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Laurent Laroche, MD, Vincent Borderie, MD, PhD, Nacim Bouheraoua, MD, PhD
Purpose: To determine the anatomic criteria for diagnosing kera-
toconus progression by corneal optical coherence tomography
(OCT).

progressive group (2.1 DG 1.2 [SD],P < .0001) and remained con-
stant in the stable group (�0.03 G 0.39 D, P Z .31). The mean
thinnest corneal thickness increased significantly in the progressive
Setting: Quinze-Vingts National Ophthalmology Hospital, Paris,
France.

Design: Prospective case series.

Methods: Scanning-slit corneal topography (Orbscan II) and
Fourier-domain corneal OCT (RTVue) were performed in eyes
with mild to moderate keratoconus (progressive or
nonprogressive [stable] ectasia) at each examination to assess
the keratoconus. Disease progression was defined as an
increase of at least 1.0 diopter (D) in the steepest keratometry (K)
measurement over 6 months.

Results: Of the 134 eyes of 134 patients with mild to moderate
keratoconus, 98 had had progressive ectasia and 36 nonprogres-
sive ectasia. The mean maximum K increased significantly in the
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group (�7.98 G 9.3 mm, P < .0001) and remained constant in the
stable group (�0.52G 4.21 mm,PZ .22). The change inmaximum
K was significantly correlated with changes in the thinnest corneal
thickness (r Z �0.61, P < .0001). A cutoff value of �5 mm for the
change in thinnest corneal thickness was identified on receiver
operating characteristic curves as a threshold separating cases of
progressive and stable keratoconus (area under the curve, 0.79;
sensitivity, 68%; specificity, 89%).

Conclusions: Topographic data partly reflected the structural
changes occurring during the progression of corneal ectasia.
Based on the pachymetric parameters provided by OCT, corneal
and epithelial thinning was correlated with corneal deformation.
The use of corneal OCT might therefore improve the diagnostic
sensitivity for keratoconus progression.
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thereafter.5 Several factors, such as changes in irregular
eratoconus is the most common primary ectatic
corneal disorder. Its prevalence has been estimated
1
astigmatism or corneal aberrations, changes in inferior
Kat 1 case per 375 individuals. It is characterized by

progressive corneal thinning, irregular astigmatism, and
vision loss. Histological changes include stromal thinning,
a decrease in keratocyte density, Bowman layer disruption,
splitting in the cone region, and epithelial changes.2,3 We
recently used Fourier-domain optical coherence tomogra-
phy (OCT) to study these changes and established a new
anatomic classification of keratoconus based on the archi-
tectural modifications visible on OCT during ectasia
progression.4

In general, keratoconus becomes apparent during pu-
berty, progresses until the patient’s 30s, and stabilizes
corneal steepening, changes in apex location, and
a posterior steepening, have been found to be associated
with keratoconus progression. Clinical factors associated
with progression include a decrease in visual acuity, young
age at presentation, severe eye rubbing, and the occurrence
of corneal scarring. Corneal crosslinking (CXL) has been
shown to slow keratoconus progression inmild to moderate
cases, improving visual outcomes and reducing or delaying
the need for corneal transplantation.6,7

However, the established criteria for keratoconus pro-
gression are based principally on topographic features
and do not take into account anatomic changes in the
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160 FOURIER-DOMAIN OCT AND KERATOCONUS PROGRESSION
cornea, including those affecting the corneal layers during
keratoconus progression.8–13 Furthermore, these criteria
differ considerably between CXL studies. For example, pro-
gression might be assessed at 6- or 12-month intervals, and
keratometry can be performed with different tools and
methods that have different sensitivities, such as autokera-
tometry, videotopography, Scheimpflug imaging, and,
more recently, OCT topography. The recent global
consensus on corneal ectasia was that there is still no defin-
itive definition of disease progression.14 The repeatability of
corneal curvature measurements is also significantly lower
in patients with keratoconus as a result of surface irregular-
ity, greater curvature, and the presence of corneal
scarring.15–19

