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ABSTRACT

Objective To establish a good method to determine

the retinal shape from MRI using three-dimensional (3D)
ellipsoids as well as evaluate its reproducibility.
Methods and analysis The left eyes of 31 volunteers
were imaged using high-resolution ocular MRI. The 3D
MR-images were segmented and ellipsoids were fitted to
the resulting contours. The dependency of the resulting
ellipsoid parameters on the evaluated fraction of the
retinal contour was assessed by fitting ellipsoids to 41
different fractions. Furthermore, the reproducibility of the
complete procedure was evaluated in four subjects. Finally,
a comparison with conventional two-dimensional (2D)
methods was made.

Results The mean distance between the fitted ellipsoids
and the segmented retinal contour was 0.03+0.01 mm
(mean=SD) for the central retina and 0.13+0.03 mm for
the peripheral retina. For the central retina, the resulting
ellipsoid radii were 12.9+0.9, 13.7x1.5and 12.2+1.2mm
along the horizontal, vertical and central axes. For the
peripheral retina, these radii decreased to 11.9+0.6,
11.6+0.4and 10.4+0.7 mm, which was accompanied by
a mean 1.8 mm posterior shift of the ellipsoid centre. The
reproducibility of the ellipsoid fitting was 0.3+1.2 mm for
the central retina and 0.0+0.1 mm for the peripheral retina.
When 2D methods were used to fit the peripheral retina,
the fitted radii differed a mean 0.1+0.1 mm from the 3D
method.

Conclusion An accurate and reproducible determination
of the 3D retinal shape based on MRI is provided together
with 2D alternatives, enabling wider use of this method in
the field of ophthalmology.

INTRODUCTION

Measurements of the geometrical shape of
the eye have obtained an important position
within the field of ophthalmology. Biometry
and corneal topography measurements, for
example, have shown to be important for
the diagnosis, treatment and follow-up of
patients with refractive conditions.' * Addi-
tionally, such measurements have been used
to create and analyse personalised models
of the eye in research settings.”® Thus far,
these geometrical assessments have mainly
focused on the anterior segment of the eye,
and the three-dimensional shape of the retina
is often disregarded. This three-dimensional
shape, however, is suggested to be of clinical
relevance for peripheral vision and ocular
radiotherapy planning.””
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Key messages

What is already known about this subject?
» MR-imaging can be used to quantify the retinal
shape in terms of ellipsoidal radii.

What are the new findings?

» The derived retinal shape, expressed as ellipsoid,
is highly dependent on the evaluated fraction of
the retina.MR-imaging is a reproducible method to
quantify the three-dimensional retinal shape.

How might these results change the focus of

research or clinical practice?

» These results, together with the full description of
the entire method, provide an accurate method to
determine the three-dimensional retinal shape, en-
abling subject-specific retinal shape evaluation in
other ophthalmic research fields, such as myopia,
peripheral vision and ocular radiotherapy.

Several assessments of the retinal shape
have already been performed using off-axis
laser interferometry.'’™"” These evaluations
were, however, limited to measuring the
visual field up to 35° in the horizontal and
vertical meridian, covering the central 70°
of the visual field and thus only the more
central retina."' '* The use of MRI as an alter-
native to off-axis interferometry has also been
proposed, since it is not limited by the optical
opacity of tissues and can therefore provide
a three-dimensional (3D) evaluation of the
complete eye.7 "% These 3D MR-images
enable direct modelling of the retina as an
ellipsoid, but were initially hindered by their
limited resolution. Improvements in MRI
techniques have enabled acquisition of three
dimensional images of the eye with a higher,
sub-millimetre, resolution,'*!® enabling the
determination of topographic maps of the
complete retinal contour,'” and increasing
the accuracy of the determined ellipsoid
descriptions.

