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shape

Lei Liul, Wendy Marsh-Tootlel, Elise N. Harb?, Wei Hou3, Qinghua Zhang?3, Heather A.
Anderson?, Thomas T. Nortonl, Katherine K. Weisel, Jane E. Gwiazda®, Leslie Hyman?3,
COMET Group?!345

1School of Optometry, University of Alabama at Birmingham, Birmingham
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Abstract

Purpose: High-quality optical coherence tomography (OCT) macular scans make it possible to
distinguish a range of normal and diseased states by characterising foveal pit shape. Existing
mathematical models lack the flexibility to capture all known pit variations and thus characterise
the pit with limited accuracy. This study aimed to develop a new model that provides a more
robust characterisation of individual foveal pit variations.

Methods: A Sloped Piecemeal Gaussian (SPG) model, consisting of a linear combination of a
tilted line and a piecemeal Gaussian function (two halves of a Gaussian connected by a separate
straight line), was developed to fit retinal thickness data with the flexibility to characterise
different degrees of pit asymmetry and pit bottom flatness. It fitted the raw pit data between the
two rims of the fovea to improve accuracy. The model was tested on 3488 macular scans from
both eyes of 581 young adults (376 myopes and 206 non-myopes, mean (S.D.) age 21.9 (1.4)
years). Estimates for retinal thickness, wall height and slope, pit depth and width were derived
from the best-fitting model curve. Ten variations of Gaussian and Difference of Gaussian models
were fitted to the same scans and compared with the SPG model for goodness of fit (by Root mean
square error, RMSE), model complexity (by the Bayesian Information Criteria) and model fidelity.

Results: The SPG model produced excellent goodness of fit (mean RMSE = 4.25 and 3.89 ym;
95% ClI: 4.20, 4.30 and 3.86, 3.93 for fitting horizontal and vertical profiles respectively). The
SPG model showed pit asymmetry, with average nasal walls 17.6 (11.6) pm higher and 0.96
(0.61)° steeper than temporal walls and average superior walls 7.0 (12.2) um higher and 0.41
(0.65)° steeper than the inferior walls. The SPG model also revealed a continuum of human foveal
shapes, from round bottoms to extended flat bottoms (up to 563 pm). 49.1% of foveal profiles
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were best fitted with a flat bottom >30 pm wide. Compared with the other tested models, the SPG
was the preferred model overall based on the Bayesian Information Criteria.

Conclusions: The SPG is a new parsimonious mathematical model that improves upon other
models by accounting for wall asymmetry and flat pit bottoms, providing an excellent fit and more
faithful characterisation of typical foveal pit shapes and their known variations. This new model
may be helpful in distinguishing normal foveal shape variations by refractive status as well by
other characteristics such as sex, ethnicity and age.

Keywords

foveal pit; human retina; mathematical model; optical coherence tomography

Introduction

The shape of the foveal pit, because of its unique morphology, histological composition and
functional importance, has been the focus of many studies. Visual function measures such as
resolution acuity and contrast sensitivity have been related to the foveal pit shape.1
Individual foveal pit development begins with a narrow and deep prenatal fovea and ends
with a wider and shallower adult fovea due to the rapid ocular growth after birth.8-11 Interest
in quantitative characterisation of foveal pit shape has grown recently due to the
advancement of the optical coherence tomography (OCT) technology that allows non-
invasive imaging of the retina at unprecedented resolution and accuracy. This new
technology has made it possible to obtain high-quality macular scans from individuals in
different populations with and without ocular disease and from repeated scans on the same
subject at different points over time. This has created new opportunities to enhance
understanding of individual development of the fovea, its normal variations and the
relationships between foveal shape and various ocular and neurological diseases. Recent
studies based on large sample sizes have described macular morphologies in populations of
varying ethnicity, gender and ages, providing normative data for detecting pathological
changes.12-24 As an example of the many applications of OCT in eye care, the epidemic of
myopia in Asia2® and the increasing risk of macular abnormalities associated with high
myopia28 have led to many OCT studies seeking to evaluate the relationship between
macular morphology and myopia severity, to determine whether this relationship varies in
different gender and ethnic groups and to identify macular features that may indicate risk of
myopia-related retinal pathologies.27-39

Compared to the fast increase in quality and availability of OCT scans, the development of
automated methods to quantitatively characterise foveal morphology with minimal operator
intervention has lagged behind. The most popular method is the Early Treatment Diabetic
Retinopathy Study macular thickness map, in which retinal thickness measures in the nine
zones of a fixed grid are averaged to form a rudimentary map. It is known that averaging
retinal thickness across large zones conceal indicative foveal features (e.g. pit wall slopes
and bottom shapes) and that imposing a fixed grid on foveas with large known variances in
width and thicknesses is likely to introduce large measurement variance. Nevertheless, this
map was still used in most studies concerning macular morphology, including all the OCT
articles cited above. A more powerful strategy to achieve quantitative assessment is to derive

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Methods

Subjects

Page 3

mathematical representations of the foveal pit from raw OCT data. These mathematical
representations can then be used to provide much richer, more quantitative and
individualised characterisation of the fovea and thus can help to differentiate subtler
differences among normal populations and to detect smaller pathological changes of the
fovea.

Two approaches have been used to generate mathematical representations of the foveal pit.
The data-driven approach used a generic spline function or a combination of mathematical
operators determined by symbolic regression to generate best-fitting curves to OCT foveal
profiles and derives pit parameters from these curves.#0-42 The model-driven approach
represented prior knowledge about the fovea, i.e., ‘prototype foveal pit’, with a mathematical
function (a model) and a fixed set of model coefficients, fitted the model to OCT data,
extracted foveal landmarks directly from the best-fitting model coefficients and derived
foveal pit characterisations from the landmarks.43-49

The model-driven approach has been successfully used to study the normal foveal pit
variation with race and gender,* the relationship between pit shape and foveal avascular
zone,*” and the foveal abnormalities in oligocone trichromacy,>® amblyopia,** albinism*8
and Parkinson’s disease.! However, existing models can adequately characterise some
foveal pits, but not all. Specifically, some models do not take the asymmetry of the pit into
consideration (blue dashed curve in Figure 1) and may misfit those pits that have extended
flat bottoms (red solid curve in Figure 1). A more accurate characterisation of all foveal pits
thus requires flexibilities to fit asymmetric pits with different bottom shapes. Another
limitation of previous modelling approaches is their use of either all the A-scans#3:44:46 or
the A-scans within a fixed distance (1.25 or 2.5 mm) from an estimated pit centre.4>°1 We
speculate that including parafoveal data into the fitting process may compromise the
accuracy of curve fitting inside the pit itself.

