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Repeatability of Zone Averages Compared to
Single-Point Measurements of Maximal

Curvature in Keratoconus
LARA ASROUI, CARL-JOE MEHANNA, ALI SALLOUM, REDA M. CHALHOUB, CYNTHIA J. ROBERTS, AND
SHADY T. AWWAD
� PURPOSE: To evaluate the repeatability of curvature
zone averages centered on the point of maximum curva-
ture (Kmax) compared to that of the single-point Kmax.
� DESIGN: Comparative reliability analysis.
� METHODS: SETTING: American University of Beirut
Medical Center, Beirut, Lebanon. STUDY POPULATION:
Sixty-five eyes of 65 adult keratoconus patients. Pa-
tients with other ocular disease, history of ocular sur-
gery or trauma, and contact lens wear within 2 weeks
of image acquisition were excluded. OBSERVATION PRO-

CEDURES: Eyes were evaluated with 3 consecutive scans
using the Galilei dual Scheimpflug-Placido system.
MAIN OUTCOME MEASURES: Repeatability of axial and
instantaneous Kmax single points, and zone averages
with radii of 0.1-2.0 mm, centered on them. Repeat-
ability was assessed by within-subject standard devia-
tions, repeatability limits (r), and intraclass
correlation coefficients.
� RESULTS: Axial curvature zone averaging yielded
clinically acceptable repeatability only in eyes with
Kmax £50 diopters (D), for radii of 1.5 mm and
2.0 mm (r [ 0.87 D and r [ 0.76, respectively, vs
r [ 0.91 for the single-point axial Kmax). Compared
to instantaneous Kmax, clinically acceptable repeat-
ability was achieved with instantaneous zone averages
of at least 1.5 mm radius in eyes with Kmax £50 D
(r [ 0.99 D and r [ 0.70 D, respectively) and
2.0 mm radius in eyes with Kmax >50 D (r [ 2.28
D and r [ 0.87 D, respectively). For all eyes, the
repeatability limit of the location of Kmax was
0.82 mm and 0.80 mm for axial and instantaneous cur-
vature, respectively.
� CONCLUSIONS: Instantaneous curvature zone averages
centered on Kmax yielded a greater improvement in
repeatability than axial zone averages and reached clinical
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adequacy with radii of at least 1.5 mm, for eyes with
Kmax £50 D, and with a 2.0 mm radius for eyes with
Kmax >50 D. (Am J Ophthalmol 2021;221:
226–234. � 2020 Elsevier Inc. All rights reserved.)

K
ERATOCONUS IS A DISORDER CHARACTERIZED BY

noninflammatory, abnormal, and progressive
thinning and outward protrusion of the cornea

that is often bilateral.1,2 Corneal topography and to-
mography is not only an essential tool to diagnose
and stage keratoconus, but is also considered invalu-
able in monitoring disease progression and response
to treatment. Although there are no consistent
criteria to define keratoconus progression, most clini-
cians consider an increase of 1 diopter (D) in
maximum curvature (Kmax), among other parameters,
as evidence of disease progression, and as an indica-
tion for surgical intervention by means of corneal
collagen cross-linking.3–6 Many studies have shown
the repeatability, reproducibility, and agreement of
available topography and tomography systems in
measuring corneal parameters in healthy eyes to be
overall excellent.7–12 However, there is still concern
about the repeatability of measurements in eyes with
keratoconus.13–16 This becomes more apparent as the
disease progresses, and with Kmax values of greater
than 50 D, where the reliability of all imaging
systems significantly drops.17

Rather than taking the value of a single reference
point, we consider the concept of a ‘‘zone average,’’
similar to but fundamentally different from the corneal
zone previously proposed by Zadnik and associates.18

The maximal curvature zone average is the arithmetic
mean of the values of all the points within a circular
zone centered on Kmax on the curvature map. In the-
ory, by using zone averages rather than point values,
the data would be less prone to background noise and
variability, and thus be a more reliable index to assess
disease status.
The aim of this study is to evaluate whether zone aver-

ages have better repeatability than single-point Kmax
values in patients with keratoconus, and to determine the
optimal zone size that allows for the best repeatability while
maintaining measurement accuracy.
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METHODS

THIS COMPARATIVE RELIABILITY ANALYSISWAS CONDUCT-

ed at the Cornea and Refractive Surgery Division at the
American University of Beirut Medical Center in Beirut,
Lebanon, in accordance with the tenets of the Declaration
of Helsinki. After approval from the Institutional Review
Board (IRB ID# OPH.SA.17) had been obtained, all par-
ticipants provided written informed consent after they
received a full explanation of the nature, intent, and
possible consequences of the study.