However, multiple methodological choices,
such as the location of the ellipsoid centre
and the definition of an optical or central
axis, potentially affect the resulting ellip-
soidal model. Unfortunately, the exact effect
of these choices on the ellipsoid parame-
ters is not known, hampering comparisons
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Figure 1 MRI acquisition and automated segmentation
results. (A) A transversal, sagittal and coronal reformat of
the same 3D acquisition. (B) The result of the segmentation
of this MR-images. (C) The agreement between MRI and
laser interferometry in distance between the lens centre and
inner limiting membrane of the retina. The mean difference
between the measurements was 0.10 mm, with Bland-
Altman limits of agreement of —-0.18 and 0.39 mm. 3D, three-
dimensional.
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between different studies. Additionally, even though an
earlier study showed good agreement between MRI and
biometry-based axial length determinations,'” the repro-
ducibility and accuracy of an MR-based retinal shape
determination has not been determined. These insights
are required to further implement retinal shape deter-
mination techniques in ophthalmic research and clinical
care. Therefore, we assessed the accuracy, comparability
and reproducibility of MRI-based 3D retinal shape deter-
mination to provide a basis for further incorporation of
this method in ophthalmic research and therewith move
towards clinical implementations.

MATERIAL AND METHODS

The left eyes of 31 volunteers without prior ocular surgery
were examined at the Leiden University Medical Center.
Patients were not involved in the design of this study.
Written informed consent was obtained from all subjects
prior to enrolment in the study. Subjects were required to
have no contraindications for MRI-scanning.

Measurements

Ocular MRI was performed on a Philips Achieva 7 Tesla
whole-body magnet (Philips, Best, The Netherlands)
using a custom-made receive eye coil and a volume
transmit coil (Nova Medical, Wilmington, Massachusetts,
USA)."” " Tl-weighted MR-images were acquired using
a 3D inversion recovery turbo gradient echo technique
(figure 1A). The scan had a spatial acquisition resolution
of 0.5x0.5x1.0mm°, a field of view of 46x46x38mm”, a
total scan time of slightly less than 3min, an inversion
time of 1280 ms and a shot interval of 3s. The repetition
time, echo time and flip angle were 2.5 ms, 4.55 ms and

16°, respectively. A cued-blinking protocol was used to
minimise eye-motion artefacts.'’*’ In addition to the MRI
measurement, the axial length of the eye from cornea
to inner limiting membrane was measured using laser
interferometry (Lenstar LS 900; Haag-Streit AG, Koeniz,
Switzerland; mean of two scans).

Segmentation

The retinal contour, defined as the boundary between
the hypointense vitreous and the hyperintense retina-
sclera complex, was automatically segmented on the
Tl-weighted MR-images using in-house-developed soft-
ware based on the MevisLab image-processing platform
(V2.5.1, Fraunhofer MeVis, Bremen, Germany), as has
been previously described.'’ ' In short, the outer borders
of the lens and vitreous body were automatically detected
using a subdivision fitting algorithm.”' ** This algorithm
uses intensity-based cost functions to delineate the lens
and vitreous body with subvoxel precision and returns
3D meshes of the lens and retina (figure 1B). The algo-
rithm requires an initial guess as a starting point, which
was automatically derived from the MR-images using
a combination of intensity-based labelling and region
growing, noise reduction, anisotropic diffusion filtering,
multithresholding and morphological operations, as
described by Beenakker et al'” Prior to the subdivision
fitting, all initial guesses were inspected and manually
corrected if necessary.

Eye orientation

Due to the positioning within the MRI-scanner, the
subjects’ gazing direction does not correspond to any axis
of the acquired MR-image. Moreover, the fovea and the
associated visual axis are not visible on MRL.'” As a result,
the MR-derived retinal shape data cannot be compared
between subjects or with other ophthalmic measurements
without defining a common axis. Therefore, a central
axis was defined as the line between the centre of the
segmented lens and the centre of the segmented vitreous
body.'” This central axis was subsequently aligned with
the anterior-posterior axis by rotating the eye around the
centre of the lens.

In vivo, such eye rotations are accompanied by cyclo-
torsion, a rotation around the visual axis of which both
the magnitude and direction are related to the change in
ocular gazing direction.””* Similarly, the alignment of
the MR-data with a common axis will also induce a rota-
tion around the central axis,”* and the magnitude of this
induced rotation will likely be affected by chosen align-
ment method. To evaluate the relevance of this potential
variation in induced rotation, three different alignment
methods were applied and compared. In the first method,
two consecutive rotations were performed in a head-fixed
coordinate system. In the second method, two consecu-
tive rotations were performed in an eye-fixed coordinate
system, where the second rotation axis is affected by the
first rotation. In the third method, only one rotation was
performed around the axis defined by Euler’s theorem.
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A visual and mathematical description of these methods
can be found in online supplemental appendix A.