To address limitations of existing modelling efforts, we developed a new mathematical
model that can more accurately and reliably characterise a wider range of foveal pit shapes.
We also determined the relative merits (goodness of fit, model complexity and model
fidelity) of the new model with several variations of the Gaussian and the Difference of
Gaussians (DoG) models using the same set of scan data. These were accomplished by
fitting data from a set of OCT macular scans obtained from a group of ethnically diverse
young adult myopes and non-myopes from the Correction of Myopia Evaluation Trial
(COMET) study, at their 12th year COMET visits.

In this study, Spectral Domain OCT (http://www.optovue.com - note that the device used in
the study, RTVue-100, is no longer in production) macular scans were taken from 376 young
myopes and 206 age-, sex-, and ethnicity-matched non-myopes (mean (S.D.) age 21.9 (1.4)
years) at four clinical centres (Optometry Schools/Colleges in Birmingham, Alabama,
Boston, Massachusetts, Houston, Texas, and Philadelphia, Pennsylvania). Among myopes,
46% were male, 44% were white, 27% African—American, 16% Hispanic, 8% Asian and 5%
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mixed. The non-myopes had similar sex and ethnicity profiles. The COMET study and
protocols conformed to the Tenets of the Declaration of Helsinki. The research protocols
were reviewed and approved by the institutional review boards of each participating
institution. Written informed consents were obtained from participants, all of whom were 18
years of age or older at the time these scans were taken.

Enhanced Macular Map 5 (EMMB5) scans of RTVue were obtained from the right and left
eyes of the subjects (1164 eyes). Three high-quality consecutive scans (Signal Strength
Index SSI >50, higher than 39, the manufacturer recommended cut off for EMMD5) per eye
were obtained from 99% (1151) of eyes, with more or fewer scans per eye obtained on the
remaining 1%, resulting in a total of 3501 scans. Each scan consisted of 13 horizontal and
13 vertical cross-sectional retinal thickness (the difference between the internal limiting
membrane and the retinal pigment epithelium elevations) profiles. Each thickness profile
was 803-pixels long, covering a nominal 6 mm distance. A custom computer program was
used to automatically search for the profile that had the deepest pit near the middle of the
803-pixel scan among the 13 profiles for both horizontal and vertical directions. One
horizontal and one vertical profile were selected from each scan for study.

Data preparation for model fitting

To focus model fitting on the pit, two datasets were extracted from each profile (black curve
in Figure 2). This was achieved by first smoothing the profile (100-pixel span smoothing) so
that the local minimum near the centre of the smoothed profile and the local maximums on
the two sides of the minimum (blue and orange arrows in Figure 2) could be located. A
narrow and a wide dataset were created using these landmarks. The narrow dataset included
only the unsmoothed raw data points between the two local maximums (green curve in
Figure 2), thus ignoring the parafoveal data. The mean (S.D.) lengths of the narrow datasets
were 271 (36) (range from 174 to 390 pixels) and 310 (43) (range from 177 to 450) pixels
for vertical and horizontal directions, respectively. The horizontal datasets were longer
because the pit in general had a horizontal oval shape. A wide dataset, which included the
short dataset plus an extra 120 pixels beyond each of the two local maximums (red curve in
Figure 2), was created for model comparison. All data points in each profile, whether narrow
or wide, were fitted simultaneously.

All data were converted to microns (um) by applying the nominal scaling factors of 7.5 um/
pixel horizontal and 3 pm/pixel vertical to the raw thickness data to provide more customary
units for reporting results. Although it has been shown that axial length can impact OCT
feature measurements, %652 axial length correction was not critical in this study since we
were evaluating model fitting within the same eye rather than comparing features across
eyes. It is also known that an artefact may exist in the current OCT display because the
displayed orientation of individual A-scans may not always agree with the expected OCT
scan paths.>3 However, because the new model was only fitted to the central 1.5-2.25 mm of
the scan (narrow dataset), the artefact would have little effect on the pit characterisation
accuracy.>3

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.
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Sloped Piecemeal Gaussian (SPG) model

Rationale and equations—A new model, the Sloped Piece Gaussian (SPG), was
developed to characterise a prototype foveal pit that had smooth, sigmoidal walls, could be
asymmetric on the two sides of the pit and could have a bottom that was not round but flat.
The basis of the SPG is a Gaussian function (G).

G oo~ mw? /o &)

The coefficient p is the location of the centre of the Gaussian function and o is its standard
deviation.

To introduce the flexibility to fit pits with variable extents of flat bottoms, the two halves of
the Gaussian function were pulled apart by a distance of A, and then connected by a straight
horizontal line at the top to form a piecemeal Gaussian, G.

G xX<p—4/2
G={max(G) p—1/2<x<p+4/2 (4>0) o)
G x>p+41/2

To introduce a variable degree of asymmetry to the model, a line with a slope of fwas added
to G. This function was also flipped vertically to represent a pit. The complete SPG function,
specified in Equation 3, has 6 coefficients: g and g determine the x- and y~locations of the
function; o determines the shape of the walls; fis related to the amount of asymmetry; a
determines the depth of the pit and A is the extent of the flat pit bottom.

y=g-(aG + fx) @®)

Although SPG is a piecemeal function, it is used as a whole when fitting OCT data, with all
coefficients determined simultaneously in one fitting procedure.

