese subjects had a significantly higher propor-
tion of dome-shaped macular presentation in each refrac-
tion subgroup excluding moderate and high hypermetropia
(which was absent in our Chinese cohort) compared to
other ethnicities; for example, in the high myopia subgroup,
Chinese represented 8.54% and white 8.39%. This difference
became even more obvious in the group of those with exten-
sive dome-shaped macular configurations; for example, in
the high myopia subgroup, Chinese represented 6.10% and
white 3.94%. For this phenotype, the odds ratios for Chinese
subjects with high or very high myopia were 4.83 and 7.91,
respectively.
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Inter-Eye Comparison

In 61,319 subjects (33,158 female) with a mean age of 57.2 +
8.11 years (range, 39.2-70.5) both eyes were included in this
study. Inter-eye comparison revealed small but significant
differences in macular curvature (OD, 0.00214 + 0.00144;
0S, 0.00213 £ 0.00143; P = 0.012), refractive error (OD,
—0.339 + 2.640 D; OS, —0.280 + 2.670 D; P < 0.001), VA
(OD, 0.021 + 0.199 logMAR; OS, 0.018 + 0.204 logMAR;
P = 0.003), and IOP (OD, 16.0 & 4.18; OS, 15.9 + 4.22; P
< 0.001). Nevertheless, all parameters showed a high inter-
eye correlation (Supplementary Fig. S3). In this cohort, the
prevalence of macular dome-shaped and extensive dome-
shaped configurations was similar to the aforementioned
overall study population with values of 4.67% (5723 eyes
of 4327 participants) and 1.20% (1467 eyes of 1187 partic-
ipants), including a binocular manifestation in 32.26% and
23.59% of subjects, respectively. In the majority of partici-
pants with monocular manifestation, the affected eye was
more hypermetropic or less myopic (65.50% and 54.10% for
dome-shaped and extensive dome-shaped macular configu-
rations, respectively).

DiscusSsION

The unique dataset contained within the UKBB has allowed
systematic and comprehensive investigation of the macu-
lar morphology including curvature in the largest cohort
to date. We found that demographic, ocular, functional, and
infancy parameters were associated with macular curvature,
whereas refractive error and ethnicity were the most signif-
icant factors.

In our cohort, the six ethnicity groups we investigated
showed different refractive errors; however, the effects of
ethnicity on macular curvature were not explained by these
differences alone. Among others, black and Chinese ethnic-
ity consistently showed a likewise effect on macular curva-
ture while presenting different extremes of refractive error
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(Fig. 3). Furthermore, the effect of ethnicity stayed signifi-
cant or even increased in the multivariate model 2, which
included ocular measures such as refractive error (Table 1).
Last, the odds ratio for the dome-shaped configuration was
higher in Chinese subjects than in the general cohort, even
when categorized into similar refractive error subgroups.

Myopia was generally associated with higher macular
curvature values. A Mendelian randomization analysis in
the UKBB has shown that every additional year spent in
education resulted in a more myopic refractive error (—0.27
D/y), whereas myopic status itself does not affect educa-
tion duration.®® In this context, it is interesting to note that
a consistent positive association between macular curvature
and fluid intelligence was found (Fig. 3). It may therefore be
hypothesized that some of the associations found between
refraction and macular curvature could partly be explained
by exposure to more years in education (e.g., posterior pole
extension triggered by reading). This might be worth further
investigations in the view of increasing myopia prevalence
and research interest.>

It has been reported that maternal smoking is associated
with intrauterine growth restriction that may cause reduced
VA, reduced contrast sensitivity, and hypermetropia.’! We
also found a lower birthweight in the group of participants
with a history of maternal smoking (3.26 & 0.67 kg vs. 3.34
+ 0.64 kg) as well as less myopia (—0.21 £ 2.67 D vs. —0.35
=+ 2.68 D), which might account for the lower macular curva-
ture measures in this group (Fig. 3). A birthweight less than
the 10th percentile is known to be a risk factor for hyperme-
tropia,®! which could explain the left wing of the inverted
U-shape of the association between birthweight and macular
curvature (Fig. 3). The remaining significant negative asso-
ciation is open for further research.