The purpose of this study was to define new anatomic
criteria, based on corneal OCT, for progressive keratoconus
in a large population of patients.
PATIENTS AND METHODS
This prospective observational nonrandomized clinical study was
performed at Quinze-Vingts National Ophthalmology Hospital,
Paris, France. Informed consent was obtained from each patient
before inclusion in the study according to the tenets of the Decla-
ration of Helsinki, and the study was approved by the Ethics Com-
mittee of the French Society of Ophthalmology (Institutional
Review Board 00008855).
Data on consecutive cases of progressive keratoconus followed

from January 2014 to January 2016 were collected and prospec-
tively analyzed. All patients had a complete ocular examination.
The criteria for keratoconus diagnosis were the presence of central
corneal thinning, conical protrusion, Vogt striae, or Fleisher ring
on slitlamp examination and a keratoconic appearance on topo-
graphic maps.
Patients were examined every 6 months. Keratoconus progres-

sion was defined as an increase of at least 1.0 diopter (D) in the
steepest keratometry (K) measurement over a period of 6 months.
At the end of the examination, patients defined as evolving
benefited from CXL. Criteria relating to a loss of visual acuity
and changes in subjective refraction were not taken into account
because their evaluation was not reliable.20,21

The inclusion criteria were mild to moderate keratoconus (stage
1 to 3 according to the Amsler-Krumeich classification22) with a
minimum corneal thickness greater than 380 mm, compatible
with treatment by CXL. To avoid bias, if both eyes of a patient
were eligible, only the right eye was included. The exclusion
criteria were any type of previous ocular surgery, including CXL,
corneal rings, or keratoplasty. Contact lens wearers were in-
structed to discontinue their use at least 2 weeks before the exam-
ination to avoid false K and pachymetric values.23,24

This study used a Fourier-domain OCT system (RTVue, Opto-
vue, Inc.) with a corneal adaptor module. This system works at a
wavelength of 830 nm and has a scan speed of 26 000 axial scans
per second and a depth resolution of 5 mm in tissue.
Corneal epithelial and stromal thicknesses were defined as the

distances between the air–tear and the epithelium–Bowman layer
interfaces and between the Bowman layer–stroma and stroma–
Descemet membrane interfaces, respectively. The keratoconus
cone was located at the thinnest point according to pachymetry.
A pachymetry scan pattern (6.0 mm scan diameter, 8 radials,

1024 axial scans, each repeated 5 times) centered on the center
of the pupil was used tomap the cornea. The corneal adaptormod-
ule software (version 5.5) automatically processed the OCT scan to
provide the pachymetry corneal thickness map and the epithelial
thickness map. The following corneal thickness parameters were
recorded: thinnest corneal thickness and central corneal thickness
Volume 45 Issue 2 February 2019
(CCT), difference between superior and inferior (S–I) mean thick-
ness, difference between the thinnest and the thickest thicknesses,
the position (X and Y coordinates) of the thinnest point besides the
center of the cornea. The following epithelial thickness parameters
were recorded: central and thinnest epithelial thicknesses,
maximum epithelial thickness, difference between the minimum
and maximum thickness, mean S–I thicknesses.
Corneal topography was assessed with a scanning-slit corneal

topographer (Orbscan IIz, Bausch & Lomb Surgical, Inc.). The
following topographic data were recorded: maximum K measure-
ment, simulated maximum K measurement, minimum K mea-
surement, simulated astigmatism at the center and in the
paracentral 3.0 to 5.0 mm, and mean corneal power in the para-
central 3.0 to 5.0 mm.
At least 3 images were obtained of each examination to ensure

quality of the scanning-slit corneal topographer and OCT acquisi-
tions. The images were visually inspected, and the best was
selected according to the quality of the keratoscope photographs
and OCT scans.
Moreover, the repeatability of OCT and topography analyses

was first assessed by having 2 experienced operators perform 3
consecutive examinations on a sample of 30 keratoconus cases
in both groups. The interobserver agreement for the measurement
of epithelial and stromal thickness and maximum K values was as-
sessed by the intraclass correlation coefficient (ICC); the limits of
agreement were assessed using the Bland-Altman method. The
ICC was considered reliable if the values were between 0.4 and
0.75; values greater than 0.75 were considered excellent.
The results are presented as means G SD for continuous vari-

ables and as proportions for discrete variables. The d’Agostino-
Pearson test was used to assess the normal distribution of the
data, after which parametric statistics were used. Student t tests
were used to compare initial parameters between groups and to
compare parameters within and between groups. The Spearman
correlation coefficient test was used to explore the relationship be-
tween values. Given the number of correlations tested, a Bonferro-
ni correction was performed. For binary outcomes, the stratified
Cochran chi-square test was used for intergroup comparisons of
proportions.
Receiver operating characteristic (ROC) curve analyses were