SPG landmarks

The SPG model produced three pairs of landmarks for each horizontal and vertical profile,
(1) two rim points, 2 and %, the highest points on the two sides of the pit, (2) two wall
points, 7" and %, points on the walls of the curve where the slopes were maximum, and (3)
two bottom points, % and %’, locations where the walls transit to the flat bottom. Figure 3
shows these landmarks designated by yellow circles, for a sample horizontal profile. Similar
landmarks and parameters were determined from fitting the vertical profiles. Because the
Gaussian monotonically approached an asymptotic line, g—£x (red line in Figure 3), and thus
had no local maximums, the rim points, % and %’, were determined by locating the point
where the curve first deviated from the asymptotic line by a preset distance, 0.025 pixels.
The wall points, 7w and %, were determined by the peak and trough locations of the first
derivative of the model curve. In scans where the pits have round bottoms, the two bottom
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points, % and %’, merge into one, A. In scans where the pits are asymmetric, there is a
small y~offset between the pairs of corresponding landmarks.

SPG foveal pit parameters

Parameters of pit width and depth, wall heights and slopes and retinal thickness (Figure 3)
were computed from the three pairs of landmarks as follows.

1

Model comparisons

Pit widths: The top, middle and bottom widths of the pit were defined as the
differences between the x-coordinates of the rim, wall and bottom point pairs,
respectively. If a pit had a truly round bottom, its bottom width was zero. When
the pit was asymmetric, the distance between a pair of landmarks, for example,
% and %’, was slightly longer than the difference between their x-coordinates.
However, the difference between the distance and the x-coordinate difference
was very small (~0.33 um, averaged across all profiles). Therefore, all pit widths
reported herein were the difference between the x-coordinates of the
corresponding landmarks.

Pit wall heights: Local heights of the nasal, temporal, superior and inferior walls
of a pit were defined as the y~coordinate difference between the corresponding
rim and bottom landmarks. These heights were different if the fitting curve was
asymmetric.

Pit Depth: The pit depth of a foveal profile was defined as the mean of the
heights of the opposing walls. Because the pit depths in the horizontal and
vertical foveal profiles could differ, pit depth must consider both profiles;
therefore, the mean depth of the pit was defined as the mean of depths of the
horizontal and vertical profiles of the same eye.

Pit wall slopes: The slopes of the nasal, temporal, superior and inferior walls
were defined as the maximum slopes on corresponding walls relative to the
positive x-direction. Only the angle, not the signs of the slopes were considered.

Maximum and minimum retinal thickness: The maximum retinal thicknesses on
the nasal, temporal, superior and inferior sides of the pit were determined by the
y~coordinates of the corresponding rim points (measured from the retinal
pigment epithelium or = 0). The overall maximum thickness of the fovea was
estimated based on the mean of the four local maximum thicknesses. The
minimum retinal thickness of a foveal pit was determined by the mean of the )~
coordinates of all its bottom landmarks.

In order to assess the relative merits of the SPG model and to achieve a better understanding
on model characterisation of the foveal pit, a systematic approach was taken to fit the same
macular scan data using the four variations of Gaussian or Difference of Gaussian models
described below and to compare their goodness of fit, model complexity and model fidelity.
These models permuted the symmetry and bottom shape factors. The effects of dataset width
(narrow vs wide) and restricting model coefficient values were also compared.

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.
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Models to be compared

Gaussian: A simple Gaussian function (four coefficients, y= g— aG, where G is the
Gaussian defined in Equation 1).4

Sloped Gaussian: A sloped line was added to a symmetric Gaussian function to introduce
asymmetry (five coefficients).

Difference of Gaussian (DoG): The difference of two Gaussian functions with their centres
aligned (Au = 0), resulting in a symmetric DoG function with six coefficients.*3

DoG = g — afe~C =W /0" _ ge=(r—n-aw’/ (e @

The coefficients dand e in the second Gaussian function were ratios of the amplitudes and
the o’s of the first and the second Gaussians. Using ratios was convenient when applying
restrictions to the coefficient space of the DoG model. For example, forcing coefficients o>
1 and e< 1 ensured a ‘normal’ DoG with two shoulders and one pointed pit and thus
eliminated the possibility of the function taking on a shape that does not agree with the
prototype shape.

Offset Difference of Gaussian (0D0oG): A non-zero x-offset between the centres of the two
Gaussians of a symmetric DoG model (Equation 4) was allowed (Ap # 0) to produce a
seven-coefficient asymmetric offset DoG (0DoG) model.** We noticed that when the 0DoG
coefficients were not restricted, the resultant curve might deviate significantly from the
prototype pit shape. An empirical assessment found that restricting Au to between =17 and
+17 pixels could minimize the deviation.

Extraction of pit landmarks and parameters

These models were built on the assumption that the prototype foveal pit had a round bottom
and sigmoidal smooth walls.#434446 The method that was used to characterise the pit shape
from the best-fitting model coefficients was defined based on this assumption. Specifically,
five landmarks were extracted using the first derivative of the best fitting curve,
corresponding to its three zero-crossings, one peak and one trough. The two outside zero-
crossings were the locations of the two rim points and the zero-crossing in the middle was
the location of the pit bottom point. The peak and trough, one on each side of the pit bottom,
defined the wall locations that had the maximum slopes. Pit parameters such as the width,
depth, minimum and maximum retinal thickness and the heights and slopes of the walls
were computed from these five landmarks.#3:4446 The coherence of the prototype fovea and
the foveal landmark extraction method of these models allowed us to judge whether the best-
fitting curve generated by a model conformed to the model’s prototype fovea. For example,
if the first derivative had more than one local peak on one side of the pit bottom, the pit wall
on this side could not be sigmoidal, the correct wall landmark could not be correctly
extracted and the curve would be considered “distorted’.

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.
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Fitting retinal thickness data (SPG and comparison models)

The SPG model was fitted to the narrow-datasets (Figure 2, green line) to evaluate its
goodness of fit and its ability to characterise the foveal pit. Ten additional model fits were
performed on the same scans to determine the relative merits of the SPG. Specifically, the
Gaussian and sloped Gaussian models were fitted to the narrow dataset without coefficient
restriction. The DoG and oDoG models were fitted to both the narrow and the wide datasets
(subscripts ‘A’ and “ W) with coefficient space unrestricted (coefficients took any values,
subscript ‘) and restricted (coefficients restricted to d> 1, e< 1 and -17 < Au < +17,
subscript /). As an example, oDoGyy was the offset DoG model fit to the narrow dataset
with unrestricted coefficient space.