Sixty-five eyes of 65 adult patients with keratoconus un-
derwent corneal tomographic imaging with the Galilei dual
Scheimpflug-Placido system (Ziemer Group AG, Port,
Switzerland). Patients with a prior history of ocular surgery
or trauma, corneal scar or opacity, other eye disease or
ocular abnormalities, profound vision loss that impaired
proper fixation, and contact lens wear within 2 weeks of im-
age acquisition were excluded. A diagnosis of keratoconus
was made based on clinical signs on slit-lamp examination,
as well as both objective and subjective evaluations of the
topographic maps. The former was based on Smadja’s deci-
sion tree, which has 100% sensitivity and 99.5% specificity
for differentiating normal corneas from keratoconic cor-
neas.19 Subjective interpretation relied on topographic ev-
idence of keratoconus, such as clear signs of inferior or
central steepening on the anterior curvature map, displace-
ment of the corneal apex, and decreased thinnest point
pachymetry, in addition to criteria previously described
by the authors.20 Patients with subclinical keratoconus
were not included in this study.

A single experienced examiner (A.S.) performed 3
consecutive measurements of each eye to assess within-
subject repeatability. Each scan was aligned to the eye’s vi-
sual axis by a central fixation light, and patients were
instructed to blink completely before each acquisition.
Measurements were taken 1 minute apart to allow for
adequate tear film reconstitution on the ocular surface,
which was assessed on the Placido image prior to the subse-
quent measurement. Only scans that met the minimum
quality threshold set by the manufacturer (marked by a
‘‘Quality OK’’) were included.

Using the data export feature on the Galilei (available
through the CSV export license), the anterior instanta-
neous curvature and anterior axial curvature csv files of
each measurement were exported, and each was then
converted into a Microsoft Excel file. The data exported
contained the 18,001 points measured, giving their loca-
tion in polar coordinates in the form of radius (in mm)
and angle (in degrees), as well as their curvature value
(in diopters). These points are a representation of how
the Scheimpflug cameras of the Galilei acquire their data:
they measure the curvature values of points 0.1 mm apart
on a 10-mm line centered on the visual axis, then rotate
it 1808 around the center, and measure the curvature values
VOL. 221 REPEATABILITY OF ZONE AVE
of every point along that line at each 1-degree rotation.
This is equivalent to having 50 concentric circles centered
on the visual axis, with increasing radii of 0.1 mm to
5.0 mm in 0.1-mm increments, and 360 points distributed
equally on each circle (Figure 1A).
For both axial and instantaneous data, after selecting the

points within the optical zone corresponding to the central
8-mm circle, the polar coordinates were transformed into
Cartesian (x, y) coordinates, and the point ofmaximal curva-
ture (Kmax) was identified and its coordinates recorded.
Then, zone averages were calculated by arithmetically aver-
aging the curvature values of the points at and within circles
of 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 1.0 mm,
1.5 mm, and 2.0 mm radii centered on Kmax. This yielded
the maximal curvature zone averages at 0.1 (Kmax_0.1),
0.2 (Kmax_0.2), 0.3 (Kmax_0.3), 0.4 (Kmax_0.4), 0.5
(Kmax_0.5), 1.0 (Kmax_1.0), 1.5 (Kmax_1.5), and 2.0
(Kmax_2.0), respectively. These points were identified if
their x and y coordinates obeyed the equation (x–
xKmax)

2 þ (y–yKmax)
2 <_ r2, where xKmax and yKmax are the

Cartesian coordinates of Kmax and r is the radius (in mm)
of the zone average.
All statistical analyses were performed using SPSS statis-

tical software (version 24.0; IBM Corp, Armonk, New
York, USA). The sample size was determined based on
the formula for a precision study with 3 repeated measure-
ments and a degree of confidence of 15%.21 Intraobserver
repeatability was assessed by calculating the within-
subject standard deviation (Sw), repeatability limit (r),
and intraclass correlation coefficient (ICC). The repeat-
ability limit is derived from the equation Sw*1.96*

ffiffiffi

2
p

,
and reflects an estimate of the limit by which 95% of
repeated measurements of the same subject are expected
to differ.21,22 The ICC is an estimate of the percentage of
variation between measurements that is attributable to
true differences between repeated measures. Both ICC
and r reflect intraobserver repeatability and are expected
to show corroborative results. However, while the ICC is
an arbitrary, unitless value that allows for comparison
across different studies, it is not necessarily valid in the
clinical setting. The ICC is based on the difference be-
tween measurements compared to the value of the mea-
surement. Although that difference may be small,
translating into an adequate ICC, it can still be clinically
significant. The repeatability limit, however, has the
same unit as the measurement in question and is thus of
greater utility in the clinical interpretation of results,
with smaller values indicating better repeatability. Given
the conventionally used 1D cut-off that defines keratoco-
nus progression, a repeatability limit of less than or equal
to 1 D was considered to be clinically adequate. For both
axial and instantaneous curvature, Sw, r, and ICC were
calculated for the 3 measurements of each of Kmax, and
the zone averages of radii of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0,
1.5, and 2.0 mm from Kmax. These were then descriptively
227RAGES IN KERATOCONUS



