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Purpose: To evaluate and investigate the distribution and repeat-
ability of anterior corneal surface astigmatism measurements (axis
and magnitude) using a novel corneal topographer.

Methods: Anterior corneal surface astigmatism was investigated in
a total of 195 eyes using a novel multicolored spot reflection
topographer (Cassini; i-Optics). Two patient groups were studied,
a younger-age group A and an older-age group B. Three consecutive
acquisitions were obtained from each eye. The repeatability of
measurement was assessed using Bland–Altman plot analysis and is
reported as the coefficient of repeatability.

Results: Group A (average age 34.3 years) had on average with-
the-rule astigmatism, whereas the older-age group B (average age
72.3 years) had on average against-the-rule astigmatism. Average
astigmatism magnitude measurement repeatability in group A was
0.4 diopters (D) and in group B 0.4 D. Average astigmatism axis
measurement repeatability in group A was 5.4 degrees and in group
B 5.5 degrees. The axis measurement repeatability improved with
increasing magnitude of astigmatism: in the subgroups with
astigmatism between 3.0 and 6.0 D, the axis repeatability was 1.4
degrees (group A) and 1.2 degrees (group B), whereas in the
subgroups with astigmatism larger than 6.0 D, the repeatability was
1.1 and 0.6 degrees, respectively.

Conclusions: This novel corneal topography device seems to offer
high precision in reporting corneal astigmatism. This study reaffirms
the established trend of a corneal astigmatism shift from an average
“with-the-rule” to “against-the-rule” with aging.
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The anterior corneal surface offers noncontact imaging
accessibility. In addition, it is the major refractive element

of the eye, corresponding to more than two-thirds [48 diopters
(D)] of the total ocular refractive power. Thus, the anterior
corneal surface has the potential to effect a very large change
in the total ocular power as a result of a relatively small change
in its surface curvature.

Evaluation of the anterior corneal surface may be
performed by a multitude of devices. Placido ring projection
is a long-standing and established modality used for the
topographic analysis of the anterior cornea. Aiming to over-
come the limitations of this technique,1 other systems have
been proposed.2,3 The “VU Topographer” (Vrije Universiteit
Medical Center, Amsterdam, the Netherlands)2 used a color-
coded chess-like square pattern,4 whose crossing points were
used to eliminate source image mismatch, enabling one-to-one
correspondence. This early corneal topographer was found to
be, in principle, superior in reconstructing nonrotationally
symmetric features of the anterior corneal surface.5

The Cassini (i-Optics, the Hague, the Netherlands) is
a novel topographer using a nonrotationally symmetric pro-
jection pattern emitting from up to 700 distinct light emitting
diode (LED) color (red, yellow, and green) spots. The
algorithm analyzes the captured pattern of the corresponding
individual reflected images and provides elevation-based
corneal topography analysis.

Because of the novelty of this device, clinical validation and
performance assessment are yet to be reported. We have recently
published early results using this new topographer in cases of
central corneal scar imaging6 and forme fruste keratoconus.7 To
the best of our knowledge, there are as yet no other publications in
the peer-reviewed literature investigating its clinical applicability.
The purpose of this work was to investigate the repeatability of
astigmatism measurements (magnitude and axis) by this newly
introduced multicolored spot reflection corneal topographer.

MATERIALS AND METHODS
This observational prospective longitudinal study received
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and Research Eye Institute and adhered to the tenets of the
Declaration of Helsinki. Informed written consent was obtained
from each subject at the time of the first clinical visit.

Inclusion Criteria
We evaluated healthy unoperated eyes of patients

presenting to our clinic for a scheduled visit. We routinely
screen with the Cassini for corneal evaluation of all refractive
surgery candidates and all candidates for cataract surgery; this
was the data pool from which the 2 studied groups derived.
Exclusion criteria were current or past ocular pathology other
than a refractive error or cataract condition, previous ocular
surgery, epithelial defects, and present irritation or dry eye
disorder; all conditions were confirmed by a complete
ophthalmologic evaluation. From each patient, 1 eye, chosen
randomly, was included in the study. The younger-age group
A consisted of patients without cataract, and the older-age
group B consisted of presurgery cataract patients, with
a minimum of classification I on the Lens Opacity Classifi-
cation System III.8,9

Instrumentation
The device used in this study was the Cassini (i-Optics),

a multicolored LED spot reflection corneal topographer
running on software version 2.0 (updated July, 2014). The
image of an actual “color pattern” projected on the cornea is
provided in Figure 1A; Figure 1B illustrates the 7 distinct
“areas” of points to emphasize the nonsymmetric nature of the
projected array pattern.