Custom Matlab (http://www.mathworks.com/products/matlab/) programs were developed to
perform nonlinear least squares curve fits, extract foveal pit landmarks, compute pit
parameters and assess goodness of fit. Fits were performed on raw data. No smoothing or
averaging or down-sampling was done to the data before fitting.

Data analysis

Among the 3501 available macular scans, 10 were excluded from analysis because of clear
deviations from a normal foveal pit, e.g., a large step in the middle of a pit profile or no
obvious pit. The poor quality of these scans was confirmed by comparison with the repeated
scans from the same eye. Analyses are based on the 3491 remaining good quality scans.
Subtler segmentation errors of the inner limiting membrane and retinal pigment epithelium
elevations of these scans were not examined or corrected. When image quality was good
(SSI > 39), data accuracy was high. For example, full retinal thickness measures (from inner
limiting membrane to the bottom of retinal pigment epithelium) obtained from the EMM5
scans of RTVue-100 had mean intra-eye repeated scan S.D.s < 3 um.>4°

Because the 3491 scans included repeated scans of the same eye and both eyes of the same
subject, the fitting outcomes were not independent. To ensure that the correlations among
repeated intra-eye and intra-personal scans were taken into account appropriately, the
analyses were limited to subjects who had good scan data from both eyes and had at least
two repeated scans per eye. Of the 582 subjects, one was excluded because scan data were
available in one eye only. This resulted in a total of 3488 good quality scans from both eyes
of 581 subjects (1747 right eyes and 1741 left eyes). In addition, each scan had one
horizontal and one vertical profile.

The curve fitting was performed on individual profiles, but the fitting results from intra-eye
repeated scans was averaged to produce one characterisation of the fovea, resulting in the
goodness of fit and pit parameters for 581 pairs of ‘foveas’. A set of analyses were
conducted to justify averaging results from intra-eye repeated scans. Specifically, there were
no statistically significant differences among the root mean squared errors (RMSE) obtained
from fitting intra-eye repeated scans (£, 3472 = 0.47, p= 0.63 for vertical; /3470 = 0.15, p=
0.86 for horizontal). A set of repeatability analyses (see Repeatability of Foveal Pit
Characterisation in Results) also showed that SPG characterisations of repeated scans of the
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same eye were highly repeatable. Therefore, unless otherwise indicated, the analyses and
discussions were fovea-based, not scan-based.

To account for potential correlations between the two eyes of the same subject, between
horizontal and vertical profiles of the same scan or among locations around the same fovea,
comparisons of goodness of fit and pit parameters were conducted using a repeated ANOVA,
with the Eye (right and left), Direction (horizontal and vertical) or Location (nasal, temporal,
superior and inferior) as the within-subject variables.>® These analyses showed that the two
eyes of the subjects were not significantly different in most pit parameters (p-value ranged
from 0.095 to 0.46). The only significantly different measure between the two eyes was the
minimum retinal thickness (/1 5g9 = 8.58, p=0.004), but the magnitude of the difference
was only 0.8 um. Therefore, SPG pit parameters were reported with the left and right eye
results averaged. On the other hand, the differences between the horizontal and vertical
profiles were highly significant (p < 0.0005) for all goodness of fit measures and pit
parameters. Therefore, horizontal and vertical data were reported separately. Consequently,
1162 horizontal and 1162 vertical fovea-based measures were analysed.

Descriptive statistics were summarised and reported as means (S.D.s). The RMSE was used
to assess and compare goodness of fit of the SPG and other models. Pit parameters between
horizontal and vertical directions or among nasal, temporal, superior and inferior locations
were compared to characterise SPG-defined foveal pit shape.

The intra-session repeatability of the SPG model pit parameters obtained from fitting three
repeated scans of the same eye was quantified by calculating the intra-session standard
deviation (square root of the mean repeated measure variances)®’ for each pit parameter. The
intra-session standard deviation were presented both as the absolute value and as the
percentage of the mean parameter value. Intra-class correlation coefficients were used to
assess repeatability of the SPG pit bottom width measures.

The Bayesian Information Criteria (BIC) was used to select the most appropriate model for
the data. The BIC is the weighted difference of model complexity and goodness of fit so that
models with more than necessary coefficients (overfitting) are penalised. When the same set
of data is fitted by several models, the model with the smallest BIC value is considered to
have the best combination of model complexity and goodness of fit and thus is preferred.
The unpreferred models may have poorer goodness of fit, too many coefficients or both,
compared to the preferred model.>8 Because BIC comparison is valid only when applied to
the same set of data, only the seven model fits to the narrow dataset, Gaussian, sloped
Gaussian, SPG, DoGnRr, DoGngr, 0DoGyr and oDoGyR, were compared. To analyse model
preference, BIC values of all tested models were computed for the same profile. BICs from
intra-eye repeated scans were averaged. The model that produced the smallest BIC was
designated as the preferred model for that fovea. This resulted in a percentage model
preference distribution for all seven models. Because the SPG model differed from all
comparison models by having a dedicated coefficient for flat bottoms, the analysis was
repeated at different cut-offs of bottom flatness, A.. For A =0 um, all 2324 (1162 horizontal
and 1162 vertical) profiles were analysed, for A = 20 pm, 1298 profiles were analysed, for A
> 40 um, 1009 profiles and so on, as shown in Figure 9.

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.
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Goodness of fit—Overall, the SPG fitted the foveal pit data very well. Figure 4 shows the
best-fitting SPG curves for data from four example vertical profiles representing different
foveal asymmetries and bottom flatness. The yellow circles were landmarks generated by the
SPG. The distributions of RMSE values of the 1162 horizontal and 1162 vertical profiles are
presented in Figure 5. The mean RMSEs for the horizontal and vertical foveal profiles are
4.25 pm (95% ClI: 4.20 and 4.30) and 3.89 (95% ClI: 3.86 and 3.93), respectively. To provide
a reference to goodness of the fits, we considered the inherited error in fitting quantised data.
The mean squared error of quantising a continuous variable to integer pixels is A = (1)2/12 =
0.0833.59 The RMSE is /A = 0.289 pixels. Because each A-line step is 3 um, even a perfect

fit of quantized data should have an RMSE of 3*\/A = 0.866 um.