performed to evaluate the diagnostic performance of various pa-
chymetric data. The area under the ROC curve (area under the
curve [AUC]) was calculated for each variable. Interobserver
agreement for the measurement of epithelial and stromal thick-
nesses from OCT images and for the measurement of topographic
parameters with the scanning-slit corneal topographer was as-
sessed by calculating the ICC.
Corrected P values less than 0.05 were considered to be statisti-

cally significant. Statistical analysis was performed using SPSS for
Windows software (version 20.0, IBM Corp.).

RESULTS
In this study, 134 eyes of 134 patients were analyzed, 98
with progressive keratoconus and 36 with nonprogressive
(stable) keratoconus. Of all patients, 90 wore contact lenses.
Table 1 shows the patients’ demographic, topographic, and
pachymetric data. The baseline characteristics in the pro-
gressive keratoconus group and in the stable keratoconus
group were similar. The mean follow-up was 8.4 G
3.25 months and 7.94G 3.48 months, respectively. No signif-
icant differences in topographic or pachymetric parameters
were detected between the 2 groups.
Table 2 shows the changes in topographic parameters

over time by group. Table 3 shows the changes in pachy-
metric parameters over time by group. The mean
maximum K variation was significant in in the progressive



Table 1. Comparison of baseline demographic, topographic, and pachymetric data between progressive keratoconus group
and nonprogressive keratoconus group.

Parameter Progressive (n Z 98) Nonprogressive (n Z 36) P Value

Mean age (y) 27.02 G 6.45 25.90 G 7.10 .17*

Mean follow-up (mo) 8.4 G 3.25 7.94 G 3.48 .41*

Amsler-Krumeich (n)

Stage 1 0 0 .9†

Stage 2 50 18

Stage 3 48 18

Stage 4 0 0

Mean K (D)

Maximum 53.21 G 5.65 52.78 G 5.34 .72*

Simulated maximum 50.02 G 5.38 49.51 G 5.43 .67*

Mean elevation (mm)

Anterior 7.69 G 0.35 7.74 G 0.27 .60*

Posterior 6.18 G 0.34 6.24 G 0.25 .53*

Mean astigmatism (D)

Simulated Kmax 4.51 G 2.71 4 G 2.65 .34*

Simulated Kmin 45.99 G 4.25 45.42 G 3.65 .54*

Mean corneal power (D)

Paracentral 3–5 mm 46.31 G 6.65 46.85 G 3.02 .65*

Paracentral 5–7 mm 45.18 G 2.49 44.89 G 1.79 .63*

Mean corneal thickness (mm)

Central 466.18 G 38.2 457.3 G 38.9 .22*

Thinnest 438.07 G 43.63 431 G 39.7 .35*

Minimum–maximum �110.2 G 45.15 �105.2 G 29.85 .50*

Superior–inferior 48.35 G 20.76 49.11 G 21.24 .89*

Mean epithelial thickness (mm)

Central 51.25 G 6.22 49.36 G 5.68 .16*

Thinnest 40.05 G 4.95 40.63 G 6.05 .70*

Maximum 64.2 G 7.8 62.1 G 6.62 .37*

Minimum–maximum �27.1 G 10.3 �21.45 G 8.58 .19*

Superior 56.57 G 4.74 54.77 G 4.53 .12*

Inferior 50.1 G 5.1 50.42 G 4.51 .81*

K Z keratometry
Means G SD
*Student t test for intergroup comparison
†Chi-square test
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group (P! .0001) but not in in the stable group (PZ .31).
In the progressive group, significant thinning was observed
in the following parameters: CCT (P ! .0001), thinnest
corneal thickness variation (P ! .0001), central epithelial
thickness variation (P Z .002), and thinnest epithelial
thickness variation (P! .0001). In the stable group, no sig-
nificant changes in the thicknesses measured were
observed.
Changes in the topographic data obtained with the

scanning-slit corneal topographer were significant in the
progressive group only for the following parameters: simu-
lated maximum K (P ! .0001), simulated minimum K
(P Z .007), and mean corneal power in the paracentral
3.0 to 5.0 mm (P ! .0001).
Table 4 shows the correlations between the changes in

each topographic and pachymetric parameter. The topo-
graphic parameter correlated with the largest number of pa-
chymetric parameters was the maximum K variation. The
pachymetric parameter correlated with the largest number
of topographic parameters was the thinnest corneal
thickness variation. Changes in the maximum K value
were significantly correlated with changes in CCT, thinnest
corneal thickness, thinnest epithelial thickness, thinnest
epithelial thickness, simulated maximumK, simulated min-
imum K, and mean corneal power in the paracentral 3.0 to
5.0 mm.
Comparison of scanning-slit corneal topography and

