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A B S T R A C T

Purpose: The purpose of this study was to evaluate the shape of the anterior sclera by measuring the sagittal
height and corneoscleral transition angles in the four cardinal and four oblique segments of the eye.
Materials and methods: In this study, 78 normal eyes of 39 subjects were evaluated. The sagittal height, cor-
neoscleral angle and scleral angle were measured at three chord lengths (10.0 mm, 12.8 mm and 15.0 mm) in all
eight segments of the anterior eye using optical coherence tomography (Zeiss Visante AS-OCT). Scleral toricity
was calculated for each eye, defined as the greatest sagittal height difference found between two perpendicular
meridians.
Results: At a 12.8 mm chord length, the shape of the anterior eye was found to be nearly rotationally symmetric,
and at a chord of 15.0 mm the shape became more asymmetric. The average sagittal heights of the eight seg-
ments at a 12.8 mm chord ranged from 2890 μm to 2940 μm; at a 15.0 mm chord they ranged from 3680 μm to
3790 μm. The average scleral angles at a 15.0 mm chord ranged from 35.17° to 38.82°. Significant differences
between opposing segments were found in the sagittal height and scleral angle measurements at a chord of
15.0 mm (sagittal height p ≤ 0.0021; scleral angle p ≤ 0.0105). The nasal measurements revealed flatter scleral
angles and concave corneoscleral transitions, whereas temporal scleral angles were steeper, with tangential or
convex corneoscleral transitions.
Conclusion: These findings are important to consider when designing and fitting contact lenses that rest beyond
the boundaries of the limbus, such as scleral lenses.

1. Introduction

The advent of videokeratoscopy in the early 1990’s provided prac-
titioners with new insights into the shape of the corneal surface across
chords of 8.0–10.0 mm. More recently, through the use of composite
corneal topography, it is possible to map the shape of the entire corneal
surface from limbus to limbus. With the growing interest in contact lens
designs that extend beyond the limbus, including modern scleral and
soft contact lenses, researchers and clinicians have the need to look
beyond the boundaries of the cornea to gain a greater understanding of
anterior ocular shape and its impact on lens design [1–13].

The modern renaissance of scleral lenses has been made possible
through the simultaneous development and merging of a number of
technologies [14–18]. The availability of large diameter buttons of
highly oxygen permeable materials, advances in computer controlled
lathing techniques, and sophisticated lens design and fitting methods

have all contributed to the success of this lens modality. Today scleral
lenses serve as a primary tool in managing a wide range of conditions,
including irregular astigmatism, ocular surface disease, and even
normal refractive error [11,19–26].

Several studies have reported on the use of anterior segment OCT to
describe the shape of the sclera by sagittal height [3,5–8], scleral radii
[5–8,13,27] and scleral tangent angles [6,7,28]. A common finding was
that the nasal sclera was flatter than the temporal in radii [6,7,13,27]
and in terms of angle was smaller (lower angle) [5–7]. Additionally,
authors have found consistent values of mean scleral sagittal depth at a
chord of 15.0 mm, yet a strong disagreement exists among studies on
scleral radii (Table 1). Additional biometric data of the anterior eye
relevant to the design and fitting of contact lenses that rest beyond the
limbus are displayed in Table 2.

Today, a number of questions related to scleral shape remain un-
answered. For example, is the scleral surface spherical, toric, or
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asymmetric? The present study was designed to gain a greater under-
standing of the shape of the anterior sclera. This knowledge will serve
an important role in the development of future contact lens designs that
rest beyond the limbus.

2. Materials and methods

This study was conducted in accordance with the tenets of the
Declaration of Helsinki. In this cross-sectional study, the scleral contour
of 78 normal eyes from 39 subjects was measured in eight primary
meridians. Excluded from the study were subjects with inflammatory or
ectatic conditions that may affect the elevation of the cornea, con-
junctiva (pingueculae), episclera, and sclera. Also excluded were sub-
jects with any history of ocular surgery. Daily soft contact lens wearers
were requested to discontinue lens wear at least three days prior to data
collection, and rigid gas permeable (RGP) and extended wearers (EW)
at least ten days prior.