Characterisation of foveal pit—Table 1 presents the mean pit parameters obtained from
the SPG model fit. Results are shown for All Profiles and for pit bottom width classified as
either Round Bottom Profiles (A < 30 um) or Flat Bottom Profiles (A > 30 pm), determined
by the SPG fitting. As shown in Figure 6, the SPG revealed a wide range of pit bottom
widths. To facilitate understanding of the effect of bottom width, the bottom widths
distribution was divided into these two categories, round bottom (A < 30 um) and flat
bottom (A > 30 um). The 30 um cut-off was selected because from this A value onward, the
SPG became the most preferred model over the other models (see Model Comparison
section). All group comparisons (e.g., horizontal vs vertical minimum thickness, maximum
thickness, etc.) presented in Table 1 were statistically significant at p < 0.0005, unless a p-
value is given.

Overall characterisation—Overall, the foveal pits had the shape of a horizontal oval at
the top and middle sections. The horizontal top and middle widths were significantly wider
than that of vertical (top: 2120 (374) vs 1979 (318) um, middle: 748 (159) vs 699 (138) um).
The wall heights, ordered by location from the highest to the lowest were superior (116 (22)
pum), nasal (112 (21) pm), inferior (109 (21) um) and temporal (95 (21) pm). The wall
slopes, ordered by location from the steepest to the shallowest were superior (12.92 (2.68)°),
inferior (12.51 (2.53)°), nasal (11.15 (2.52)°) and temporal (10.19 (2.55)°). The pit was
shallower in horizontal profiles than in vertical profiles (104 (20) pm vs 113 (21) pm). The
overall pit depth was 108 (20) um. The maximum retinal thicknesses around the pit, ordered
by location from the thickest to the thinnest, were superior (324 (17) um), nasal (319 (17)
um), inferior (316 (16) um) and temporal (301 (17) pm). The overall minimum thickness
was 207 (17) um.

Pit bottom shape—Figure 6 shows the histogram of the pit bottom width or the
coefficient A determined by the SPG fit. Overall, 714 (444 horizontal and 270 vertical)
foveal profiles (30.7% out of the total 2324 profiles) were best fitted with a round bottom (A
= 0). The remaining pit bottoms formed a continuum of flat bottom widths, 49.1% of all
foveal profiles with a bottom width A > 30 um, 23.1% with A > 100 um, 7.2% with A >
200 pum, and 2.6% with A > 300 um. The shape of the pit bottom is less consistent than the
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pit top, with 26.8% of the 1162 fovea pits being wider in the horizontal direction, 56.0%
wider in the vertical direction and 17.2% having equal bottom widths in the two directions
(including A = 0 in both directions). An example of a profile with a very wide flat bottom by
the SPG model fit is shown in the inset of Figure 6. This subject had six scans from both
eyes (three scans/eye). The bottom widths of the six horizontal and six vertical profiles of
the two eyes of the same subject ranged from 374 to 620 pm and from 149 to 501 um,
respectively. The range in these pit bottom width measures might reflect variances among
the intra-eye repeated scans, between the two eyes of the same subject, between different
directions and segmentation errors. The pit bottom widths of the two eyes estimated by the
SPG model are highly correlated (= 0.73) as shown in the scatter plot of Figure 7.

Foveal pits with flat bottoms (A > 30 um) had significantly different shapes from those with
round bottoms (A < 30 um) in most pit measures (Table 1). Pits with flat bottoms tended to
be deeper, wider at the top and in the middle, and had higher, steeper walls than pits with
round bottoms. These comparisons suggest that foveal pits with round and flat bottoms may
have genuinely different structures.

Repeatability of foveal pit characterisation—The repeatability of the SPG model
foveal pit fits was evaluated using the 1140 (97.9%) of the scan eyes that had three good
quality scans taken in one session, typically within 1 min. The repeatability of each SPG-
determined foveal pit parameter estimate was quantified by intra-session standard deviation
(um) and is shown as the absolute values and percentages of the mean parameter values in
Table 2. Overall, all parameters showed good repeatability, with all of the variances falling
within 9% of the mean parameter values. The maximum and minimum retinal thickness
parameters had the best repeatability, i.e., lowest percentage intra-session standard
deviations (1.9% and 2.7% of the mean thicknesses). Pit depth and pit width parameters
were less repeatable, with the intra-session standard deviations being 6% of the mean
measures. Pit wall slopes showed the worst repeatability, with the intra-session standard
deviation magnitude ~1.2°, which was 8.26% of the mean slope.

Foveal pit bottom width repeatability was evaluated using intra-class correlation coefficients.
A high degree of repeatability was found among the three repeated measures of the pit
bottom width of the same eye with a mean intra-class correlation coefficient of 0.86 (95%
Cl: 0.85-0.87; p < 0.0005).

SPG model summary—The SPG explicitly modelled the known variations of foveal pit
shape, produced excellent goodness of fit, produced repeatable foveal pit characterisation,
revealed systematic nasal/temporal and superior/inferior asymmetries in pit wall heights and
slopes and demonstrated for the first time the existence of a continuum of pit bottom
flatness.

Model comparisons

Goodness of fit—Figure 8 shows RMSE box plots for the SPG and the comparison
models with varied coefficient restrictions and dataset widths. Horizontal (black boxes) and
vertical (red boxes) profiles from both eyes were plotted separately. Numbers above the
boxes are mean RMSE values for fitting all pits (A= 1162). Numbers below the boxes were
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mean RMSEs from fitting pits with flat bottoms (A > 30 um; /= 1141; 485 horizontal and
656 vertical). All between model pair-wise comparisons showed highly significant
differences (p < 0.0005), except between DoGyyr and DoGyyy (o = 1.0). Three trends were
observed. Fitting the narrow datasets (subscript A) produced smaller RSMEs than fitting the
wide datasets (subscript W), indicating that excluding parafoveal data improved model
fitting. The asymmetric models (0DoG and SG) produced smaller RMSEs than their
symmetric counterparts (DoG and G). Adding the flexibility in a model to fit flat bottoms
(SPG) resulted in smaller RMSEs than SG, its round bottom counterpart. Therefore, the
three key features that inspired the SPG model improved model goodness of fit in an
additive manner. The oDoGpy fit was slightly but significantly better than the SPG fit, but
this better performance was achieved from the oDoGpy model overfitting the data, as shown
in the Model Fidelity section below.