After these rotations, the principal axes of the MR-data
correspond to the horizontal, vertical and central axes.
All three methods will thus result in the same gaze-
direction, but potentially with different amounts of
cyclotorsion. The differences between the retinal shapes
resulting from three rotation methods were evaluated by
comparing the resulting cyclotorsion and calculating the
mean distance between the three retinal shapes using
k-dimensional trees.”

Agreement between MRI and laser interferometry

To evaluate the accuracy of the boundary definition of
the automatic segmentation of the retinal contour, a
comparison with the axial length measured using laser
interferometry was performed. As the presence of air
in front the eye and under the eyelids can locally affect
MRI and therewith potentially the shape of the cornea
on the resulting images, the cornea was not segmented.
Therefore, an adjusted axial length, defined as the
distance from the centre of the lens to the inner limiting
membrane of the retina, was used to compare laser inter-
ferometry and MRL."’

Retinal shape determination
Retinal shapes were quantified by fitting a 3D ellipsoid to
the segmented retinal contour points after correcting for
gazing differences. The 3D ellipsoid was defined as:
ftit -l M
where b, v and ¢ are the coordinates of the contour
points in the horizontal, vertical and central axis, and
R}, R, and R are the radii of the ellipsoid along its prin-
cipal axes. These contour points were expressed relative
to the centre coordinates of the ellipsoid, (Cp, Cu, Co),
and the principle axes of the ellipsoid could be angulated
around this centre by angles o, B and y. The ellipsoid
radii, centre coordinates and angulations provided nine
df to the fitting algorithm.

The fitting algorithm consisted of three phases, being
the generation of an initial guess, the determination of
the centre coordinates and the determination of the
radii and angulation. To ensure that the fitting algorithm
was not biased or dependent on the coordinate trans-
formations, a geometric fit rather than an algebraic fit
was performed.”” A detailed description of the complete
fitting algorithm can be found in online supplemental
appendix A. The correspondence between each fitted
ellipsoid and the retinal contour points was defined as
the mean of the absolute shortest 3D distances between
the retinal contour points and the ellipsoid.

Reproducibility

To assess the reproducibility of the 3D retinal shape
determination, four subjects were examined twice in
two subsequent MRI sessions. The reproducibility was
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Figure 2 Quantification of the retinal shape for multiple
fractions of the retinal contour. (A) The reported angles for
specific retinal contour fractions are calculated with respect
to the vitreous body centre. (B) Example of a 2D fit for the
central and peripheral retina. 2D, two-dimensional.

evaluated per subject by comparing the parameters of
the 3D fitted ellipsoids.

Comparison between 3D and 2D fitting methods

To evaluate the agreement between 3D and two-
dimensional (2D) retinal shape fitting, 2D ellipse fits
were performed on transversal and sagittal slices of the
retinal contour and combined into a 3D ellipsoid. Three
different methods to define the 2D ellipse centre were
evaluated. In the first method, the ellipse centre was one
of the fitting parameters, similar to the 3D ellipsoid fitting
method. In the second method, the ellipse centre was
fixed to the vitreous body centre. In the third method,
the ellipse centre was fixed at half the laser interferom-
etry measured axial length from the posterior pole and
centred on the visual axis. A complete overview of the 2D
fitting procedures can be found in online supplemental
appendix A. The 2D-derived ellipsoids were compared
with the 3D fitted ellipsoid in terms of ellipsoidal param-
eters and in terms of the mean of the absolute shortest
3D distances to the MRI-based retinal contour.

Considered retinal contour fraction

The dependency of the fitted retinal shape parameters
on the evaluated fraction of the retinal contour was
assessed by subdividing the contour using on the angle
with the vitreous body centre, and subsequently fitting
41 different fractions of the contour, ranging from the
central 60° to a maximum of 300° in steps of 6° (figure 2).
Based on this analysis, the stability of the retinal shape
parameters as function of retinal fraction as well as the
optimal fractions to describe the central or peripheral
retina were determined.