The Visante OCT (Carl Zeiss Meditec, Dublin, CA, USA) was used to
measure the sagittal height of the anterior sclera at three different
chord lengths of 10.0, 12.8, and 15.0 mm in all eight primary meridians
at 0, 45, 90, 135, 180, 225, 270 and 315°. The 10.0 mm chord length
was chosen as the largest chord for which the data could be compared
to corneal topography measurements. The 12.8 mm chord was chosen
to represent the beginning of the scleral tissue, 1.0 mm larger than the
average HVID, and the 15.0 mm chord was chosen as the largest chord
length that could be consistently measured with the OCT images. To
provide additional information regarding the shape of the sclera, the
corneoscleral angles were also measured at chords of 12.8 and 15.0 mm
in all eight meridians.

The “Anterior Segment Quad” scan was used to image the four
quadrants in cross-sections at 180, 45, 90 and 135°. This scan images
the four quadrants simultaneously, allowing for accurate measurement
and comparison between the eight segments (Fig. 1). To capture a full
view of the anterior segment, the superior and inferior eyelids of the
subjects were manually held open without applying any pressure to the
globe.

Corneal topography was performed using the Medmont E300 cor-
neal topographer (Medmont International Pty Ltd, Victoria, AUS), and

each subject’s objective refraction was assessed using the Grand Seiko
WAM-5500 (Shigya Machinery Works Ltd, Fukuyama City, Hiroshima,
Japan). The Haag Streit BQ900 photo slit lamp (Haag-Streit AG, Koeniz,
Switzerland) and the MB-Ruler software (MB-Software solutions,
Iffezheim, Germany) were used to analyze the palpebral aperture and
horizontal and vertical visible iris diameters (Fig. 2).

The sagittal height and scleral angles were measured with the built-
in caliper tool of the Visante Analysis Software. To set a reference line
for the measurement calipers, landmarks on the anterior ocular surface
were used, as opposed to internal landmarks such as the iris root or
scleral spur. In each cross-sectional image, the external junction of the
cornea and sclera was used to define the boundaries of the corneal
diameter (Fig. 3). To locate the termination of the cornea on the
anterior surface, the scleral spur was first identified, and a caliper was
drawn from the scleral spur to the anterior surface, perpendicular to a
line tangent to the surface. The corneal diameter was defined as the
distance between the two opposing endpoints in each cross section. This
method is similar to that used by ocular pathologists [30,33]. The
distance between the opposing scleral spur locations was defined as the
scleral spur to scleral spur distance. The anterior chamber tool placed at
the two endpoints that mark the external corneal diameter was con-
sidered as the line of reference for all measurements at the three chord
lengths of 10.0 mm 12.8 mm and 15.0 mm (Fig. 4). Sagittal height was
measured as the distance (μm) from the ocular surface at each chord
length to a line tangent to the corneal apex and parallel to the reference
line described above. Therefore, the lower the sagittal height number,
the greater the elevation of the tissue, and the higher the sagittal height
number, the lesser the elevation. The corneal angle was measured using
the anterior chamber angle-tool, and was formed by the 12.8 mm chord
(parallel to the reference line) and a line along the corneal surface that
connects the 10.0 mm and 12.8 mm chord endpoints. The scleral angle
was similarly measured by placing the angle-tool at the junction of the
15.0 mm chord endpoint and a line connecting the 12.8 mm and
15.0 mm chords. The corneo scleral junction (CSJ) angle was measured
as the external angle formed between the line connecting the 10.0 mm
and 12.8 mm chords and the line connecting the 12.8 mm and 15.0 mm
chords. The CSJ angle describes the transition from cornea to sclera as
either concave (<180°), tangential (=180°) or convex (>180°). The

Table 1
Previous investigations of the anterior scleral shape by sagittal height (μm) and scleral radius (mm) imaged with the Visante OCT.

Ref. n n eyes Age Gender Pathology Sag 15 mm Horizontal
(μm)

Sag 15 mm Vertical
(μm)

Sag 15 mm MEAN
(μm)

Radius Nasal
(mm)

Radius Temporal
(mm)

[5] 40 40 32 68% F N/A 3740 N/A 3740 N/A N/A
[6] 50 100 22.8 ± 5.0 70% F normal 3740 3770 3760 45.0 25.3
[7] 204 204 34.9 ± 15.2 65% F normal 3700 3750 3730 35.5 22.4
[8] 14 14 33 ± 7 79% F normal 3710a 3700b 3710 N/A N/A

14 14 40 ± 14 36% F keratoconus 3410a 3930b 3670 N/A N/A
[13] 24 N/A 31.3 ± 6.5 50% F normal N/A N/A N/A 13.33c 12.32c

[27] 24 24 N/A N/A normal N/A N/A N/A 13.68 11.73

a
flat meridian.

b steep meridian.
c best-fit circle.