Model complexity (number of model coefficients and goodness of fit)—
Increasing the number of model coefficients usually leads to better goodness of fit, but too
many coefficients (overfitting) can result in unintended outcomes. The Bayesian information
criterion is a quantitative measure of the relative appropriateness among models of different
complexities (i.e., number of coefficients). Figure 9 shows model preference at different pit
bottom width cut-offs. When all pits were considered (A = 0), the oDoGyy model was
preferred (had the smallest BIC values) in 58.2% of the foveal profiles, compared to the
SPG’s 25.8%. However, when analyses were focused more on pits with flat bottoms (i.e.,
increasing A cut-offs), the SPG became the most preferred model. For pits with bottoms
wider than 30 um, the SPG was clearly the most preferred model.

Model fidelity—The SPG model always produced the prototype pit curves that had smooth
sigmoidal walls (dashed green curves in Figure 10), but such curves sometimes failed to
follow the local variation of the data, thus compromising goodness of fit. On the other hand,
the DoG or oDoG models could follow the data more closely, producing better goodness of
fit, but also producing curves that deviated from their prototype pit. For example, the red
oDoGyy curves in Figure 10 had a bent or a bump on one pit wall or a bump at the pit
bottom. Such distortions could lead to an erroneous pit characterisation. A bent on a wall
(Figure 10a) or a bump at the bottom (Figure 10c) would produce more local peaks or zero-
crossings in the first derivative curve than specified by the oDoG or DoG landmark extract
methods. Using a program that counted the number of zero-crossings, peaks and troughs in
the first derivative of each best-fitting curve, we found that 32.6% of curves produced by the
oDoGyy fit had one distorted wall. To test the consistency of the occurrence of the bent
walls, we classified model curves as having no bent wall (0), a bent left wall (1) or a bent
right wall (2). Among the 1140 eyes that had three good scans, 490 (43%) had three best
fitting curves that had no distorted walls, 39 (3.4%) had three bent left walls and 29 (2.5%)
had three bent right walls. The rest 582 (51%) eyes had various mixtures of no bent walls,
bent left walls and bent right walls. Had bent walls been ‘real” features of the foveal pit, they
should have occurred more consistently on the same side of the same pit. In addition, 24
oDoGyy curves had a bump at the bottom. In contrast, when oDoG coefficient space was
restricted (0DoGnR), no distortions were detected. Therefore, the unrestricted oDoG model

Ophthalmic Physiol Opt. Author manuscript; available in PMC 2020 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 13

may have too much freedom to follow local data variations that might not be real foveal pit
features.

Because the distorted oDoGy fits could fit small undulation in the data more closely, they
might have given the oDoGyy an edge over SPG in goodness of fit. Indeed, the mean RMSE
of the distorted oDoGy curves was 3.837 (0.884) um vs corresponding SPG curves’ 3.983
(0.895) um. Restricting the coefficient space of the oDoG model to > 1, e< 1and =17 <
Al <17 (0DoGpp fit) eliminated distortions in the fitting curves, but it also reduced their
goodness of fit. The RMSE of the oDoGpp fit, 4.44 (1.247) um, was significantly inferior to
those of the SPG fit.

These results demonstrate that a comprehensive model evaluation should include goodness
of fit, model complexity and model fidelity. Using these criteria, the SPG was the best model
overall among the models tested.

Discussion

In this study we developed a new mathematical model, the sloped piecemeal Gaussian
(SPG) model, to characterise the shape of the foveal pit. When applied to the OCT data from
pairs of foveas of 581 young adult subjects, the SPG provided excellent fits to pits with a
wide range of asymmetries and bottom widths and produced highly repeatable pit
characterisation, extending the capabilities of previous models. Using the SPG model, we
demonstrated consistent asymmetry in foveal pit wall heights and slopes in both horizontal
and vertical directions and revealed a continuum of flat pit bottoms in humans. A
comparison of the SPG with several existing models showed that the three key features of
the SPG model, focusing on data between the pit rims, allowing asymmetry in pit shape and
introducing the flexibility for different pit bottom flatness, had additive effects on improving
the model goodness of fit. Among the foveal pits best fitted with a flat bottom, the SPG was
the most preferred model because it best combined high goodness of fit and appropriate
model complexity. In addition, the SPG showed good model fidelity by producing the best
distortion-free pit shape representations among the models tested. It is of note that while the
SPG model was tested on OCT scans of human retinas in this study, it is a generic
mathematical model inspired by extensive anatomic studies of human and animal retinas. Its
application can be extended to foveal profiles from any imaging modalities (e.g. MR,
ultrasonography, anatomy) and other species (e.g. simians).3:49.60

SPG features

Flat pit bottom—The most important contribution of the SPG is its ability to show the
existence of a continuum of pit bottom widths, ranging from round bottoms to flat bottoms
as wide as 562 um. Some early studies of human foveal morphology described pit bottoms
as flat®1:62 put others reported them as round.69:63 Polyak speculated that there might be a
wide individual variation in pit bottom shapes.59 With the SPG model, we confirmed
Polyak’s speculation.