The system report provides anterior surface topography
maps, including axial (Fig. 2A) and tangential curvature,
refractive power, and elevation maps (Fig. 2B), all calculated
over an 8.5-mm diameter corneal area. The system report also
provides values for steep and flat keratometry (in D), axis
orientation (in degrees), and related astigmatism (D). In
addition, the system calculates 4 topographic indices relating
to surface asphericity and 2 keratoconus indices, the surface
regularity index and the surface asymmetry index.10

Data Collection and Analysis
Data were included in the study if the acquisition had at

least 75% coverage, as reported by the quality factor. Three
successive acquisitions were performed in each case (eye). The
astigmatism magnitude was provided by the difference between
the steep meridian minus the flat meridian keratometry,
expressed in D; the axis of astigmatism was provided by the
steep meridian orientation, expressed in degrees. The notation
of 0 and 180 degree meridians for the axis presented a potential
problem in the analysis. The value of 180 degrees was added to
or subtracted from the axis numeric value, if within the set of 3
axis values (for the same eye) any of the value(s) was close to
180 degrees while the other(s) was close to 0 degree.

To assess measurement repeatability in each studied
parameter (magnitude and axis), we constructed Bland–Altman
plots, which depict data points consisting of the difference
between these 3 values per case (vertical axis) versus the
averages of the same values (horizontal axis). The plots also
depict the upper limit of detection (ULA) line, provided by the
mean +2 · SD, and the lower limit of detection (LLA) line,
provided by the mean 22 · SD. The coefficient of repeatabil-
ity, defined as 2 · SD, was the metric used in this study to
report the repeatability of measurement. Based on the above,
the repeatability of measurement derives from the separation of
either the ULA or the LLA lines from the mean line in each
respective Bland–Altman plot, and is, by definition, positive.

Within both groups, we formed 4 subgroups based on
the astigmatism magnitude: subgroups with astigmatism
between 0.0 and 1.0 D; between 1.0 and 3.0 D; between 3.0
and 6.0 D; and subgroups with astigmatism larger than 6.0 D.

Descriptive statistics, linear regression, and Bland–
Altman analysis were performed by Minitab version 16.2.3
(Minitab Ltd, Coventry, United Kingdom) and Microsoft
Excel 13 (Microsoft Corp, Redmond, WA). Data are reported
in the form of average 6 SD (minimum to maximum).

RESULTS
There were 139 eyes included in group A, belonging to

79 male and 60 female patients. The mean subject age at the

FIGURE 1. A, Illustration of the actual “color pattern” projected on the cornea. B, The 7 distinct “areas” of points are highlighted
to illustrate the nonsymmetric pattern of the projected array.
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time of examination was 34.3 6 14.5 years (16–59). The
astigmatism magnitude was 1.6 6 1.4 D (0.0–9.0). The
average axis was 94.7 6 27.2 degrees (0.5–179.8), consid-
ered as with-the-rule because 73.6% of the cases had an axis
between 80 and 110 degrees.

Group B consisted of 56 eyes, belonging to 27 male and
29 female patients, with a mean age of 72.3 6 5.9 (60–87)
years. The astigmatism magnitude in this precataract group B
was 1.3 6 1.0 D (0.0–4.4). The average axis was

141.3 6 57.9 degrees (0.3–179.6), considered as against-
the-rule, because in 60.1% of the cases, the axis was between
0 and 30 degrees or 150 and 180 degrees.

Figure 3 presents astigmatism magnitude Bland–
Altman plots. In group A (Fig. 3A), the coefficient
of repeatability (illustrated as the separation of the ULA/
LLA line(s) from the mean difference line) was 0.4 D.
In group B (Fig. 3B), the coefficient of repeatability was
0.4 D.