FIGURE 1. Galilei data point representation. A. A 10-mm line with points at 0.1-mm increments is rotated 1808 about its center, in
1-degree increments. This yields 18,000 points distributed equally along 50 concentric circles of increasing radius. B. However, the
density of points within a defined circle (zone average) changes with the location of the circle, with a greater point density near the
origin, that decreases as the circle moves farther away.

TABLE 1. Patient Characteristics

Age (mean 6 SD) (years) 32.39 6 13.27

Sex (women) (%) 34 (52.31%)

Mean axial Kmax (D) 49.57 6 3.26

Mean instantaneous Kmax (D) 50.76 6 3.60

Average spherical equivalent (D) �s2.58 6 3.08

Average visual acuity (logMAR) 0.15 6 0.18

Eyes with axial Kmax >50 D, n (%) 25 (38.56%)

Eyes with instantaneous Kmax>50 D, n (%) 34 (52.31%)

D ¼ diopter; Kmax ¼ point of maximum curvature.
compared, with particular emphasis on the repeatability
limit, in an attempt to identify the zone average size that
permits better repeatability compared to the single-point
Kmax. A paired t test was then conducted for Kmax and
the smallest zone average that resulted in a clinically
adequate improvement in repeatability, or the zone average
that resulted in the greatest improvement in repeatability,
in order to assess the effect of such averaging on measure-
ment accuracy. A P value of less than .05 was considered
statistically significant. In addition, the repeatability of
the location of Kmax, determined from its coordinates as
given by the output of the Galilei, was assessed.
RESULTS

THIS STUDY EVALUATED 65 EYES OF 65 PATIENTS THAT FIT

the inclusion criteria. Table 1 outlines the characteristics
of included patients. Based on Amsler-Krumeich classifica-
tion criteria, 47 eyes (72.31%) were categorized as stage 1
keratoconus, 15 eyes (23.08%) were categorized as stage 2
keratoconus, and 3 eyes (4.62%) were categorized as stage
3 keratoconus. Mean age was 32.39 6 13.27 years, and
mean Kmax of the repeated measures of all eyes was
49.57 6 3.26 D for axial curvature and 50.76 6 3.60 D
for instantaneous curvature. Eyes were subdivided based
on the mean Kmax value obtained from the 3 consecutive
measurements taken. Based on the axial curvature map, 25
228 AMERICAN JOURNAL OF
eyes had a mean Kmax >50 D and 40 eyes had a mean
Kmax <_50 D, while 34 eyes had a mean Kmax >50 D
and 31 eyes had a mean Kmax <_50 D, based on the instan-
taneous curvature map.

� POWERREPEATABILITY: For all 65 eyes, the ICC of the 3
measurements of each of Kmax and the zone averages were
all greater than 0.9, indicating excellent numerical repeat-
ability.23 However, for the axial curvature, while repeat-
ability moderately improved from 1.47 D for the single-
point Kmax to 1.07 D for the 2.0-mm radius zone average
(Table 2), it was just at the cut-off of 1 D. For instantaneous
curvature, zone averaging up to a radius of 0.5 mm did not
improve repeatability, while a marginal improvement was
JANUARY 2021OPHTHALMOLOGY



TABLE2.MeanValues,Within-Subject StandardDeviations, Repeatability Limits, and IntraclassCorrelationCoefficients for Kmax and
Zone Averages Centered on Point of Maximum Curvature for All Eyes (N ¼ 65)

Measurement 1 (D) Measurement 2 (D) Measurement 3 (D)