OCT corneal and epithelial mapping repeatability showed
that the OCT and keratometric images yielded highly
reproducible epithelial and stromal thickness measure-
ments. Interobserver repeatability for the maximum K,
CCT, and thinnest corneal thickness measurements by
the scanning-slit corneal topographer were 0.29 D (95%
confidence interval [CI], 0.18-0.39), 8.6 mm (95% CI, 5.7-
11.4), 8.6 mm (95% CI, 4.6-12.7), respectively. Interobserver
repeatability for CCT, thinnest corneal thickness, central
epithelial thickness, and thinnest epithelial thickness mea-
surements by the Fourier-domain OCT were 4.8 mm
(95% CI, 3.8-5.8), 2.1 mm (95% CI, 1.4-2.8), 1.9 mm (95%
CI, 1.1-2.6), and 1.8 mm (95% CI, 1.0-2.6), respectively.
Volume 45 Issue 2 February 2019



Table 2. Changes in topographic parameters over time in progressive keratoconus group and nonprogressive keratoconus
group.

Parameter

Mean ± SD

Progressive (n Z 98) Nonprogressive (n Z 36)

Variation P Value* Variation P Value*

K (D)

Maximum 2.1 G 1.2 !.0001† �0.03 G 0.39 .31

Simulated maximum 1.54 G 2.14 !.0001† 0.11 G 0.55 .11

Elevation (mm)

Anterior �0.06 G 0.12 !.0001† 0.00 G 0.06 .41

Posterior 0.03 G 0.2 .03† 0.01 G 0.10 .31

Mean astigmatism (D)

Simulated Kmax 0.25 G 1.02 .02† �0.18 G 0.64 .52

Simulated Kmin 0.91 G 2.21 .007† 0.24 G 0.66 .18

Corneal power (D)

Paracentral 3–5 mm 0.93 G 1.25 !.0001† 0.03 G 0.58 .38

Paracentral 5–7 mm 0.46 G 1.26 .002† 0.03 G 0.36 .29

Astigmatism (D)

Paracentral 3–5 mm 0.19 G 0.85 .04† �0.06 G 0.34 .17

Paracentral 5–7 mm 0.21 G 0.91 .02† �0.01 G 0.62 .47

K Z keratometry
*Student t test for within-group comparison
†Statistically significant (P ! .05)
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Corneal thickness was better evaluated by OCT than by
scanning-slit corneal topography. Finally, thinning of
4.2 mm at the thinnest corneal thickness, measured by the
Fourier-domain OCT, had more than a 95% probability
of corresponding to true corneal thinning.
Considering these results, the values for which a modifi-

cation of the parameter has a 95% probability of corre-
sponding to a real change was defined. A 0.6 D increase
in the maximum K measurement by the scanning-slit
Table 3. Changes in pachymetric parameters over time in progre
group.

Parameter

Progressive (n Z 98)

Variation P Value*

Corneal thickness (mm)

Central �7.04 G 11.8 !.0001†

Thinnest �7.98 G 9.3 !.0001†

Minimum–maximum 5.80 G 18.65 .01

Superior–inferior �0.62 G 40.45 .36

X coordinate 62.73 G 447 .24

Y coordinate �71.54 G 356 .19

Epithelial thickness (mm)