FIGURE 2. Topography data provided by the Cassini in the form of an axial curvature map (A) (color scale in D) and elevation
map (B) (color scale in micrometers).
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FIGURE 3. Bland–Altman plots illustrating the difference against means versus average astigmatism magnitude (reported in D)
measurements. The ULA is defined as mean +2 · SD. The LLA is defined as mean 22 · SD. A, top, group A; B, bottom, group B.
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FIGURE 4. Bland–Altman plots illustrating the difference against means versus average astigmatism axis measurements (reported
in degrees). The ULA is defined as mean +2 · SD. The LLA is defined as mean 22 · SD. A, top, group A; B, bottom, group B.
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Figure 4 presents Bland–Altman plots for astigmatism
axis measurements. In group A (Fig. 4A), the coefficient of
repeatability was 5.4 degrees whereas in group B (Fig. 4B)
5.5 degrees.

The repeatability of axis measurement had an inverse
relationship with the magnitude of astigmatism: the larger the
magnitude, the smaller the repeatability of axis measurement.
However, there was no clear relationship between the
repeatability of the magnitude of astigmatism and increasing
magnitude of astigmatism in either group (Tables 1 and 2).
We further explored the possible correlation between the
repeatability of axis measurement and magnitude of astigma-
tism. The linear fit regression curve had a coefficient
of linearity r2 = 0.4; the negative slope indicated that in
every ;1-D increase of the astigmatism magnitude, there was
approximately a 0.4 degree reduction (improvement) in axis
measurement repeatability. As shown in the results listed in
Tables 1 and 2, within the 0.0-to-1.0 D subgroups of
astigmatism, the axis measurement repeatability was on average
6.2 and 5.3 degrees (groups A and B, respectively); in the
subgroups 1.0 to 3.0 D, 3.0 and 2.2 degrees; in the subgroups
3.0 to 6.0 D, 1.4 and 1.2 degrees; and in the subgroups of
astigmatism larger than 6.0 D, 1.1 and 0.6 degrees.

DISCUSSION
Corneal topography systems have continuously improved

over the past 20 years.11,12 Placido ring topography, evolved as
videokeratography,13 is perhaps the most widespread and
established modality. It seems to have currently surpassed
manual keratometry in clinical practice for the purpose of
astigmatism measurement.14,15 Among the advantages justify-
ing the widespread acceptance of Placido topography are the
noncontact nature and the single-shot capture, which help

reduce motion artifacts. However, there are a number of
limitations associated with this technique, such as the skew
ray error,16,17 data interpolation at the corneal apex, and
susceptibility to error in areas of abrupt corneal elevation
changes.18,19 Numerical algorithms neglect skew ray reflec-
tions,20 leading to inaccuracy in reconstructing nonrotationally
symmetric corneas.21

Placido-based systems project a pattern of concentric
black-and-white rings (mires) on the anterior corneal surface—
or more precisely, the air–tear film interface—acting as
a convex mirror.22,23 The captured image of this pattern is
analyzed, and on the basis of mire image magnification, the
radius of curvature of this “mirror” is calculated; based on
specific algorithms and conditions, the refractive power of the
corneal surface is also derived. Corneal surface topographic
elevation maps are then provided by interpolation and specific
surface-fitting protocols.

Corneal surface topographic elevation maps are critical
to ensure the most accurate and precise astigmatism measure-
ment.24 Actual (not interpolated) elevation maps require
primary data from 3-dimensional imaging of the corneal
contour, in which the elevation of individual corneal surface
points is derived from triangulation.25 Among such rare true
elevation-based topography devices has been (no longer
commercially available) the PAR Corneal Topographer (PAR
CTS; PAR Technology, New Hartford, NY). The system
projected on the corneal surface a raster grid pattern, which
was captured by an off-axis camera. Highly accurate corneal
surface elevation maps were then produced, by analyzing the
pattern projections, using raster photogrammetry.26,27

The new corneal topography methodology introduced by
the Cassini is also a “true” elevation-based system. Each
“color-coded” LED point has a unique color combination of