Sw (D) r (D) ICCMean SD Mean SD Mean SD

Axial curvature Kmax 49.58 3.22 49.63 3.35 49.51 3.29 0.53 1.47 0.974

Kmax_0.1 49.56 3.20 49.61 3.33 49.49 3.28 0.52 1.45 0.974

Kmax_0.2 49.50 3.16 49.55 3.27 49.43 3.24 0.51 1.41 0.975

Kmax_0.3 49.40 3.10 49.44 3.17 49.33 3.17 0.49 1.35 0.976

Kmax_0.4 49.27 3.00 49.29 3.03 49.20 3.07 0.47 1.30 0.976

Kmax_0.5 49.11 2.88 49.12 2.91 49.03 2.95 0.49 1.35 0.972

Kmax_1.0 48.31 2.56 48.40 2.66 48.26 2.62 0.48 1.34 0.966

Kmax_1.5 47.59 2.31 47.68 2.44 47.59 2.40 0.42 1.16 0.969

Kmax_2.0 46.98 2.17 47.04 2.26 47.00 2.26 0.39 1.07 0.970

Instantaneous curvature Kmax 50.76 3.60 50.83 3.68 50.69 3.62 0.64 1.78 0.969

Kmax_0.1 50.58 3.44 50.60 3.50 50.50 3.58 0.68 1.89 0.962

Kmax_0.2 50.37 3.37 50.35 3.37 50.25 3.47 0.76 2.12 0.950

Kmax_0.3 50.15 3.32 50.17 3.30 50.03 3.36 0.74 2.06 0.950

Kmax_0.4 49.92 3.24 49.96 3.23 49.79 3.25 0.71 1.97 0.952

Kmax_0.5 49.68 3.16 49.75 3.14 49.56 3.15 0.69 1.92 0.952

Kmax_1.0 48.38 2.62 48.49 2.62 48.35 2.62 0.53 1.48 0.958

Kmax_1.5 47.07 2.08 47.15 2.11 47.08 2.13 0.37 1.01 0.970

Kmax_2.0 45.88 1.74 45.95 1.75 45.93 1.78 0.27 0.74 0.977

D ¼ diopter; ICC ¼ intraclass correlation coefficient; Kmax ¼ point of maximum curvature; Kmax_0.1 ¼maximal curvature zone average of

radius 0.1 mm; Kmax_0.2¼maximal curvature zone average of radius 0.2 mm; Kmax_0.3¼maximal curvature zone average of radius 0.3 mm;

Kmax_0.4 ¼ maximal curvature zone average of radius 0.4 mm; Kmax_0.5 ¼ maximal curvature zone average of radius 0.5 mm; Kmax_1.0 ¼
maximal curvature zone average of radius 1.0 mm; Kmax_1.5 ¼maximal curvature zone average of radius 1.5 mm; Kmax_2.0 ¼maximal cur-

vature zone average of radius 2.0 mm; r ¼ repeatability limit; Sw ¼ within-subject standard deviation.
noted with a 1.0-mm radius zone average with r ¼ 1.48 D,
as compared to that of the single-point Kmax (r¼ 1.78 D).
However, a clinically acceptable repeatability was
achieved with a 2.0-mm radius zone average (r ¼ 0.74 D).

For eyes with Kmax <_50 D (Table 3), the single-point
Kmax of both axial and instantaneous curvature had
similar repeatability limits of 0.91 D and 0.99 D, respec-
tively. Axial curvature zone averaging improved repeat-
ability to a clinically acceptable value with a 1.5-mm
radius zone average (r ¼ 0.87 D), and more so with a 2.0-
mm radius zone average (r¼ 0.76 D). As for instantaneous
curvature, the single-point Kmax and the 1.0-mm radius
zone average had similar repeatability limits (r ¼ 0.99 D
and r ¼ 1.04 D, respectively), which were superior to the
repeatability limits of the zone averages of 0.1-mm to 0.5-
mm radii. However, an improvement in repeatability
resulting in clinically adequate values was seen with zone
averages of radii of 1.5 mm and 2.0 mm (r ¼ 0.70 D and
r¼ 0.55 D, respectively) and was greater than the improve-
ment seen with axial curvature zone averages.

For eyes with Kmax>50 D (Table 4), the repeatability of
the single-point Kmax for both axial and instantaneous
curvature (r ¼ 2.07 D and r ¼ 2.28 D, respectively) was
dramatically worse than in eyes with Kmax <_50 D (r ¼
VOL. 221 REPEATABILITY OF ZONE AVE
0.91 D and r ¼ 0.99 D, respectively). Axial curvature
zone averaging led to a mild improvement in repeatability
with increasing radii. However, at best, the repeatability
limit of 1.43 D with a 2.0-mm radius zone average remained
clinically inadequate. For instantaneous curvature, zone
averages of increasing radii up to 0.5 mm resulted in worse,
or equal, repeatability limits compared to the single-point
Kmax. A substantial improvement in repeatability was
noted with larger radii, reaching clinical adequacy with a
2.0-mm radius zone average (r ¼ 0.87 D).
For all eyes, the means of the repeated measurements of

the 1.5-mm and 2.0-mm radii zone averages were 47.62 6
2.36 D and 47.01 6 2.21 D for axial curvature and 47.10
6 2.09 D and 45.92 6 1.74 D for instantaneous curvature,
respectively. The value of the single-point Kmax was pre-
dictably larger than the values of the zone averages of both
radii, with an axial Kmax of 49.57 6 3.26 D (P < .001)
and an instantaneous Kmax of 50.766 3.60 D (P < .001).