Table 2
Previous investigations of horizontal visible iris diameter (HVID), vertical visible iris diameter (VVID), and palpebral aperture.

Author Ethnicity n n Eyes Age Gender HVID (mm) VVID (mm) Palpebral Aperture (mm)

[29] – – – – – 12.00 11.00 –
[30] – – – – – 11.70 10.60 –
[31] Caucasian 390 743 10–80 40% F 11.71 – –
[6] British Asian/Caucasian 50 100 23 ± 5 70% F 11.86 – 10.89
[32] Nigerians 130 – 48 ± 17 41% F 11.39 10.51 –
[7] British Asian/Caucasian 204 204 35 ± 15 65% F 11.70 – 10.20
[8] – 14 14 33 ± 7 79% F 11.77 – –
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limbal zone was defined as the area between the corneal diameter and
the visible iris diameter.

The study data was analyzed with the Prism V6.0 software
(GraphPad Software, Inc., La Jolla, CA, USA). The Shapiro-Wilk’s test
was performed for every ocular variable to identify any deviations from

the normal distribution, using the critical value of 0.05. For comparison
of paired data, either the paired t-test or the Wilkoxon signed rank test
was used and a significance criteria of p < 0.05 was applied. Data from
right and left eyes were not combined in order to avoid altering the
significance of the results [34].

Fig. 1. Visante OCT Anterior Segment Quad Scan with four cross sections
simultaneously scanned.

Fig. 2. HVID, VVID and PA measurements on Haag Streit slit lamp images
using MB Ruler Software.

Fig. 3. Visante OCT image analysis: four steps were used to define the
corneal diameter (CD).

M. Ritzmann et al. Contact Lens and Anterior Eye 41 (2018) 205–213

207



3. Results

Of the 39 qualified subjects, 29 were female (74%) and 10 were
male (26%). The mean age was 25.4 ± 2.0 years; 37 subjects were
Caucasian, one was Hispanic, and one was of Middle-Eastern origin. Of
the 39 subjects, 33 required spectacle correction, and 32 of these in-
dividuals reported wearing contact lenses. Sixteen subjects wore daily
disposable soft lenses, 14 wore monthly disposable soft lenses, one wore
RGP lenses, and one wore extended wear soft lenses. Contact lenses
were discontinued an average of 7.9 ± 11.2 days prior to measure-
ments being taken.

The optical and biometric data of the 39 study subjects are pre-
sented in Table 3. In this data only the horizontal visible iris diameter

revealed a statistically significant difference between right and left
eyes. The sagittal height measurements of both the right and left eyes at
chords of 10.0, 12.8 and 15.0 mm are presented in Table 4.

3.1. Sagittal height at a 10.0 mm chord

At the 10.0 mm chord, the OCT measurements of the right eyes
revealed the greatest average sagittal height in the inferior segment and
the least sagittal height in the nasal segment. The left eyes had the
greatest average sagittal height in the inferior segment and the least
sagittal height in the inferior nasal segment.

Fig. 4. Visante OCT image analysis showing scleral sagittal height and
corneoscleral angle measurements in one cross section.

Table 3
Biometric data of the anterior segment anatomical features.

Anatomical Feature Cross Section Right Eye ±SD Left Eye ±SD Shapiro-Wilk Normality
Test Passed? (α = 0.05)

p-value (two-tailed)
Right vs. Left Eye

Horizontal Visible Iris Diameter (mm) Horizontal 11.92 0.44 11.81 0.47 Yes 0.0023
Vertical Visible Iris Diameter (mm) Vertical 11.33 0.51 11.24 0.52 Yes 0.0236
Palpebral Aperture (mm) Vertical 10.65 0.89 10.65 0.87 Yes 0.9792
Corneal Diameter (mm) Horizontal 13.02 0.45 13.03 0.50 Yes 0.6274

Vertical 13.46 0.50 13.42 0.49 Yes 0.1709
Oblique SN to IT 13.15 0.45 13.14 0.47 Yes 0.6869
Oblique ST to IN 13.17 0.49 13.12 0.48 Yes 0.1087

Scleral Spur to Scleral Spur (mm) Horizontal 11.93 0.44 11.95 0.50 Yes 0.5893
Vertical 12.38 0.49 12.34 0.50 Yes 0.1657
Oblique SN to IT 12.10 0.43 12.09 0.45 Yes 0.6313
Oblique ST to IN 12.10 0.49 12.05 0.47 Yes 0.0653