TABLE 1. Repeatability of Astigmatism Magnitude (D) and
Axis (Degrees) Measurements Versus the Amount of
Astigmatism (D) in the 4 Stratified Subgroups of Younger-Age
Patients Forming Group A

Astigmatism
Subgroups
(Range in D)

Magnitude
Repeatability

(D)

Axis
Repeatability
(Degrees)

Average
Astigmatism

(D)

0.0 to 1.0 Mean 0.2 6.2 0.7

n = 83 SD 60.3 62.5 60.2

Minimum 0.0 0.2 0.2

Maximum 1.2 11.6 1.0

1.0 to 3.0 Mean 0.3 3.0 1.4

n = 33 SD 60.4 61.3 60.3

Minimum 0.0 0.2 1.0

Maximum 1.3 8.2 3.0

3.0 to 6.0 Mean 0.6 1.4 2.4

n = 17 SD 60.7 61.0 60.3

Minimum 0.0 0.0 3.0

Maximum 1.0 6.2 6.0

.6.0 Mean 0.4 1.1 4.8

n = 6 SD 60.5 60.7 61.7

Minimum 0.1 0.1 6.0

Maximum 0.9 0.8 9.2

TABLE 2. Repeatability of Astigmatism Magnitude (D) and
Axis (Degrees) Measurements Versus the Amount of
Astigmatism (D) in the 4 Stratified Subgroups of Precataract
Patients Forming Group B

Astigmatism
Subgroups
(Range in D)

Magnitude
Repeatability

(D)

Axis
Repeatability
(Degrees)

Average
Astigmatism

(D)

0.0 to 1.0 Mean 0.4 5.8 0.6

n = 28 SD 60.4 62.6 60.2

Minimum 0.1 0.5 0.1

Maximum 0.8 8.6 1.0

1.0 to 3.0 Mean 0.4 2.2 1.3

n = 15 SD 60.5 62.2 60.2

Minimum 0.0 0.2 1.0

Maximum 0.8 4.9 2.8

3.0 to 6.0 Mean 0.4 1.2 3.6

n = 9 SD 60.4 60.8 60.3

Minimum 0.0 0.4 3.0

Maximum 0.5 2.4 5.9

.6.0 Mean 0.5 0.6 3.5

n = 4 SD 60.4 60.6 60.4

Minimum 0.1 0.1 6.1

Maximum 0.7 1.7 7.9
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surrounding points, thus enabling a triangulation-based evalu-
ation of the corneal surface. Because of this, the primary maps
offered by this device are based on true elevation differentials.

This work, using the Cassini topographer, confirms
corneal astigmatism distribution in regard to with-the-rule and
against-the-rule distributions28 and their changing nature with
age, that is, the shift of the astigmatism axis with age.29

Specifically, the distribution was found to be predominantly
with-the-rule in the younger population and against-the-rule
within the older population.

The distribution of the astigmatism magnitude reported
in this study is in agreement with those reported in previous
studies. In a recent large study of 1230 eyes with a mean
patient age of 75.5 6 10.7 years,30 in 79.5% of eyes, the
corneal astigmatism was 1.5 D or less; in 9.7%, .2.0 D; in
4.6%, .2.5 D; in 1.9%, 3.0 D or more; and in 1.0%, .3.5 D.
Other publications31 report that .40% of the examined eyes
had astigmatism larger than 1.0 D, and others report about
a quarter of the eyes with astigmatism.1.5 D.32 In this study,
we observed that astigmatism $1.0 D was noted in approx-
imately 60% of the younger-age population (group A) and in
50% of the precataract population (group B).