� LOCATION REPEATABILITY: For all eyes, the location of
the single-point Kmax on the anterior instantaneous curva-
ture map, with respect to the center of measurement
(corneal vertex), measured as a vector magnitude, had an
ICC of 0.800, indicating good numerical repeatability.
229RAGES IN KERATOCONUS



TABLE3.MeanValues,Within-Subject StandardDeviations, Repeatability Limits, and IntraclassCorrelationCoefficients for Kmax and
Zone Averages Centered on Point of Maximum Curvature for Eyes with Maximum Curvature <_50 Diopters

Kmax <_50 D

Measurement 1 (D) Measurement 2 (D) Measurement 3 (D)

Sw (D) r (D) ICCMean SD Mean SD Mean SD

Axial curvature

n ¼ 40

Kmax 47.45 1.31 47.47 1.52 47.37 1.41 0.33 0.91 0.946

Kmax_0.1 47.43 1.30 47.46 1.52 47.35 1.41 0.33 0.91 0.946

Kmax_0.2 47.40 1.29 47.43 1.50 47.32 1.40 0.33 0.90 0.946

Kmax_0.3 47.34 1.27 47.38 1.49 47.27 1.39 0.33 0.91 0.944

Kmax_0.4 47.26 1.25 47.31 1.47 47.19 1.38 0.33 0.93 0.940

Kmax_0.5 47.16 1.23 47.20 1.45 47.08 1.37 0.35 0.98 0.931

Kmax_1.0 46.57 1.21 46.65 1.34 46.56 1.34 0.39 1.08 0.909

Kmax_1.5 46.07 1.11 46.12 1.23 46.09 1.27 0.31 0.87 0.932

Kmax_2.0 45.60 1.12 45.67 1.23 45.65 1.26 0.27 0.76 0.949

Instantaneous curvature

n ¼ 31

Kmax 47.79 1.22 47.76 1.39 47.67 1.35 0.36 0.99 0.927

Kmax_0.1 47.71 1.20 47.61 1.32 47.50 1.30 0.42 1.15 0.894

Kmax_0.2 47.58 1.25 47.47 1.35 47.30 1.36 0.52 1.43 0.848

Kmax_0.3 47.41 1.34 47.35 1.36 47.17 1.38 0.56 1.55 0.831

Kmax_0.4 47.25 1.40 47.21 1.34 47.04 1.38 0.59 1.65 0.812

Kmax_0.5 47.10 1.39 47.07 1.31 46.91 1.37 0.58 1.62 0.814

Kmax_1.0 46.33 1.22 46.35 1.14 46.24 1.26 0.38 1.04 0.903

Kmax_1.5 45.61 1.16 45.66 1.14 45.59 1.23 0.25 0.70 0.954

Kmax_2.0 44.98 1.23 45.03 1.19 45.00 1.24 0.20 0.55 0.973

D ¼ diopter; ICC ¼ intraclass correlation coefficient; Kmax ¼ point of maximum curvature; Kmax_0.1 ¼maximal curvature zone average of

radius 0.1 mm; Kmax_0.2¼maximal curvature zone average of radius 0.2 mm; Kmax_0.3¼maximal curvature zone average of radius 0.3 mm;

Kmax_0.4 ¼ maximal curvature zone average of radius 0.4 mm; Kmax_0.5 ¼ maximal curvature zone average of radius 0.5 mm; Kmax_1.0 ¼
maximal curvature zone average of radius 1.0 mm; Kmax_1.5 ¼maximal curvature zone average of radius 1.5 mm; Kmax_2.0 ¼maximal cur-

vature zone average of radius 2.0 mm; r ¼ repeatability limit; Sw ¼ within-subject standard deviation.
However, the repeatability limit of 0.80 mm, with Sw of
0.29, was clinically significant. As for the axial curvature
Kmax, the repeatability limit was 0.82 mm, with Sw of
0.30.
DISCUSSION