Limbal Zone (mm) Horizontal 0.55 0.10 0.61 0.15 Yes 0.0102
Vertical 1.06 0.20 1.09 0.20 RE Yes/LE No 0.4702

Central Corneal Thickness (μm) Mean 532.4 35.96 535.1 38.56 Yes 0.0976
Anterior Chamber Depth (mm) Mean 3.30 0.29 3.30 0.28 Yes 0.7161
Grand Seiko WAM-5500 M −2.20 2.69 −2.12 3.09 Yes 0.5579
Autorefraction (D)a J0 −0.03 0.42 +0.08 0.41 RE Yes/LE No 0.0158

J45 −0.07 0.30 +0.04 0.34 RE No/LE No 0.0777

Medmont E300 Topographer M 44.2 1.50 44.4 1.51 Yes 0.0751
Simulated J0 −0.31 0.38 −0.36 0.39 Yes 0.2163
Keratometry (D)b J45 +0.01 0.25 +0.00 0.32 No 0.4975

a Autorefraction results displayed in power vectors terms spherical equivalence (M), vertical Jackson-Cross-Cylinder (J0) and oblique Jackson-Cross-Cylinder (J45).
b Corneal topography results of the simulated Keratometric power displayed in power vectors terms.
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3.2. Sagittal height at a 12.8 mm chord

At the 12.8 mm chord, the OCT measurements of the right eyes
revealed the greatest average sagittal height in the superior nasal seg-
ment and the least sagittal height in the superior temporal segment. The
left eyes had the greatest average sagittal height in the inferior segment
and the least sagittal height in the nasal and temporal segments.

3.3. Sagittal height at a 15.0 mm chord

At the 15.0 mm chord, the OCT measurements of the right eyes
revealed the greatest average sagittal height in the inferior temporal
segment and the least sagittal height in the inferior nasal segment. The
left eyes had the greatest average sagittal height in the temporal seg-
ment and the least sagittal height in the nasal segment. A statistically
significant difference between the scleral sagittal height measurements
of right and left eyes was found in the inferior nasal segment.

In Table 5, the difference in sagittal height of the two opposing
meridians in each cross-section are displayed to show the asymmetry of
the sclera across each section.

To classify scleral toricity orientation, each eye was categorized into
one of the following groups: with-the-rule (WTR), against-the-rule
(ATR), oblique with the flat meridian at 45°, oblique with the flat
meridian at 135°, or no toricity. The greatest height difference between
two perpendicular meridians was defined as the scleral toricity. The flat
meridian was defined as the meridian with the lowest sagittal height
(Table 6). There did not appear to be a strong association between the
orientation of the corneal astigmatism and the orientation of the scleral
toricity in this normal population with low corneal astigmatism (OD
0.93 ± 0.59D; OS 1.00 ± 0.73D). Only 11 right eyes (28%) and 14 left
eyes (38%) revealed an association between the corneal and scleral
toricity. In these associated right eyes the mean scleral toricity at the
15.0 mm chord was 206 ± 41 μm, in the left eyes it was 199 ± 115 μm.

3.4. Scleral angles

The scleral angles at the 12.8 and 15.0 mm chords in each of the
eight segments are presented in Table 7. A significant difference

between right and left eyes in measured angles was identified only in
the inferior nasal meridian at a 15.0 mm chord.

3.5. Corneoscleral junction angles

The CSJ angles at a fixed chord of 12.8 mm are shown in Table 8.
Fig. 5 illustrates the relative frequency distribution of CSJ angles among
all right eyes and left eyes in the four primary meridians. In both right
and left eyes the nasal quadrant presented with a concave cornea to
sclera transition on average, whereas all other quadrants were more
tangential.

4. Discussion

Previous studies are in agreement regarding the mean scleral sa-
gittal depth at a chord of 15.0 mm, along both the horizontal and
vertical sagittal cross-sections [5–8] (Table 1). In addition, the cor-
neoscleral junction angles have been reported in two studies [6,7]. The
results of this study revealed lesser degree CSJ angles than previous
studies, however were in agreement that the nasal quadrant has the
lowest angle and is more concave in transition. It has been proposed
that the shape of the nasal sclera is due to the relative anterior insertion
of the medial rectus muscle [6,13,35], which inserts closer to the
limbus than all other extraocular muscles [36–38]. The measured di-
mensions of the anterior eye (corneal diameter, corneal curvature, ACD,
etc.) in this study are consistent with previously published data.