RESULTS

The 31 included subjects had a mean age of 31.1+16.2
years (mean+SD) and a mean spherical equivalent of
-1.9+2.1 Diopter. 21 subjects (68%) were female. The
laser interferometry measurements showed a mean
internal anterior chamber depth of 3.1+0.3mm and a
mean axial length of 24.0+1.2mm. The MRI scans were
successfully acquired for all subjects, and segmentation
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succeeded automatically for most subjects. Due to locally
lower image contrast caused by movement artefacts, the
initial guess of the retinal contour had to be manually
adjusted prior to the automatic segmentation for two
subjects, and the initial guess of the lens contour for one
subject.

Eye orientation

The three evaluated methods to correct for gazing
differences between subjects required a mean rotation
of 17.3°+8.6°. These three evaluated methods resulted
in very similar contours, with a mean distance between
contours of 0.03£0.03mm (5th percentile: 0.00mm,
95th percentile: 0.07mm). Additionally, the amount of
cyclotorsion induced by the gazing correction was similar
with a mean difference of 1.6°£1.9°. As these contour
differences are within 1/10 of the acquisition voxel size,
and therefore, below the accuracy of the MR-data, all
subsequent assessments were performed with the Euler
method, which was spatially located in between the other
two methods.

Agreement between MRI and laser interferometry

The distance between the centre of lens and the retina
differed significantly between MRI and laser interfer-
ometry (paired-samples t-test: p<0.01). The distance
measured with MRI was generally shorter than the
distance measured with laser interferometry, with a mean
difference of 0.10mm and Bland-Altman limits of agree-
ment of —0.18 and 0.39mm (figure 1C).

3D fitting

The 3D fitting succeeded automatically for all eyes and
all fractions of the retinal contour. Overall, an increase
in evaluated fraction resulted in a larger mean distance
between the 3D ellipsoid and the retinal contour
(figure 3). For the central retina, the fitted ellipsoid
parameters showed a high variation between different
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Figure 3 3D ellipsoid fitting results as function of the
considered retinal contour fraction (A) The radii of the 3D
ellipsoids. (B) The centre coordinates of the 3D ellipsoids. (C)

The mean distance between the resulting ellipsoid and the
evaluated retinal contour. 3D, three-dimensional.

evaluated fractions. However, when more than the central
120° of the retinal contour was evaluated, the parameters
remained relatively stable, with the most stable descrip-
tion being achieved between 220° and 280° (figure 3).
For fractions larger than 280°, the ciliary body was often
included in the fit and the mean distance between the
fitted ellipsoid and the measured retinal contour was
relatively large (figure 3).

The ellipsoid radii and centre coordinates differed
between evaluated retinal fractions, while the rotations
remained relatively constant (online supplemental
appendix B, figure B1). For o and B, 96% of all fitted
rotations were below 15°, with a mean of -0.2°+5.4°. Addi-
tionally, 54% of all fitted ellipsoids had less than 0.5 mm
difference between the horizontal and vertical radius. For
these symmetric ellipsoids, virtually all possible angles
were observed for 7. For asymmetric ellipsoids, however,
69% of all observed 7’s showed a mean exorotation of
7.1°+21.3°. Additional details about these rotations can
be found in online supplemental appendix B.

Overall, two different sets of ellipsoids describing
the retinal shape were distinguishable for each subject.
The first set describing the central retina, ranging from
60° to 120° of the retinal contour, and the second set
describing the complete retina including the peripheral
parts, ranging from 220° to 280° of the retinal contour.
For numerical comparisons, the results for 60° were used
as representation of the central retina and the results
for 240° as representation of the peripheral retina. The
primary difference between these central and peripheral
results was a mean shift of the ellipsoid centre of 1.8 mm
posteriorly when the peripheral retina was included. This
shift directly affected the other ellipsoid parameters,
especially the radii.