THE ABILITY TO RECOGNIZE TRUE PROGRESSION OF KERA-

toconus, by maximizing the repeatability of Kmax, is of
paramount importance, as it is a decisive factor in the deci-
sion to treat with corneal collagen cross-linking. A clini-
cally adequate repeatability limit should be less than the
change that defines progression and requires intervention,
and must therefore be less than, or just at, the 1 D cut-off
value. The repeatability limits of the axial and instanta-
neous curvature single-point Kmax were just at this cut-
off in eyes with Kmax <_50 D, whereas in eyes with Kmax
>50 D they were notably worse. Axial curvature zone aver-
aging, centered on Kmax, resulted in a slight improvement
in repeatability with increasing radii. However, a clinically
adequate repeatability was only attained in eyes with Kmax
<_50 D, with axial zone averages of radii of 1.5 mm and
2.0 mm. In eyes with Kmax >50 D, a 2.0-mm radius axial
zone average yielded a repeatability limit of 1.43 D, indi-
230 AMERICAN JOURNAL OF
cating that 95% of repeated measurements may differ by
as much as 1.43 D of each other, a difference attributable
to suboptimal repeatability, or measurement error, rather
than true progression of keratoconus. Similarly, for instan-
taneous curvature zone averages, a clinically acceptable
repeatability was achieved when the radius of the zone
was increased to at least 1.5 mm in eyes with Kmax <_50
D. However, the improvement was greater than that seen
with axial curvature zone averaging. As for eyes with
Kmax >50 D, a 2.0-mm radius instantaneous zone average
resulted in improved, and clinically adequate,
repeatability.
Although it would theoretically be expected for sam-

pling and averaging a greater number of curvature points,
in the form of zone averages, to yield better repeatability
owing to less noise and random error, this was mostly
observed for instantaneous curvature zone averaging, and
only with the larger radii of 1.5 mm and 2.0 mm. In fact,
repeatability was not improved with smaller-sized zone av-
erages of increasing radii up to 0.5 mm, compared to the
single-point Kmax. This is likely owing to slight changes
in the variable position of Kmax from the center of the
map, affected by subtle changes in corneal tilt, fixation,24

and tear film composition and distribution, as well as
misalignment by the examiner.25 These variations become
more pronounced with more advanced disease, because of
JANUARY 2021OPHTHALMOLOGY



TABLE4.MeanValues,Within-Subject StandardDeviations, Repeatability Limits, and IntraclassCorrelationCoefficients for Kmax and
Zone Averages Centered on Point of Maximum Curvature for Eyes with Maximum Curvature >50 Diopters

Kmax >50 D

Measurement 1 (D) Measurement 2 (D) Measurement 3 (D)

Sw (D) r (D) ICCMean SD Mean SD Mean SD

Axial curvature n ¼ 25 Kmax 53.00 2.25 53.08 2.44 52.93 2.41 0.75 2.07 0.900

Kmax_0.1 52.97 2.23 53.04 2.41 52.90 2.40 0.74 2.04 0.901

Kmax_0.2 52.86 2.19 52.93 2.32 52.79 2.36 0.71 1.96 0.904

Kmax_0.3 52.72 2.11 52.74 2.18 52.64 2.28 0.67 1.84 0.908

Kmax_0.4 52.50 1.96 52.47 1.98 52.42 2.13 0.63 1.74 0.904

Kmax_0.5 52.23 1.79 52.19 1.79 52.13 1.94 0.65 1.79 0.876

Kmax_1.0 51.08 1.44 51.21 1.59 50.97 1.71 0.60 1.67 0.854

Kmax_1.5 50.03 1.50 50.17 1.69 49.99 1.73 0.55 1.52 0.888

Kmax_2.0 49.18 1.52 49.25 1.73 49.14 1.79 0.52 1.43 0.905

Instantaneous curvature n ¼ 34 Kmax 53.47 2.81 53.63 2.76 53.44 2.74 0.82 2.28 0.912

Kmax_0.1 53.20 2.62 53.32 2.49 53.24 2.66 0.86 2.37 0.891

Kmax_0.2 52.92 2.58 52.98 2.34 52.93 2.47 0.94 2.59 0.856

Kmax_0.3 52.66 2.50 52.74 2.28 52.63 2.35 0.88 2.43 0.864

Kmax_0.4 52.35 2.42 52.47 2.23 52.31 2.27 0.80 2.22 0.879

Kmax_0.5 52.04 2.36 52.19 2.17 51.98 2.22 0.78 2.16 0.881

Kmax_1.0 50.25 2.09 50.44 1.98 50.27 1.97 0.65 1.79 0.897

Kmax_1.5 48.39 1.84 48.51 1.85 48.44 1.85 0.44 1.23 0.942

Kmax_2.0 46.70 1.74 46.79 1.78 46.77 1.80 0.31 0.87 0.968

D ¼ diopter; ICC ¼ intraclass correlation coefficient; Kmax ¼ point of maximum curvature; Kmax_0.1 ¼maximal curvature zone average of

radius 0.1 mm; Kmax_0.2¼maximal curvature zone average of radius 0.2 mm; Kmax_0.3¼maximal curvature zone average of radius 0.3 mm;