4.1. 10.0 mm chord

At a chord length of 10.0 mm, measurements of corneal shape using
anterior segment OCT and corneal topography were not able to be di-
rectly compared due to the difference in measurement strategies and
eye alignment techniques between the two instruments. The OCT
measurements at this chord length revealed a significant difference in
sagittal height between the segment with the greatest height and the
segment with the least height (right eyes 91 μm, left eyes 98 μm). The
pattern was such that the least sagittal depth occurred approximately
along the horizontal meridian, and the greatest sagittal depth along the

Table 4
Sagittal height measured by the Visante OCT at three chord lengths in eight primary meridians.

Chord Length Meridian n Right Eye Height
(μm)

±SD Left Eye Height
(μm)

±SD Shapiro-Wilk Normality
Test Passed? (α = 0.05)

p-value (two-tailed)
Right vs. Left Eyes

10.0 mm Nasal 39 1719 78 1712 84 Yes 0.4282
Temporal 39 1789 89 1783 97 Yes 0.4282
Superior Nasal 39 1785 91 1756 68 Yes 0.0055
Inferior Temporal 39 1780 103 1783 89 Yes 0.8328
Superior 39 1794 78 1793 90 Yes 0.8773
Inferior 39 1810 90 1835 84 Yes 0.0041
Superior Temporal 39 1792 82 1817 88 Yes 0.0203
Inferior Nasal 39 1729 75 1737 85 Yes 0.3791

12.8 mm Nasal 39 2898 151 2896 171 RE Yes/LE No 0.7075
Temporal 39 2905 154 2896 171 RE Yes/LE No 0.6382
Superior Nasal 39 2943 176 2908 165 Yes 0.0031
Inferior Temporal 39 2929 182 2913 157 Yes 0.1994
Superior 39 2906 150 2917 150 RE Yes/LE No 0.2747
Inferior 39 2903 150 2929 151 RE Yes/LE No 0.0204
Superior Temporal 39 2893 143 2915 143 Yes 0.0377
Inferior Nasal 39 2900 144 2923 144 Yes 0.4754

15 mm Nasal 39 3708 211 3710 224 Yes 0.8818
Temporal 39 3772 222 3787 237 Yes 0.2804
Superior Nasal 38 3754 242 3727 225 Yes 0.0844
Inferior Temporal 39 3794 250 3756 228 Yes 0.0071
Superior 39 3767 201 3780 201 RE Yes/LE No 0.2878
Inferior 39 3723 201 3754 203 Yes 0.0214
Superior Temporal 39 3747 186 3763 179 Yes 0.2498
Inferior Nasal 39 3676 199 3728 182 Yes 0.0004
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vertical meridian, corresponding to with-the-rule corneal astigmatism.

4.2. 12.8 mm chord

Compared to the 10.0 mm chord, the 12.8 mm chord data showed a
significantly smaller difference between the segments with the greatest

and least sagittal heights (right eyes 50 μm, left eyes 33 μm). These data
appear to indicate that at the 12.8 mm chord, the eye is more rota-
tionally symmetric than at the 10.0 mm chord.

4.3. 15.0 mm chord

At the 15.0 mm chord, the sclera was found to be significantly more
asymmetric (maximum vs. minimum sagittal height differential of
118 μm in right eyes, 77 μm in left eyes) than at the 12.8 mm chord,
particularly when comparing nasal to temporal shape, but less so than
other studies have suggested [6,7]. The general scleral shape discovered
was rotationally asymmetric with a flatter nasal hemisphere than
temporal.

These data indicate that on average the eye demonstrates with-the-
rule corneal astigmatism, apparent at the 10.0 mm chord. This transi-
tions to a more symmetrical surface at the 12.8 mm chord, and at the
15.0 mm chord, the sclera takes on a more rotationally asymmetric
shape. These results suggest that adding toricity or asymmetry to the
periphery of a scleral lens in order to achieve an optimal fit is likely
more critical with larger diameter lenses compared to smaller diameter
lenses.

Table 5
Sagittal height difference between opposing meridians at three chord lengths.