For the central retina, the mean distance between the
3D fitted ellipsoid and the considered retinal contour
was 0.03+0.01mm. The corresponding mean ellipsoid
radii were 12.9+0.9mm for Ry, 13.7+1.5mm for Ru, and
12.2+1.2mm for Rc. The ellipsoid centre was generally
located within 0.7mm of the central axis in the hori-
zontal and vertical direction, with a mean axial position of
6.2+1.3mm posterior of the centre of the lens (figures 3
and 4; online supplemental appendix B, table B1).

For the peripheral retina, the mean absolute distance
with the retinal contour increased to 0.13+0.03 mm.
The mean axial centre of the ellipsoid, Cc, was located
8.0+0.5mm posterior of the centre of the lens. Addition-
ally, a decrease of the ellipsoid radii to 11.9+0.6 mm for Rp,
11.6+0.4mm for Ry, and 10.4+0.7 mm for Rc was observed
(figures 3 and 4; online supplemental appendix B, table
B1). The absolute mean difference between Ry and Rv
was 0.5+0.4, and the decrease in Re was directly correlated
with the change in Cc (r*: 0.98, p<0.01). In 13 subjects
(42%) the difference between R, and Ry was larger than
0.5mm. On the individual level, the radii of the fitted
ellipsoids decreased in size in the majority (91%) of the
subjects between the central and peripheral retina, with
only two subjects (6%) showing an increase in all three

4 van Vught L, et al. BMJ Open Ophth 2021;6:€000855. doi:10.1136/bmjophth-2021-000855

ybuAdod Aq parosloid 1senb Ag 220z ‘LT ydseln uo /wodfwgyiydolwg//:dny wouy pspeojumoq "TZ0Z J8qUIBAON £Z U0 S58000-T202-uiydolwa/9eTT 0T se paysignd isiy :yiydo uado riNg


https://dx.doi.org/10.1136/bmjophth-2021-000855
https://dx.doi.org/10.1136/bmjophth-2021-000855
https://dx.doi.org/10.1136/bmjophth-2021-000855
https://dx.doi.org/10.1136/bmjophth-2021-000855
https://dx.doi.org/10.1136/bmjophth-2021-000855
https://dx.doi.org/10.1136/bmjophth-2021-000855
http://bmjophth.bmj.com/

Axis
® Horizontal ® Vertical ® Central
184 Rh R, Rc Rc O T
£ 161 i : 2 _E
~ +4-2 S L — Q
3 127 — = =6 Os5
T 10 1 : F-8 5
o L — 3
81, ; : ; ; : ; —+-10 ©
% 5 0SS S &5 5 % Ey
COE T S - T S % E
> 3> B 3 > £
S > 2 2

Retinal fraction
Figure 4 Differences in 3D ellipsoid parameters between
the central and peripheral retina. Left: The ellipsoid radii
along the horizontal (blue), vertical (orange) and central
(green) axis showing a decrease in all three radii for an
increase in evaluated retinal contour for the majority of the
subjects. Right: Location of the ellipsoid centre along the
central axis, where a lower centre-coordinate corresponds to
a more posterior location in the eye. The centre-coordinates
shift posteriorly for an increase in evaluated retinal contour
for the majority of the subjects. 3D, three-dimensional.

radii and one subject (3%) showing an increase of only
Ry, (figure 4).

Reproducibility

The reproducibility analysis showed a mean difference of
0.12+0.13mm between the determined retinal contours.
The reproducibility of the subsequently fitted ellipsoids
was dependent on the evaluated fraction of the retinal
contour, with a higher reproducibility for larger eval-
uated fractions. For smaller fractions, up to the central
180°, the mean difference between the ellipsoid radii
was 0.3+1.2mm, with a maximal difference of 5.9mm
(online supplemental appendix B, figure B2). For larger
fractions, this mean difference was 0.0+0.1 mm, with a
maximal difference of 0.5mm (online supplemental
appendix B, figure B2).