Central �1.8 G 4.8 .002†

Thinnest �1.53 G 2.9 !.0001†

Maximum �2.80 G 3.76 .26

Minimum–maximum 1.19 G 3.73 .38

Superior �1.52 G 2.84 .32

Inferior �1.71 G 2.61 .26

X and Y coordinates Z the thinnest point besides the center of the cornea
*Student t test for within-group comparison
†Statistically significant (P ! .05)
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corneal topographer has 95% of probability of reflecting
posterior steepening, and a 4 mm decrease of the thinnest
corneal thickness measurement by the Fourier-domain
OCT has 95% of probability of reflecting real corneal
thinning.
Figure 1 shows the ROC curve for thinnest corneal thick-

ness on OCT. A positive test result indicates progressive
keratoconus and a negative test result indicates nonprogres-
sive keratoconus, according to the definition given above
ssive keratoconus group and nonprogressive keratoconus

Mean ± SD

Nonprogressive (n Z 36)

Variation P Value*

1.77 G 6.1 .06

�0.52 G 4.21 .22

�0.51 G 19.92 .44

0.22 G 10.36 .44

18.15 G 414.32 .40

106 G 341 .37

�0.52 G 2.14 .08

�0.44 G 3.15 .20

�1.31 G 3.16 .18

�0.37 G 4.6 .41

�1 G 2.26 .16

�0.94 G 2.27 .19



Table 4. Correlations between the variations of topographic and pachymetric parameters.

Parameter

Parameter Kmax SimKmax ElevAnt SimKAstig SimKmin MeanPwr3–5 CCT TCT CET

Kmax d d d d d d d d d

SimKmax

r value 0.66 d d d d d d d d

P value .001 d d d d d d d d

ElevAnt

r value �0.51 �0.60 d d d d d d d

P value !.001 !.001 d d d d d d d

SimKAstig

r value 0.44 0.31 �0.25 d d d d d d

P value !.001 .001 .001 d d d d d d

SimKmin

r value 0.47 0.64 �0.58 �0.08 d d d d d

P value !.001 !.001 !.001 .438 d d d d d

MeanPwr3–5

r value 0.60 0.77 �0.69 0.23 0.70 d d d d

P value !.001 !.001 !.001 .026 !.001 d d d d

CCT

r value �0.47 �0.50 0.47 �0.14 �0.44 �0.56 d d d

P value !.001 !.001 !.001 .155 !.001 !.001 d d d

TCT

r value �0.61 �0.56 0.57 �0.30 �0.42 �0.67 0.60 d d

P value !.001 !.001 !.001 .002 !.001 !.001 !.001 d d

CET d d

r value �0.28 �0.21 0.17 0.03 �0.27 �0.18 0.18 0.12 d

P value .003 .029 .078 .769 .006 .081 .086 .218 d

TET

r value �0.21 �0.11 0.005 �0.06 �0.10 �0.12 0.12 0.22 0.28

P value* .041 .270 .957 .564 .324 .279 .267 .022 .004

CCT Z central corneal thickness; CET Z central epithelial thickness; ElevAnt Z anterior elevation; Kmax Z maximum keratometry; MeanPwr3–5 Z mean
corneal power in paracentral 3–5 mm; SimKAstig Z simulated astigmatism; SimKmax Z simulated maximum keratometry; SimKmin Z simulated minimum
keratometry; TCT Z thinnest corneal thickness; TET Z thinnest epithelial thickness
*Statistically significant (P ! .05; Spearman correlation test)
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(keratoconus progression was defined as an increase of at
least 1.0 D in the steepest K measurement over a period
of 6 months). The optimum cutoff point for distinguishing
Figure 1. The receiver operating characteristic curve for the change
in thinnest corneal thickness with optical coherence tomography.
The optimum cutoff point for distinguishing between keratoconus
progress and stable keratoconus was identified as �5 mm. This
threshold value was associated with a sensitivity of 68% and a
specificity of 89% for the diagnosis of keratoconus progression;
change in TCT/AUC Z 0.79 (AUC Z area under the curve;
TCT Z thinnest corneal thickness).
between keratoconus progress and stable keratoconus was
identified as �5 mm. This threshold value was associated
with a sensitivity of 68% and a specificity of 89% for the
diagnosis of keratoconus progression, with AUC at 0.79.
The ROC curves were plotted for CCT (sensitivity of