Right Eye Left Eye

Chord Length Cross Sections Compared n Height Difference Between
Opposing Meridiansa (μm)

p-value (two-tailed) Height Difference Between
Opposing Meridiansa (μm)

p-value (two-tailed)

10.0 mm Nasal – Temporal 39 −70 < 0.0001 −70 < 0.0001
Superior – Inferior 39 −20 0.1865 −50 < 0.0001
Superior Nasal – Inferior Temporal 39 +10 0.6794 −20 0.0069
Superior Temporal – Inferior Nasal 39 +60 < 0.0001 +80 < 0.0001

12.8 mm Nasal − Temporal 39 −10 0.1140 0 0.7369
Superior − Inferior 39 +10 0.9194 −10 0.0168
Superior Nasal – Inferior Temporal 39 +10 0.0131 0 0.3597
Superior Temporal – Inferior Nasal 39 −10 0.1007 0 0.1052

15.0 mm Nasal – Temporal 39 −60 < 0.0001 −80 < 0.0001
Superior – Inferior 39 +50 < 0.0001 +30 0.0021
Superior Nasal – Inferior Temporal 38 −40 0.0019 −30 0.0005
Superior Temporal – Inferior Nasal 39 +70 < 0.0001 +30 < 0.0001

a The sagittal height difference between the opposing meridians is shown, with a positive value (+) indicating that the first meridian listed has the higher sagittal height; a negative
value (−) indicates that the first meridian has the lower sagittal height.

Table 6
Scleral Toricity at a 15.0 mm chord classified by orientation.

Scleral Toricity
Orientation

Mean
Scleral
Toricitya

Mean
Scleral
Toricitya

# Subjects Right Eye # Subjects Left Eye

With-the-Rule 10 170 μm 10 190 μm
Against-the-Rule 12 130 μm 14 140 μm
Oblique: Flat

meridian ∼ 45°
2 80 μm 5 130 μm

Oblique: Flat
Meridian ∼ 135°

14 170 μm 8 140 μm

No Toricity 0 – 2 0 μm

a Scleral toricity was defined as the greatest sagittal height difference found between
two perpendicular meridians.

Table 7
Ocular angle measurements in eight primary meridians.

Chord Length Meridian n Right Eye Angle
(Degrees)

±SD Left Eye Angle
(Degrees)

±SD Shapiro-Wilk Normality Test Passed?
(α = 0.05)

p-value (two-tailed) Right
vs. Left Eyes

12.8 mm Nasal 39 39.85 2.29 40.14 2.67 RE Yes/LE No 0.0446
Temporal 39 38.53 1.95 38.42 2.50 RE Yes/LE No 0.9752
Superior Nasal 39 39.36 2.96 39.38 3.01 Yes 0.9479
Inferior Temporal 39 39.32 2.60 38.78 2.29 Yes 0.0112
Superior 39 38.35 2.50 38.69 2.37 Yes 0.0695
Inferior 39 37.98 2.33 37.79 2.37 Yes 0.2717
Superior Temporal 39 38.15 2.40 38.10 2.21 Yes 0.7607
Inferior Nasal 39 39.66 2.47 40.18 2.63 RE Yes/LE No 0.0092

15.0 mm Nasal 39 36.36 3.00 36.46 2.76 Yes 0.6923
Temporal 39 38.17 2.64 38.82 2.70 Yes 0.0007
Superior Nasal 38 36.22 2.66 36.55 2.57 Yes 0.3000
Inferior Temporal 39 37.99 2.82 37.34 2.70 Yes 0.0196
Superior 39 38.01 2.47 37.93 2.27 Yes 0.6911
Inferior 39 36.70 2.56 36.72 2.57 Yes 0.9320
Superior Temporal 39 37.70 1.96 37.55 1.77 Yes 0.4633
Inferior Nasal 39 35.17 2.26 36.26 2.28 Yes <0.0001
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4.4. Scleral angles

At the 12.8 mm chord, the corneoscleral angles were largest
(highest) in the three nasal segments (superior nasal, nasal, and inferior
nasal). At the 15.0 mm chord, these three nasal angles were the smallest
(lowest). This suggests that the transition from cornea to sclera is fairly
abrupt and is more concave in the nasal segments. At the 12.8 mm
chord, the angles were smallest in the three temporal segments (su-
perior temporal, temporal, and inferior temporal), and at the 15.0 mm
chord, these temporal angles were largest. This indicates a more convex
corneoscleral shape temporally. The difference in angle measurements
temporally between the 12.8 and 15.0 mm chords was minimal (right
eyes 0.36°, left eyes 0.40°). The difference in angle measurements na-
sally between the 12.8 and 15.0 mm chords was more significant (right
eyes 3.49°, left eyes 3.68°). This indicates a more tangent-like profile of
the temporal sclera as compared to the nasal sclera.