In this study, the repeatability of astigmatism measure-
ment in both groups was on average ,0.4 D. These data
compare better than literature-reported values of keratometry
repeatability measured by established corneal evaluation
devices such as manual keratometry,33,34 Placido topogra-
phy,35 slit-scan (Orbscan II; Bausch & Lomb, Rochester,
NY), Scheimpflug imaging using devices such as the
Pentacam (Oculus, Wetzlar, Germany), the Galilei (Ziemer
Ophthalmic Systems AG, Switzerland),36 and the Sirius (CSO
Costruzione Strumenti Oftalmici, Scandicci Firenze, Italy).37

For example, the SD of the corneal astigmatism magnitude
measured by automated keratometry measurements was 60.3
D (thus the repeatability was 0.6 D).38

We noted in this study an improvement of repeatability
of axis measurement with increasing magnitude of astigma-
tism. Particularly important is the finding that in the “large”
astigmatism subgroups, the repeatability of axis measurement
ranged from 1.4 degrees (younger patients) to 1.2 degrees
(older, precataract patients) within the subgroups with astig-
matism 3.0 to 6.0 D, and from 1.1 degrees (younger patients) to
0.6 degrees (older, precataract patients) within the subgroups
with astigmatism larger than 6.0 D. These repeatability values
compare well with those reported in the peer-reviewed
literature: a study reported an axis within 5 degrees in 72.1%
of eyes,39 whereas another study comparing the autokeratom-
eter and the Placido corneal topographer found limits of
agreement between 215.3 and 17.5 degrees for axis measure-
ment40 (thus the repeatability was 16.4 degrees).

These findings of improved axis measurement repeat-
ability may bear clinical value, considering the possibility of
using the Cassini for axis determination in cataract surgery in
which toric intraocular lenses (IOLs) will be used. Addition-
ally, improved keratometry repeatability measurement may
contribute to more predictable IOL power calculation. The
repeatability study in this work relates directly to the
precision of measurement of corneal astigmatism. Device
accuracy (not examined in this study) may be further

evaluated with calibration targets graduated with interferom-
etry standards, or by comparison with other videokeratogra-
phers that have already been assessed for accuracy.

Clinical Significance
Cataract surgery, although initially used to remove the

opaque crystalline lens, has recently been increasingly
evaluated in regard to its optimal refractive outcome that
may significantly affect the quality of everyday life. Patients
and clinicians’ expectations dictate the least amount of
postoperative astigmatism and sphere. Effective correction
of astigmatism, using toric IOLs and/or astigmatic keratot-
omy, poses additional high standards in assessing the exact
amount and axis of clinical astigmatism. Key requirement for
this purpose is the precise and accurate measurement of the
value and axis of the preoperative corneal astigmatism.41

Achieving emmetropia in cataract surgery relies on
accurate and precise axial length measurement (by ·2.5 fold
according to the Sanders, Retzlaff, and Kraft formula) as well
as on keratometry measurement (by ·0.9 fold). Axial length
measurements have reached high levels of accuracy and
precision with the use of partial coherence interferometry-
based biometry devices that may offer predictable measure-
ments to the hundredth of a millimeter.42 Considering the
measurement of axial length variable quite predictable,
keratometry measurement becomes an equally significant
variable in precataract surgery biometry, especially consider-
ing that keratometry deriving from corneal topography has an
“accepted” SD of 1 D, which translates to a possible error of
approximately 1 D in IOL power calculations.

In contrast, refractive surgery has employed interna-
tionally for many years corneal topography data in
topography-guided treatments aiming to correct corneal
irregularities or even improve refractive outcomes in routine
myopic, hyperopic, and/or astigmatic eyes by improving
corneal symmetry.43–45 We have previously reported the use
of topography and tomography and also compared corneal
imaging devices for topography-guided refractive and thera-
peutic interventions with an excimer laser.46 We have also
recently reported the use of corneal topography in applying
topography-guided variable fluence collagen cross-linking.47

An additional clinical utility of the data presented in
this study may be found in cases in which Placido reflection
topography data do not coincide with Scheimpflug type–
derived tomography, in which case the clinician is compelled
to choose a therapeutic topography-guided intervention based
on the most objective imaging.

CONCLUSIONS
Astigmatism seems to shift from on average with-the-

rule to against-the-rule with aging. The use of this alternative
multicolored LED spot reflection topography further im-
proves astigmatism magnitude repeatability and axis repeat-
ability. This enhanced precision may find further applications
in clinical diagnostics, and possibly intraoperative
topography-guidance both in cataract and in refractive
surgery.
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