46%, specificity of 94% with a cutoff value at �7 mm), cen-
tral epithelial thickness (sensitivity of 15%, specificity of
97% with a cutoff value at �5 mm), and thinnest epithelial
thickness (sensitivity of 17% and a specificity of 97% with a
cutoff value at�5 mm), and had lower performances for the
positive diagnosis of keratoconus progression.
DISCUSSION
Keratoconus is a noninflammatory disease characterized by
progressive corneal thinning and apical protrusion. Several
studies have tried to define models for the prediction of ker-
atoconus progression. Choi et al.25 used several topographic
analyses to document the disease progression. Ahn et al.26

tracked the longitudinal changes in the topographic find-
ings of keratoconus up to keratoplasty and suggest a crite-
rion for the keratoconus progression taken from diverse
topographic indices of the Orbscan IIz scanning-slit corneal
topographer. Kanellopoulos et al.27 recommend using the
Volume 45 Issue 2 February 2019



164 FOURIER-DOMAIN OCT AND KERATOCONUS PROGRESSION
index of surface variance and the index of height decentra-
tion to diagnose the progression of keratoconus.
No corneal thinning threshold for disease progression

has yet been defined. In this study, we observed thinning
of the corneal central and minimum thickness in cases of
progressive keratoconus. We found that changes in
maximum K were strongly correlated with corneal and
epithelial thinning in the central and thinnest areas.
Indeed, in histologic studies, a decrease in the number of

collagen lamellae in keratoconus and excessive stromal
degradation have been shown to occur, inducing an in-
crease in proteolytic activity.28,29 According to Sykakis
et al.,30 there is a correlation between stromal thinning
and the number of breaks in the Descemet layer. During
6 years of follow-up of keratoconus cases, 18% of which
were progressive, Fujimoto et al.31 noted significant thin-
ning of the thinnest cornea measured by anterior segment
swept-source OCT each year. However, there was no
comparative analysis of progressive cases and nonprogres-
sive cases of keratoconus.
There was significant epithelial thinning at the thinnest

point in cases of progressive keratoconus. In this keratoco-
nus, the basal epithelial cells are irregularly arranged, there
is a decrease in cell density, and epithelial thickness is nega-
tively correlated with the severity of ectasia in the early stage
of the disease.4,32,33 Furthermore, it has been suggested that
there is a correlation between the number of breaks in De-
scemet layer and the epithelial thickness.34 In vivo epithelial
mapping analysis is a recent development. Using Fourier-
domain OCT, Rocha et al.32 found thinning of the epithe-
lium at the vertex surrounded by a thickened circle in areas
of lesser anterior elevation. This doughnut-shape modifica-
tion might reflect a tendency of the epithelium to regulate
the corneal surface.33,34

Current elevation topography analyzes the anterior and
posterior sides of the cornea, comparing them with a
best-fit sphere calculated from the raw elevation data
such that the radius selected corresponds to the best fit to
the corneal surface. According to Belin et al.,35 in corneas
with pathology, corneal deformation distorts the best-fit
sphere, minimizing the elevation data. Corneal topography
analyses provide no information about structural modifica-
tions in progressive keratoconus.36 Schlegel et al.37 showed
that visible anomalies on curvature maps were preceded by
modifications of the posterior elevation. Thus, topographic
modifications are delayed when keratoconus progresses.
Because maximum K is the steepest anterior corneal curva-
ture from a central area,38 it cannot not be used to diagnose
the progression of ectasia involving the posterior face of the
cornea.39 Progressive posterior ectasia must include thin-
ning at the thinnest point.40 Interestingly, Grieve et al.,41

in their analysis of pathological corneal lenticules, showed
that in vitro Fourier-domain OCT (axial resolution 1 mm)
provided results representative of the histological reality
for the cornea.
We evaluated the precision of measurements obtained

with RTVue Fourier-domain OCT device and the Orbscan
IIz scanning-slit corneal topographer. The mean
Volume 45 Issue 2 February 2019
interobserver variation of maximum K measurement was
0.3 D. This value is close to that reported by Hashemi
et al.17 for keratoconus; they found maximum K values
between 50.0 D and 55.0 D, which is much lower than
the value reported by Guilbert et al.16 for Amsler-
Krumeich stage 1 and 2 keratoconus and for all stage
scombined. The mean interobserver variation was
4.8 mm for the thinnest corneal thickness and 1.8 mm
for the thinnest epithelial thickness. These values are
similar to those reported by Li et al.34 (3.9 mm and
1.8 mm, respectively). We used the repeatability thresholds
of the scanning-slit corneal topographer maximum K
measurements and Fourier-domain OCT corneal and
epithelial minimum thicknesses to establish the sensitivity
and specificity of the variation of each parameter for the
diagnosis of keratoconus progression. A comparison of
patients with and without significant changes in thinnest
corneal thickness showed that this parameter changed in
the most progressive cases of keratoconus. The other mea-
surements (CCT, central epithelial thickness, thinnest
epithelial thicknesses) had lower performances in terms
of diagnosing keratoconus progression.
We attempted to define values for thinning of the epithe-