Kmax_0.4 ¼ maximal curvature zone average of radius 0.4 mm; Kmax_0.5 ¼ maximal curvature zone average of radius 0.5 mm; Kmax_1.0 ¼
maximal curvature zone average of radius 1.0 mm; Kmax_1.5 ¼maximal curvature zone average of radius 1.5 mm; Kmax_2.0 ¼maximal cur-

vature zone average of radius 2.0 mm; r ¼ repeatability limit; Sw ¼ within-subject standard deviation.
greater irregularities, with larger differences in topographic
troughs and peaks. In fact, our results demonstrate a sub-
stantial variability in the location of Kmax, with r ¼
0.82 mm and 0.80 mm, for axial and instantaneous curva-
ture, respectively. This indicates that the location of Kmax
can differ by as much as 0.82 mm and 0.80 mm on the
respective anterior curvature maps for 95% of repeated
measurements. This variability in the location of the
single-point Kmax of each of the 3 repeated measurements
explains the variability, and poor repeatability, of their
dioptric value. Similarly, when averaging the data points
within a certain defined radius that is centered on Kmax,
the set of points within the area defined by that radius,
and thus their dioptric average, will be different if the loca-
tion of Kmax is even slightly different. Though slight and
not attaining clinical adequacy for evaluating disease pro-
gression, axial curvature data seem to show a more consis-
tent improvement in repeatability with zone averages of
increasing radii, compared to instantaneous curvature.
Since axial curvature is more dependent on alignment
than instantaneous curvature, this may seem counterintui-
tive. However, the steepest area of axial curvature tends to
be more homogenous than that of instantaneous curvature.
Thus, averaging different adjacent zones of similar curva-
ture data, owing to slight misalignments, may yield similar
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values. This could result in an incremental improvement in
repeatability with zones of increasing radii. However, this
improvement fails to reach a clinically adequate repeat-
ability at large radii, unlike the instantaneous curvature.
Moreover, owing to the sampling method of both Plac-

ido and Scheimpflug systems, the number of points within
a zone of a defined radius decreases as the distance from the
central reference point to Kmax increases (Figure 1B). As
such, for a given radius, a different number of data points
will be averaged for repeated measurements of the same
eye owing to the variability in the location of Kmax.
Perhaps a matrix style of corneal representation, such as
the one provided by optical coherence tomography of the
retina, may better fit our proposed model, since the same
number of points would be averaged for a given radius,
regardless of the location of Kmax (Figure 2). This would
lead to more consistent results and a more reliable compar-
ison of the repeatability limits of the single-point Kmax and
the zone averages. Alternatively, locating the steepest zone
average of a given diameter on the anterior curvature map,
such as CLMI-Spot,26 rather than locating the steepest cur-
vature point and taking an average around it, might offer
better repeatability and is worth evaluating.
The Cone Location and Magnitude Index (CLMI) was

developed by Mahmoud and associates for the detection
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FIGURE 2. In a matrix-style representation, the data are
distributed uniformly so that the number of points within a
defined circle is the same regardless of the location of the circle.
of keratoconus.27 This index is used for screening rather
than monitoring progression, and is fundamentally
different than the proposed zone averages around Kmax
that are described in this study. However, CLMI, later
replaced by CLMI-X, is based on the detection of the steep-
est area of curvature, or zone, of 2 mm diameter.28 Mauger
and associates compared several corneal measures,
including Kmax and CLMI-spot, the average magnitude
of the steepest 2-mm ‘‘spot,’’ between different types of
topography and tomography systems.26 Although Kmax
and CLMI-spot were not directly compared, it was reported
that CLMI-spot demonstrated less variability than Kmax
for every system that was tested. It was postulated that
this is owing to CLMI-spot being an average of corneal cur-
vature magnitude over an area of 2 mm diameter, as
opposed to the single point that is Kmax. However, vari-
ability was noted by comparing the standard deviations of
the 2 parameters, rather than by true statistical measures
of repeatability. Although the Galilei system used in this
study does not provide a measure of the average curvature
within the steepest 2-mm area on the anterior curvature
map, it would be interesting to assess the repeatability of
this area in comparison to zone averages taken around
Kmax, as was done in this study. In addition, although
this area almost definitely includes the single-point
Kmax, it does not necessarily have to be at its center. It
would also be interesting to assess the repeatability of the
central point of this area, in order to determine if it has
greater clinical utility for monitoring the progression of
keratoconus than the conventionally used Kmax.
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Perhaps multiple parameters ought to be considered
when defining keratoconus progression. The relatively
recent ABCD keratoconus grading system29 has also been
proposed as a promising means by which to assess disease
progression.30 It combines several corneal parameters,
including the central 3-mm average anterior and posterior
radii of axial curvature, centered on the point of thinnest
corneal pachymetry. The repeatability of the parameters
of this grading system, as well as the repeatability of the
location of the thinnest point around which measurements
are based, should be evaluated to better assess this system’s
ability at characterizing disease progression.
To the best of our knowledge, no studies have examined