Of particular interest, we focused on the particular dome-
shaped configuration that was most frequent in eyes with
high refractive error. The highest odds ratio was found
for the extensive dome-shaped configuration in Chinese
subjects with very high myopia (7.91), whereas the over-
all dome-shaped configuration was more commonly found
in hypermetropic eyes. However, in the initial description
of dome-shaped maculopathy by Gaucher and colleagues in
2008,% only myopic eyes were reported. Hypothesized causal
factors for this particular macular configuration include
mechanical parameters, in particular vitreomacular traction
and/or low IOP. In particular, it has been suggested that
hypotonia is present in the area of staphyloma associated
with lower wall tension leading to an inward collapse of the
sclera. However, no supporting evidence for this hypothesis
could ever be found,'3? which is in line with our findings of
an only minor and inconstant association between IOP and
macular curvature (Fig. 3). Another possible explanation for
the dome-shaped configuration is based on a localized area
of scleral and choroidal thickening, as an increased macu-
lar bulge height has been reported using different imaging
technologies.>%°37 Experiments in chicks have supported
this hypothesis, as they revealed that choroidal and scle-
ral thickening at the posterior pole occur in the develop-
ment of myopia and the recovery after deprivation-induced
myopia3®~4 Further studies revealed an association with
general posterior malformation in high myopia, which indi-
cated that the macular dome-shaped configuration might not
necessarily be caused by an inward protrusion of the globe
but could be due to a possible anatomical preservation at
the macula (localized resistance of the sclera to the staphylo-
matous deformation).*33-3 In these cases, the development
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of a macular dome-shaped configuration could represent an
adaptation to reduce the defocus and maintain emmetropiza-
tiOI’l.S’6’41’42

It has been reported that scleral and choroidal thinning
is more pronounced in the parafoveal area than at the foveal
center, resulting in a relative (not absolute) increase in macu-
lar bulge height.?>3* Using three-dimensional magnetic reso-
nance imaging, a recent study supported the hypothesis of a
general posterior malformation, as they located the macula
within, at the boundary of or between posterior staphylo-
mas in many myopic eye but not in non-myopic dome eyes.!
Some chick experiments also revealed more generalized
anatomical changes of morphology of the posterior globe
after optical defocus and form deprivation.*4 Of note, a
general weakness of connective tissue of the whole eye
might be unlikely, given the missing association of macular
and corneal curvature in our cohort (Fig. 3) and the fact that
other studies have not found a generalized thickened sclera
in their cohorts of eyes with the dome-shaped configura-
tion.? The increasing prevalence of the dome-shaped config-
uration with more extreme refractive error, however, might
account for some kind of general ocular maldevelopment or
malformation.

Other studies have shown that a dome-shaped macular
configuration can also be found in subjects with emmetropia
and hypermetropia.>*> In our cohort, the inverted macu-
lar curvature (negative curvature values) was even more
common in hypermetropia than in myopia (Table 2). Differ-
ent hypotheses might explain the discrepancy between ours
and the aforementioned studies. Most prior studies focused
on patients with posterior staphyloma and/or visual symp-
toms. Dome-shaped macular configurations in subjects with
emmetropia and hypermetropia may be asymptomatic; thus,
subjects do not seek medical advice. The unique popula-
tion cohort nature of the UKBB study, however, gave us the
possibility to detect these subjects, as well. Without compu-
tational analysis, a mild dome-shaped configuration (more
often associated with hypermetropia) might, furthermore,
not be noticed by human investigators. In this study, the
extensive dome-shaped configuration with obvious inverted
curvature was more commonly found in myopia (Table 2).
Finally, different underlying pathophysiological mechanisms
might account for the diverging presentation of the macu-
lar dome-shaped configuration in myopes and non-myopes,
and further work is needed. A possible approach to answer-
ing these questions might be the analysis of macro- and
microstructures, as well as molecular factors in more ante-
rior regions such as the equator and the ora serrata. These
investigations might also contribute to our understanding
of retinal diseases and their hitherto (partly) unexplained
primary localized presentation.

In the dome-shaped macular configuration, a serous
detachment over the apex of the dome with a presen-
tation similar to that of central serous chorioretinopathy
may develop. It has been suggested that a malfunctioning
choroid, as well as an obstruction of choroidal fluid outflow
by a thickened sclera, could be a potential cause for the
associated subfoveal fluid.® Other hypotheses to explain the
subfoveal fluid include malfunction of the RPE at the dome.*
In our cohort, subretinal fluid was detected in only a minor
proportion of eyes with the most extensive dome-shaped
configuration. This indicates that this pathology and associ-
ated causes are unlikely to be a general feature of the dome-
shaped configuration itself. Presumably, different pathome-
chanisms might lead to varying severity of presentation. Of
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note, the presence of subretinal fluid itself was not directly
associated with impaired VA. A more detailed study of macu-
lar curvature in hypermetropic eyes may help to determine
whether a dome-shaped configuration is a common anatom-
ical risk factor for both myopic and hypermetropic serous
detachment of the retina.

A bilateral macular dome-shaped configuration has been
reported in 50% to 78% of cases.>*° Despite the high inter-
eye correlation in our cohort, a binocular manifestation was
only observed in 32.26% of subjects; the majority did not
show a binocular manifestation (Supplementary Fig. S3).
Here, the dome-shaped configuration was also slightly more
common in the more hypermetropic eye. We hypothesize
that the latter might partly derive from shorter axial length
due to the concave macular configuration in dome-shaped
eyes. Based on previous publications and our results, not
only are the causes of dome-shaped configurations still
unclear, but also the uniformity of its origin in different
refractive subgroups might be questionable. An investigation
into the origins of macular configuration was beyond the
scope of this study, but such studies might provide further
insights into retinal development and the specific formation
of the macula, thus being of particular scientific interest for
myopia and maculopathy research. In the context of future
studies, the polynomial fit analysis might also be used to
investigate foveal configurations, particularly with regard to
macular diseases, as well as the detection of pathologies,
differential diagnoses, and functional predictions. Here, it
might be expected that the described slight association of
curvature and VA might become more distinct. Reasons for
our findings (Fig. 3) might only be hypothesized. One study
described a prevalence of retinal dystrophies with macular
dome-shaped configurations of 19.6%, which might account
for the trend of more impaired VA with lower macular curva-
ture values. However, the authors state that the high preva-
lence they observed could also be related to the high rate
of myopia in genetic ocular diseases or the tertiary referral
nature of their institution.?