Comparison between 3D and 2D fitting methods

Irrespective of the used 2D fitting method, the 3D fitting
method resulted in smaller mean distances between the
fit and the retinal contour (figure 5). The mean differ-
ence in centrally determined ellipsoid radii between 3D
and 2D fitting methods was 2.9+0.9mm when using the
free centre 2D fit, 1.7+1.0mm when using the vitreous
body fixed 2D fit and 0.2+0.9mm when using the axial
length fixed 2D fit (online supplemental appendix B,
figure B3), where a positive difference indicates that
the measured radius is larger in 3D than 2D. These
differences in ellipsoid radii changed to respectively
0.1+0.1 mm, 0.2+0.3mm and -0.5+1.0mm for when the
peripheral retina was included (figure 5C).

DISCUSSION

In this study, we successfully combined high-resolution
MRI scans with an automated segmentation and 3D ellip-
soid fitting to describe the shape of 31 eyes. Additionally,
the dependency of the resulting parametrisation on the
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Figure 5 Comparison between 2D-derived and 3D
ellipsoids fitted to the peripheral retina. Three different two
2D fitting methods are shown, one with a free centre (blue),
one with a vitreous body fixed centre (red) and one with an
axial length fixed centre (green). (A) Examples of the 2D fitted
ellipses for a representative subject. (B) Mean distance to
the original 3D contour of the ellipsoid model based on the
3D and 2D fits. The 3D fits consistently provided a more
accurate description. (C) Differences between the 3D and 2D
determined ellipsoid radii of the ellipsoids as function of the
3D radii. 2D, two-dimensional; 3D, three-dimensional.

included retinal contour and its reproducibility were
evaluated. Finally, a 3D ellipsoid description based on 2D
imaging data was compared with the 3D results.

The used MRI acquisition methods resulted in high-
resolution 3D images of the eye that provided a base
for accurate segmentation of the eye. With mean differ-
ences of only 0.1 mm, the segmented contours showed
to be in line with laser interferometry results for the
central retina. Although different methods can be used
to correct these contours for differences in gazing direc-
tion during MR-imaging by aligning them to the same
axis, these methods resulted in almost identical data with
negligible mean differences of 0.03mm. Furthermore,
the reproducibility of the 3D segmented retinal contours
was high, with a mean difference of 0.12mm. Although
these results were obtained using a high-resolution 7 Tesla
MRI and a custom-made eye coil, it has recently been
shown that images with a similar resolution and quality
can be obtained using clinical 3 Tesla MRI-scanners and
commercially available eye-coils,”® ** enabling clinical
application of these methods.

The obtained MRI-derived retinal contours could
be accurately described by ellipsoids, with mean differ-
ences of 0.03mm for the central and 0.13mm for the
peripheral retina. Optically, these differences corre-
spond to refractive differences of approximately 0.1
and 0.3 Diopter, which is sufficient to study for example
the effect of peripheral vision on the progression of
myopia in children.” However, the parameters for the
central retina, such as the horizontal radius, showed a
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high within-subject variability for small changes in eval-
uated retinal fraction, although the resulting ellipsoids
accurately describe the measured contour. For these eval-
uations, a 1.6 mm decrease in the central radius Rc can
for example be compensated by 1.5mm posterior shift
of the ellipsoid centre (figure 3). The resulting ellip-
soids, however, differ less than 0.1 mm over the central
60°, explaining the lower reproducibility and strong
variation of the individual ellipsoid parameters for
different included retinal fractions (online supplemental
appendix B, figure B2). A similar variation was observed
when the central retina would be described in terms of
vertex radius of curvature and asphericity (online supple-
mental appendix B, figure B4).” "> '® When the shape of
the central retina is however obtained using 3D fitting
with the centre of the ellipsoid fixed to the central axis at
half the axial length, stable and reproducible ellipsoidal
parameters are obtained without a significant increase in
fitting residuals (online supplemental appendix B, figure
B5 and B6). This indicates that such a reduction in df
is required for meaningful comparison of the central
retinal shape between subjects.