A major advantage of introducing a flat pit bottom to the SPG model is the ability to fit pit
width and wall slope independently. In a Gaussian model (Equation 1), for example, the mid
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width of the pit is proportional to o and the maximum slope is proportional to 1/c2.
Therefore, the same coefficient o defines both pit width and wall slope. In comparison, the
wall slope of a SPG model is still proportional to 1/a2, but it mid-width is now proportional
to o +A. The flat bottom coefficient A provides an independent manipulation of the pit
width without changing the wall slope. Consequently, the SPG model can provide a close fit
and accurate characterisation to wide pits with shallow walls and round bottoms (bowl
shaped) as well as wide pits with steep walls and flat bottoms (pan shaped). The dissociation
of pit width and wall slope in the SPG model predicts a lower correlation between these
parameters than would be predicted by other models. Indeed, the correlation between the pit
mid-width and wall slope obtained by the flat-bottomed SPG model, r= 0.44, was lower
than that obtained by the round-bottomed sloped Gaussian model, = 0.58. Furthermore, a
comparison of the pit parameters determined by the round-bottom sloped Gaussian model
and the flat-bottom SPG model showed that when all pits were considered, the walls of SPG
fits were 0.50 (0.72)° steeper and the minimum retinal thicknesses were 2.1 (2.6) um thicker
than those of the round-bottom sloped Gaussian fits. When limiting the comparison to pits
with more pronounced flat bottoms (A > 30 um), the SPG walls were 0.96 (0.79)° steeper
and its minimum retinal thickness was 4.0 (2.54) um thicker than those of the sloped
Gaussian fits. Because the SPG model had better goodness of fit than the sloped Gaussian
model, the SPG parameters represent more accurate characterisation of the foveal pits. It is
of note that the magnitude of the improvement brought about by introducing a flat bottom
into the model, i.e., 2-4 pm in minimum thickness and 0.5-1° in wall slope, is in the same
magnitude as the previously reported differences among sex, race, age and amblyopic sub-
populations, 184446 syggesting that the SPG can become a more powerful tool for clinicians
and researchers to differentiate normal variations and to quantify the impacts of diseases on
the foveal pit.

Asymmetry—While the nasal/temporal asymmetry is a known anatomical feature of the
foveal pit,50:62 to our knowledge, this study is the first systematic analysis of foveal pit
asymmetry on a large sample of young adult OCT macular scans. Using the SPG model, we
not only quantified the known nasal/temporal asymmetry but also provided strong evidence
for the existence of superior/inferior asymmetry. In both horizontal and vertical directions,
both the wall height and wall slope were asymmetric.

Location of rims—The SPG model limited fitting to the narrow dataset and produced
much better goodness of fit than the DoG or oDoG models fitting the wide dataset (Figure
8). However, without fitting the parafoveal data, the SPG determined the rim point
landmarks % and %’ by finding the locations where the curve deviated from the asymptotic
line by a preset amount (Figure 3). This is different from the DoG and oDoG models that fit
the parafoveal data and explicitly determine % and %’ as the local maximums.#344 This
difference raises questions about the accuracy of SPG landmark placement and the resultant
pit top widths and maximum thickness values. To address this concern, an analysis was
performed to compare the SPG rim points with model-free rim points obtained by the local
peaks of the smoothed raw data. On average, the SPG-determined pit top width was 13.7
pixels (102 um) or 4.65% narrower than that determined by the smoothed raw data peaks. In
contrast, the oDoGyyg, which fitted the parafoveal data and determined the rim points
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explicitly, produced a mean top width that was 16.0 pixels (120 pm) or 5.55% narrower than
that determined by raw data peaks. Therefore, the SPG rim points and their derived pit
parameters were at least comparable to (or better than) those determined by an oDoG model
that explicitly fits the rim points.

Data-driven vs model-driven approaches—One of the major differences between the
model-driven and data-driven approaches is the role of prior knowledge about the shape to
be modelled. Our modelling effort was based on the knowledge accumulated from many
anatomic studies of human and simian retinas,%0-63 which all illustrated the fovea as an
indentation in the retina that had smooth, sigmoidal walls and a round or flat bottom. The
SPG was a function specifically developed to realise this knowledge. The model coefficients
had explicitly defined relationship with pit parameters. In comparison, the data-driven
approach does not require any prior knowledge to fit the OCT data. The same spline or
symbolic regression methods can be used to fit any shape. The coefficients of best-fitting
curve may not be directly related to the pit shape.

The data-driven curve fitting has also been successfully used to characterise foveal shape.
Knighton et a/#0 used a two-dimensional penalised spline method to generate
representations of the shapes of the Ganglion Cell + Inner Plexiform layers of human
macula. The foveal wall was represented by the sum of a set of small, overlapping basis
functions with best-fitting weights. The pit parameters were then derived from the spline.
For example, the wall slope was determined by a linear regression through a segment of the
wall. Symbolic regression is another data-driven method, in which mathematical operators,
such as plus, minus, multiplication, division, power, sine and cosine, are freely combined to
form equations. The equation that produced the smallest error from the OCT data was the
representation of the pit. Using this method, it was found that increasing complexity of the
best-fitting equation (larger number of operators in the equation) correlated with increasing
age of normal subjects*? and with increasing risk of macular hole formation.*!

Limitations—The SPG was built on the knowledge obtain from foveal pit without
significant ocular pathology. Therefore, its application to foveas undergoing gross
pathological changes, such as in advanced macular degeneration or diabetic retinopathy, may
be limited. This is because building a good model requires prior knowledge about the
manifestation the underlying pathology, such as the number, location and extent of drusen or
neovascularisation, but such knowledge may not be readily available. Therefore, data-driven
curve fitting, because of its ability to follow random shape variations, may be better suited in
quantifying grossly deformed foveas.

While representing the flat pit bottoms with a line segment works well with current OCT
scans, it cannot capture some of the subtler details known to human foveas, for example, a 5
to 6-cone wide depression at the centre of a flat foveal floor (Schwalbe 1887, cited by
Polyak®0). Models for future high-resolution OCT or anatomic images may need to
incorporate this feature, for example, by adding a second, very small Gaussian model on the
floor of the fovea. Similarly, if future imaging and anatomical studies provide clear evidence
that human foveal walls are not sigmoid but bent, the SPG model can be modified to
incorporate this new knowledge.
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The SPG is a piecemeal continuous function, which may miss a very sharp change of the
curve, such as the sharp corner in the insert of Figure 6. Such an error, though small and
unlikely to inflate the RMSE, may nevertheless affect pit characterisation, for example,
underestimating the width of the pit bottom. The SPG is a two-dimensional function, fitting
one profile a time. Its ability to quantify 3D foveal pit measures, such as the pit volume, has
yet to be tested. There are data-driven methods, such as 2D penalised Splines, that may be
more apt to fit 3D surfaces.40

The SPG model was designed to fit the foveal pit and cannot be extended beyond the rim
points. If the need ever arises for fitting the fovea beyond the rim, for example, in dome-
shaped macula associated with high myopia (-6 dioptres or more),64-66 more complex
models, for example, a sloped piecemeal DoG model, may need to be constructed and tested.