Although our method does not require any human anno-
tations, the presented segmentation algorithm successfully
extracted the target regions from noisy, low-contrast images
and or B-scan images in which part of the area of interest
was missing or was cropped. Because we collected initial
training examples by randomly sampling from the entire
dataset, the performance on images of less common anatom-
ical variations, such as eyes with extensive concave/convex
macular curvature, was slightly inferior to the performance
on images of eyes with more typical anatomy. The perfor-
mance of both segmentation and the flip detector was
improved by adding human annotations to the hard exam-
ples. Strengths of this study include the unique large
sample size and the use of spectral-domain OCT imaging
in the UKBB Eyes and Vision substudy (85,737 of 502,882
subjects). As we investigated macular curvature in the largest
cohort to date, weak associations were identified that previ-
ously had not been found in smaller datasets.!*"'> A total
of 65,023 of 85,737 participants met all inclusion criteria
to be included in the analysis. Although not randomized,
the large sample size would support the assumption that
trends among demographic and ocular factors would hold
true for cases that were excluded. Furthermore, an extended
validation of the curvature calculations was performed in
this study in order to ensure high image quality and correct
conclusions. This work might therefore serve as a robust
base for future basic research focusing on macular devel-
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opment, malformation, and macular diseases. Future longi-
tudinal analysis to detect possible changes and/or further
associations might be warranted in this context. The UKBB
consortium is preparing to invite participants to take part in
a follow-up study.

Although the large UKBB dataset is a main strength of
this study;, it also has some limitations. First, the dataset does
not include biometry or other axial length measures. Not
only have macular changes in high myopia been linked to
axial length,* but axial length might also interfere with the
lateral scan dimensions, leading to distortions and inaccu-
racies of measures that also affect curvature values.??2%:2° A
recent paper showed a reversal of correlation between foveal
avascular zone and aging in children by correction for axial
length in this context.”” However, the lateral distortion in
our images should have led to fewer (positive or negative)
curvature measures in longer eyes and vice versa in shorter
eyes and should not have changed the direction of the curva-
ture. It therefore should not alter the main conclusions of
our analysis. Other sources of distortion are the unknown
relative eye positions, optics of the OCT device, and vary-
ing optical paths that are much more difficult to predict.
As corrections were not possible, the described associations
should be carefully interpreted and not considered as abso-
lute truth. Further limitations of the study include the OCT
scan pattern. The analysis was based on horizontal OCT
B-scans, so we did not document the vertical oval-shaped
dome pattern previously described.*® The 6-mm volume scan
may also not be long enough to determine staphyloma,
which might be of particular interest in this context. Also,
given the spectral-domain technology of the OCT device and
absence of enhanced depth imaging data, choroidal parame-
ters were not included in the analysis but could be of possi-
ble importance. Although there was a sampling frame for
the UKBB study based on general practitioner patient regis-
ters in the UK National Health Service, there is the potential
for nonresponse bias, as UKBB participants are likely to be
healthier than the general population of the United King-
dom, particularly given the low response rate (5.5%). We
did not exclude ocular diseases even if they might have an
impact on the macular curvature (e.g., ocular neoplasia), as
we aimed to present a representative cross-section of the
study cohort. Given the use of our analysis model to calcu-
late macular curvature and the exceptionally large sample
size, any possible interfering effect of outer retinal changes
was minimized.

CONCLUSIONS

This project investigated macular curvature based on OCT
images using the unique imaging dataset of the UKBB study,
the world’s largest cohort study of adults. Refractive error
and ethnicity were found to be the most significant determi-
nants of macular curvature, whereas demographic parame-
ters, ocular factors, and childhood environment were found
to also have a distinct impact, as well. Of particular interest to
the study of eye development, macular diseases, and malfor-
mations, this analysis of the dome-shaped macular configu-
ration revealed that this particular presentation of the poste-
rior pole is significantly more common than reported before,
especially in emmetropic and hypermetropic eyes. Indeed,
it was more commonly found in eyes with high refractive
error but does not essentially imply a maculopathy. Despite
the limitations of this analysis (e.g., uncorrected distortions
of the OCT scan), our findings offer further insights into
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the presentation of and potential associations of patients
with marked concave and convex macular configurations.
It also provides evidence of the multiple pathophysiologic
processes leading to the specific formations, offering new
directions for future myopia and macula research.
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