Therefore, on the Visante OCT images the corneoscleral sulcus is
expected to be more distinct and easily identifiable in the three nasal
segments than in the three temporal segments where there was a
smooth tangential transition. A more accurate method of identifying the
corneoscleral junction consistently across all segments is the technique
described earlier in this study (Fig. 3). These findings imply that slit

lamp biomicroscopy classification of the corneoscleral transition pro-
files (CSP) [39,40] of any given segment cannot be used to derive
specific information about the other segments.

4.5. Contact lens positioning properties

Based on these data, the shape of the anterior eye will affect the
centration properties of a spherical scleral lens in the following manner:
the lens will land first on the segment of the eye with the least sagittal
height (greatest elevation), and then move in the direction of least
mechanical resistance, toward the segment with the greatest sagittal
height (lowest elevation). Gravity and eyelid forces may also act on the
lens, contributing to some degree of inferior decentration. An inferior-
temporal decentration is therefore to be expected in most scleral con-
tact lenses.

4.6. Scleral toricity

Average scleral toricity (defined as the greatest sagittal height dif-
ference found between two perpendicular meridians) at a 15.0 mm
chord was 150 ± 77 μm in right eyes and 159 ± 85 μm in left eyes.
This indicates that for scleral lenses that land at chords of 15.0 mm or
greater, a toric haptic may be beneficial. The use of toric haptic designs
is also supported by Visser et al. [41] and serves to provide increased
comfort and a more aligned fit on the sclera. The use of toric haptics can
also serve as an orientation mechanism for rotational stability of scleral
lenses. This can assist in properly aligning optics over the pupil in lenses
with cylinder correction, multifocal optics, and higher order aberration
corrections [42,43].

There was not a significant association between the orientation of
corneal astigmatism and scleral astigmatism in this normal population.
In the right eye, of 11 subjects that had corneal astigmatism between
1.00 and 2.00D, only three eyes (27%) revealed the same orientation of
the scleral and corneal astigmatism. Higher corneal astigmatism
(>2.00D) appeared to be more associated with scleral toricity. A more
detailed investigation of the association between corneal and scleral
toricity is necessary in eyes with corneal astigmatism greater 2.00D.

4.7. Potential factors influencing scleral shape

There are several factors that presumably influence the shape of the
anterior sclera, including extraocular muscle anatomy. A possible
contributor to scleral shape is the orientation of extraocular rectus
muscle insertions [6,13,35]. The proximity of two adjacent extraocular
muscles may also contribute to the shape of the sclera. The medial and
inferior rectus muscles have the shortest distance between their inser-
tions [36]. This close proximity of adjacent muscles may create a flatter
contour of the eye at a chord of 15.0 mm, whereas the greater distance
between the inferior and lateral rectus muscles may contribute to a
steeper temporal scleral shape (Fig. 6).

Age is another factor that can affect the shape of the sclera. This
variable was not addressed in this particular study. With aging, the

Table 8
Corneoscleral junction angle (CSJ) measurements at the 12.8 mm chord.

Meridian n Right Eye Angle
(Degrees)

±SD Left Eye Angle
(Degrees)

±SD Shapiro-Wilk Normality Test Passed?
(α = 0.05)

p-value (two-tailed) Right vs. Left
Eyes

Nasal 39 176.50 2.47 176.30 2.39 Yes 0.4498
Temporal 39 179.60 1.81 180.40 1.49 Yes 0.0054
Superior Nasal 38 176.80 1.95 177.20 2.07 Yes 0.3672
Inferior Temporal 39 178.70 1.72 178.60 1.70 Yes 0.6783
Superior 39 179.70 1.95 179.20 1.88 Yes 0.1478
Inferior 39 178.70 2.03 178.90 2.01 Yes 0.4566
Superior Temporal 39 179.50 1.99 179.50 1.74 Yes 0.7145
Inferior Nasal 39 175.50 1.55 176.10 2.15 Yes 0.0339

Fig. 5. Relative frequency distribution of the corneoscleral junction angle measurements
at chord length of 12.8 mm; the shaded area represents the segment in which measure-
ments deviated most from the average of all segments A) all four primary quadrants of the
right eyes (OD) B) all four primary quadrants of the left eyes (OS).
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corneal curvature becomes steeper [44], HVID and VVID smaller [32],
and anterior chamber width and depth narrower and shallower
[44–46]. Therefore, external scleral angles and sagittal heights may also
change with age, although further studies are required to confirm this.