the repeatability of zone averages of various sizes around
Kmax. However, the idea of using curvature zone averages
for better repeatability has been proposed. It was first intro-
duced by Zadnik and associates in a comparative study of
videokeratography, photokeratography, and keratome-
try.18 The cornea was divided into 24 regions, and the
data points in each region were averaged, under the
assumption that such averaging of corneal zones would
improve repeatability. However, an evaluation of the
repeatability of such corneal zones, as compared to single
points, was not done.
In this study, both ICC and r were computed to evaluate

repeatability, and r was chosen as the main outcome of in-
terest owing to its direct clinical implications. Whereas
ICC showed good and excellent repeatability for all mea-
sures, r did not. This was also the case in other studies
that examined the repeatability of axial Kmax using
different topography and tomography systems.14,15,31

Prakash and associates evaluated the intrasession and inter-
session repeatability of several corneal parameters,
including Kmax, using the Sirius dual Scheimpflug-
Placido system.14 Three consecutive measurements were
taken, and the ICCs for both intrasession and intersession
repeatability of Kmax were greater than 0.99. However, the
repeatability limits were 1.11 D and 1.24 D, respectively.
As such, an increased cut-off value of Kmax was proposed
to characterize true progression.
Other studies have proposed averaging several consecu-

tive readings of Kmax to improve the detection of true
keratoconus progression. Using Pentacam HR, a Scheimp-
flug system, Epstein and associates found that comparing
the average of 5 consecutive readings of Kmax to the
average of another set of 5 consecutive readings at a later
session decreased the change in Kmax required to charac-
terize keratoconus as truly progressive from 1.51 D to
0.68 D, as compared to single readings.32 In contrast,
Wonneberger and associates, also using Pentacam HR,
found no difference in the number of eyes that were char-
acterized as progressive keratoconus when the average of
3 consecutive readings of Kmax was used, as opposed to 1
single reading, and compared at a follow-up visit 3-
6 months later.33
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Several studies have evaluated the repeatability of axial
Kmax in keratoconus using different topography and to-
mography systems.15–17 However, to the best of our
knowledge, no such studies have used the Galilei dual
Scheimpflug-Placido system or compared axial to instanta-
neous curvature data for the single-point Kmax, as well as
zone averages. Thus, our results cannot be directly
compared to the results of these studies, since they are
dependent on the specific instrument used for measure-
ment and the choice of curvature map type. In addition,
the repeatability limits of Kmax depend on the character-
istics of the patients under investigation, with more severe
keratoconus resulting in worse repeatability, as demon-
strated in this study. One of the limitations of our study
is the use of only 1 specific imaging system and instrument.
However, anterior curvature data from the Galilei have
been shown to be in agreement with that of other tomogra-
phy systems and devices, in both normal eyes34 and eyes
with keratoconus.26
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In summary, in patients with keratoconus, the repeat-
ability of the single-point Kmax for both axial and instan-
taneous curvature was considerably worse in eyes with
Kmax >50 D than in eyes with Kmax <_50 D. Compared
to the single-point Kmax, zone averages resulted in a
greater improvement in repeatability when instantaneous
curvature values were used than when axial curvature
values were used. This improvement in repeatability
attained clinical adequacy when instantaneous curvature
zones of radii of 1.5 mm and 2.0 mm were averaged in
eyes with Kmax <_50 D, and with zone averages of a radius
of 2.0 mm for eyes with Kmax >50 D. We suggest the
consideration of other parameters, in addition to Kmax
and zone averaging, when assessing disease progression in
the clinical setting. Evaluating the repeatability of
CLMI-spot, or similar parameters that detect the steepest
corneal zone of a given diameter, rather than detecting
the steepest point and averaging points around it also war-
rants further investigation.
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