lium and cornea that could be used to diagnose the progres-
sion of ectasia. Given the repeatability of OCT
measurements, 5 mm thinning of the thinnest corneal thick-
ness between 2 consecutive tests was found to have a sensi-
tivity of 68% and a specificity of 89% for the diagnosis of
disease progression.
The 89% specificity of a 5 mmdecrease in thinnest corneal

thickness is good to distinguish progressive keratoconus.
However, 68% sensitivity is quite low. Values might have
been more explicit if we had studied keratoconus with
more posterior steepening and more thinning. However,
it would have not been ethical; indeed, CXL was performed
when the maximum K value increased by 1.0 D, according
to the established criteria. Finally, our purpose was not to
define 5 mm of thinning at the thinnest cornea area as an
absolute and exclusive value for the ectatic progression;
however, we suggest taking it into account in addition to in-
creases in K measurements.
In the absence of consensus criteria, we defined progres-

sive cases as those in which the increase in maximum K was
at least 1.0 D over 6 months. Maximum K is the most
commonly used parameter to detect or document ectatic
progression. We chose the value of 1.0 D over 6 months
because it has been suggested by several authors studying
the efficiency of CXL.9–13,42,43 Few authors chose corneal
thinning to define the progression of the disease, and no
consistent value has been quoted.44,45 Because we wanted
to evaluate corneal thinning to define the progression of
the disease, it was not rational to define the groups with
this measure. Moreover, in the progressive keratoconus
group, the mean maximum K increased to 2.1 D during
follow-up, indicating that these cases were clearly progres-
sive. Furthermore, the increase in maximum K was corre-
lated with other topographic data, such as anterior
elevation, simulated maximum K, mean power, and
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simulated astigmatism in the paracentral 3.0 to 5.0 mm,
suggesting that the groups identified in this study were
pertinent.26

The mean follow-up in our study was 8.4 months. All pa-
tients diagnosed with progressive keratoconus had CXL
treatment. A longer follow-up for corneal and epithelial
mapping for progressive keratoconus would have been
interesting but would also have been unethical and was
therefore not performed.
The patients in our study population had grade I or II

keratoconus on the Sandali classification.4 Patients with
advanced keratoconus who had lost corneal transparency
and had major corneal thinning were not included. Our
final objective was to evaluate the use of corneal mapping
to determine whether CXL was appropriate. We did not,
therefore, consider the absence of advanced keratoconus
cases to be a major limitation.
Topographic data do not reflect the structural changes

occurring during the aggravation of ectasia. Based on pa-
chymetric parameters measured by Fourier-domain OCT,
we showed that corneal thinning and epithelial thinning
were correlated with corneal deformation. The use of
Fourier-domain OCT for the follow-up of keratoconus ap-
pears to be indicated even in the absence of topographic
progression criteria. Corneal thinning at the thinnest part
of the cornea was found to be a particularly strong marker
of evolution.
To conclude, high-resolution Fourier-domain OCT was

useful for accurate corneal mapping. Consistent with pa-
thology findings, corneal thinning at the thinnest part of
the cornea was found to be a particularly good marker for
assessing disease progression. Given the imprecision of
topographic measurements, in particular in abnormal cor-
neas, corneal thinning seems to be a very pertinent param-
eter for determining whether CXL is appropriate and
should therefore be included in the routine examinations
during the follow-up of keratoconus patients.
WHAT WAS KNOWN
� Keratoconus is characterized by progressive corneal thin-
ning and apical protrusion.

� No corneal thinning threshold for disease progression has
been defined.

WHAT THIS PAPER ADDS
� New anatomic criteria were established based on corneal
OCT for progressive keratoconus.

� Maximum K was strongly positively correlated with corneal
and epithelial thinning in the central and thinnest areas.

� A 5 mm thinning thinnest area of the cornea had a sensitivity
of 68% and a specificity of 89% for the diagnosis of disease
progression.
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