Eyelid forces and lid position (angle of lid inclination) have been
shown to affect corneal shape and curvature [47–51]. Their effect on
scleral shape is unknown at this time.

Another factor potentially influencing the shape of the anterior
sclera is axial length. Hosny et al. [52] investigated several ocular
variables and organized them in relation to axial length. With in-
creasing axial length, a corresponding increase was found in corneal
diameter, anterior chamber depth, and myopic refractive error. This
suggests that axial length may influence anterior segment sagittal depth
and scleral shape.

4.8. Variation of HVID, VVID, corneal diameter and limbal zone

The posterior corneal diameter was measured between opposing
sides of the scleral spur. Both corneal diameter and scleral spur to
scleral spur distance were longer vertically than horizontally, which is
consistent with previous studies [46,53,54]. In contrast, the HVID was
found to be longer than the VVID on average in this study and in pre-
vious studies [6,7,30,32]. This implied a discrepancy between the
widths of the limbal zones (LZ) horizontally and vertically. In clinical
observation and in the literature, [30,36] the superior LZ is wider than
the inferior LZ.

4.9. Study limitations

The primary limitations of this study were related to measurement
acquisition and quality using the Visante OCT. The most notable lim-
itation of the instrument was the optical axial resolution of 18 μm and
caliper accuracy of 10 μm. Additionally, the placement of the anterior
chamber tool to measure the sagittal height and scleral angles involved
some subjectivity, which could be subject to bias and human error.

The scanning speed of 2000 (A-scans/s) could be considered a
limiting factor in measuring accuracy and micro eye movements with
the Anterior Segment Quadscan mode. The scanning width of 16.0 mm
was another limiting factor, as no scleral shape data could be acquired
beyond 16.0 mm. Other investigators have addressed this limitation by
stitching multiple images together [13,27,28], which may be a source

for additional error.
Today, new anterior segment imaging technologies have emerged,

some are capable of measuring the sclera 360° around. The Zeiss Cirrus
HD OCT measures up to a 15.5 mm chord length, yet with only one
cross-section per scan. Modern profilometry instruments such as the
Eye Surface Profiler (Eaglet Eye) and the sMap3D (Precision Ocular
Metrology) can measure scleral shape up to a 20.0 mm chord.

5. Conclusion

This study provides new insights into the shape of the anterior sclera
by measuring the sagittal height and ocular angles across eight radial
segments.

The results of this study indicate that in the limbal area, at a chord
of 12.8 mm, the average shape of the eye is nearly rotationally sym-
metric, as it shows only very small differences in sagittal height be-
tween opposing segments. The shape of the sclera at a chord of
15.0 mm becomes more rotationally asymmetric. For scleral lens fitting
purposes, the scleral asymmetry was interpreted as toricity, which was
defined as the greatest sagittal height difference found between two
perpendicular meridians. The average amount of toricity found in this
study indicates that a toric haptic may improve lens alignment for
lenses that land at a chord of 15.0 mm or greater.

A consistent pattern has been revealed in both corneoscleral and
scleral angles. The corneoscleral angles at 12.8 mm are steeper in the
nasal hemisphere than in the temporal. In contrast, the scleral angles at
15.0 mm in the nasal hemisphere are flatter than in the temporal. It
appears that the corneoscleral junction angle in the nasal hemisphere
shows an abrupt, concave transition. In the temporal hemisphere a
more convex and tangential transition occurs.

In regards to lens centration, the results of this study suggest that
scleral lenses will decenter temporally and inferiorly. This is due to the
fact that a scleral lens lands first on the most elevated nasal segment
and is expected to settle and move toward the opposing, less elevated
segment as it finds its equilibrium. In addition, the nasal segment will
likely have less clearance between the lens and the cornea due to the
corneoscleral angle being larger and scleral angle being smaller than
the temporal.

Scleral shape, gravity, and eyelid forces during blinking all may
contribute to the inferior temporal decentration found with most scleral
lenses. Proper landing zone alignment in each scleral segment may help
support an optimally centered lens. Based on the findings of this study,
complex geometries such as toric or segment specific peripheral designs
are likely required to achieve this in many eyes.

Today, diagnostic scleral lenses are evaluated on-eye to determine
the optimum lens parameters required. Instruments designed to aid this
process should measure scleral shape efficiently and accurately in order
to serve an application in clinical contact lens practice. In the future,
perhaps the knowledge gained through this study, along with ad-
vancements in technology, may further improve the process of scleral
lens fitting.
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