We only compared the SPG with 10 variations of Gaussian-based and DoG-based fits. There
may be other models that compete more favourably with the SPG in goodness of fit.
However, the comparison between the SPG and oDoGpy fits suggests that the room for
goodness of fit improvement has become small. A newer, better model needs strong
evidence to incorporate new foveal features.

Conclusions

Using foveal scans from a large sample of young adult myopes and non-myopes, the Sloped
Piecemeal Gaussian was shown to be a parsimonious mathematical model that provides
excellent fit and faithful characterisation of foveal pit shape and its known variations. This
new model should be easily adopted for automated online or offline analysis of foveal pit
data from OCT and other imaging modalities. A recent COMET analysis of the Early
Treatment Diabetic Retinopathy Study macular thickness maps has shown that central and
parafoveal retinal thickness varies by sex, ethnicity and refractive error in myopes and non-
myopes,3! suggesting variations in foveal shapes. The more accurate, model-based
characterisation achieved by fitting foveal shape profiles with the SPG model is likely to
achieve more robust and more informative classification of these groups.
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Raw thickness data

————————— Symmetric model

Asymmetric model

Figure 1.
Example of a misfit of a foveal pit with an extended flat bottom. The black curve represents

the raw OCT retinal thickness data. The best fitting curves of a symmetric model (dashed
blue curve) and an asymmetric model (solid red curve) do not fit this pit well.
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Extents of data set. Black curve: full retinal thickness data set. Red curve: wide data set
(including foveal and parafoveal data), used for Difference of Gaussian-based (DoG) and
offset DoG (0DoG) model fits. Green curve: narrow data set (foveal data only), used for
Gaussian-based, DoG-based and oDoG-based model fits. The blue arrow and orange arrows
show the foveal pit centre and rims derived from the smoothed data of the foveal profile.
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Figure 3.

Landmarks and pit parameters estimated from a Sloped Piecemeal Gaussian (SPG) fit of
foveal pit data from a horizontal profile. The three sets of landmarks are represented by the
yellow circles: Rim points, % and %’; Wall points, %7 and #"’; and Bottom points, % and
A’. The green curve is a SPG model fitting curve. The red line is the asymptotic line of the
SPG curve. The thick purple line is the Retinal Pigment Epithelium. Pit parameters are
indicated in blue.
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Left Eye A =0 um
RMSE = 3.5 um

Right Eye A = 30 um
RMSE = 3.0 um

Left Eye A =127 um
RMSE = 3.3 um

Left Eye, A =403 um
RMSE = 3.5 um

Figure 4.
Examples of sloped piecemeal Gaussian (SPG) fits to foveal pit data from four vertical

profiles with different pit asymmetries and flat bottom widths. Black curves are the raw
thickness data. Dashed green curves are the best fitting SPG functions. Yellow circles are the
three sets of pit landmarks generated by the SPG fitting program. Red lines are the
asymptotic lines of the SPG curves showing asymmetry. A is SPG pit bottom width
coefficient in um; RMSE: Root Mean Square Error in pm.
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Distributions of goodness of fit values for the Sloped Piecemeal Gaussian fits to 1162
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horizontal (blue) and 1162 vertical (red) foveal profiles measured by Root Mean Square

Error (RMSE).
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Distributions of pit bottom widths determined by the Sloped Piecemeal Gaussian model fits

of 1162 horizontal (blue bars) and 1162 vertical foveal profiles (red bars). The small

histogram inset shows the details of the wider end of the pit bottom width spectrum. The
inset in the top right hand corner shows an example of a SPG fit (green dashed curve) to a
vertical profile with an extended flat bottom (black solid curve).
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Figure7.
Scatter plot of the left and right eye pit bottom widths determined by the Sloped Piecemeal

Gaussian model (1162 pairs of horizontal and vertical profiles). The red dashed line is the 45
deg diagonal line.
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Figure 8.

Box plots of Root Mean Square Errors from different models fitting horizontal (black boxes)
and vertical (red boxes) foveal profiles. DoG . Restricted DoG model fitting wide dataset;
DoG . Unrestricted DoG model fitting wide dataset; oDoG yz: Restricted offset DoG
model fitting wide dataset; oDoG ; Unrestricted offset DoG model fitting wide dataset;
DoGps: Restricted DoG model fitting narrow dataset; DoGN ;i Unrestricted DoG model
fitting narrow dataset; oDoG p&: Restricted offset DoG model fitting narrow dataset;

oDoG i Unrestricted offset DoG model fitting narrow dataset; SPG. sloped piecemeal
Gaussian. Numbers above the boxes are mean RMSEs obtained from fitting all 1162 pits.
Numbers below the boxes are mean RMSEs obtained from fitting 1141 pits with more
pronounced bottom width (A > 30 pm).
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Figure9.
Model preference. Percentages of pits that preferred the seven model fits are plotted at

different pit bottom width cut-offs (A =). The number of pits at each cut-off, A, is shown
above the graph. Only the Sloped Gaussian model, Sloped Piecemeal Gaussian model (SPG)
and unrestricted offset Difference of Gaussian model fitting the narrow dataset (0DoGp)
were preferred by more than 1% of the pitsat A = 0.
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Figure 10.
Examples of poor model fidelity from fitting three horizontal profiles. Black curves are the

raw thickness data. Solid red curves are unrestricted offset DoG fitting the narrow dataset
(oDoGpy)- Dashed green curves are the sloped piecemeal Gaussian (SPG) fit. The oDoGyy
fits follow local data variation more closely and have better goodness of fit (smaller RMSE)
than the SPG fits, but the curves are distorted on the wall (a and b) or at the bottom (c).
RMSE: Root Mean Square Error in pm.
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Repeatability of foveal pit parameters determined by a Sloped Piecemeal Gaussian fit to 1140 eyes with three
good scans. Intra-session standard deviation (mean of standard deviations of repeated measures), shown in
absolute values and in percentages of the means

Pit parameters

Intra-session standard deviation

Absolute value Percentage

Maximum thickness (um) 6.1 1.89
Minimum thickness (um) 55 2.68
Mean pit depth (um) 6.7 6.19
Wall slope (°) 1.20 8.26
Top pit width (um) 132.1 6.45
Mid pit width (um) 45.9 6.36
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