For the peripheral retina, a reproducible and stable
ellipsoid description was found between 220° and 280° of
the retinal contour. At these fractions, the horizontal and
vertical ellipsoid centre coordinates as well as the corre-
sponding rotations remain close to zero. As a result, these
parameters could be fixed in future studies, resulting in a
faster fitting procedure. In 42% of the subjects, the hori-
zontal and vertical radii differed more than 0.5 mm. This
asymmetry could be relevant for ocular proton therapy
planning, which currently uses a geometric eye model in
which the eye is assumed to be rotational symmetrical.”’
For such applications, an ellipsoid based on two orthog-
onal 2D images would already be an improvement, but
will still result in larger differences with the measured
3D contours than a full 3D fit. The resulting differences
in ellipsoid radii are however small, generally <0.2mm,
when the ellipse centre is fixed to the half the axial length
when describing the central retina, or when this ellipse
centre is included in the fitting or fixed to the centre of
the vitreous body when describing the peripheral retina.

The results obtained within this study are in accordance
with earlier MRI-based retinal shape studies. For the
central retina, the data of the emmetropic population of
Pope et alshow mean horizonal and central ellipsoid radii
of approximately 12 and 11 mm, which are similar to the
results of this study. Additionally, their data show a similar
large variation between subjects, for example 6 mm for
the horizontal radius.” '° For the peripheral retina, Lim
et al present results for 240° of the retinal contour and
Pope et al evaluated a slightly larger part, 270° of the
retinal contour."” ' Both studies report similar horizontal
and vertical radii, 11-12mm and 10-11 mm, respectively.
The radii reported by Lim et al are slightly smaller than
the values reported by Pope et aland the values reported
within this study. This could be explained by the differ-
ence in the MRI resolution, as a lower resolution can

result in an apparent inward shift of the retina due to
partial volume effects,” resulting in smaller radii.

While the presented results are in line with earlier
MR-based retinal shape research, they differ from earlier
studies using laser interferometry. The mean vertex radii
of curvature for the central retina determined using laser
interferometry by Verkicharla et al was about 2.0mm
larger than the currently presented vertex radius of
curvature (online supplemental appendix B, figure B4)."”
Even though this difference could be the result of the
unstable central fit, it might also result from the differ-
ence in used imaging methods or the limited amount of
data points, <20, available with laser interferometry. Due
to its much larger amount of data points and the avail-
ability of 3D assessments, MRI might be more reliable
than laser interferometry to quantify the retinal shape.
Additionally, MRI is not influenced by refraction and is
not limited to assessments of the central 80° of the retina
or less, making it a more favourable method to measure
the retinal shape.

Other methods to image the eye, such as CT and B-scan
ultrasonography, are also not affected by refraction and
could therefore be considered as an alternative to MRI,
especially since they are generally faster to acquire.
However, CT-scans expose a subject to radiation and
have a lower resolution than MRI and B-scan ultrasonog-
raphy is generally limited to a 2D field of view and has
a high interobserver variability for geometrical measure-
ments.” ™% As a result, both are less suitable than MRI to
assess the 3D retinal shape.

It should be noted that the current results are based on
a relatively small group of volunteers, and the presented
parametric description of the retinal shape might there-
fore not hold for the entire population. However, the
same methodology could directly be used to determine
these metrics for a specific group of subjects. An addi-
tional concern could be that the presented method
might be unable to describe pathological retinal shapes,
for example on the presence of a staphyloma or intraoc-
ular mass. Although different authors have shown that
the segmentation of MRI-scans can be adopted to include
such ocular pathologies,” * these pathologies might
result in an retinal shape that is not accurately described
by an ellipsoid.”® Depending on the application, an
approximate ellipsoidal description might still be suffi-
cient in such instances, but using alternatives such as the
complete 3D retinal contour should be considered.

In conclusion, this study provides a method to repro-
ducibly determine and quantify the 3D retinal shape
from MRI data. Two models are proposed, one which
describes the complete posterior segment of the eye and
an additional one for only the more central retina. Due
to the high precision and reproducibility of this method,
the resulting 3D shapes can be used as input in other
research, such as optical ray-tracing simulations or the
analysis of myopia progression. Furthermore, they can be
used to improve the accuracy of the retinal shapes used
in eye model-based treatment planning, which can for
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instance improve the proton therapy planning for eye
tumours. With that, this study provides a complete base
for widespread implementation of the 3D retinal shape
as a parameter in the evaluation of the eye.
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