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Fourier-Domain Optical Coherence
Tomography Imaging in Keratoconus
A Corneal Structural Classification

Otman Sandali, MD,1 Mohamed El Sanharawi, MD, MPH,1,2 Cyril Temstet, MD,1 Taous Hamiche, BOpt,1

Alice Galan, BOpt,1 Wajdene Ghouali, MD,1 Isabelle Goemaere, BOpt,1 Elena Basli, MD,1

Vincent Borderie, MD, PhD,1 Laurent Laroche, MD1

Objective: To study corneal morphologic changes in a large keratoconic population and to establish
a structural optical coherence tomography (OCT) classification.

Design: Cross-sectional, observational study.
Participants: A total of 218 keratoconic eyes from 218 patients and 34 eyes from 34 normal subjects.
Methods: A Fourier-domain OCT system with 5-mm axial resolution was used. For each patient, 3 high-

resolution scans were made across the keratoconus cone. All scans were analyzed by keratoconus specialists
who were not given access to patients’ clinical and topographic data, and who established an OCT classification.
The reproducibility of the classification and its correlation with clinical and paraclinical characteristics of patients
with keratoconus were evaluated. The OCT examinations were performed every 4 months to follow up structural
corneal changes.

Main Outcome Measures: Evaluation of the structural corneal changes occurring in keratoconus cases with
various stages of severity based on OCT findings.

Results: Fourier-domain OCT classification containing 5 distinct keratoconus stages is proposed. Stage 1
demonstrates thinning of apparently normal epithelial and stromal layers at the conus. Stage 2 demonstrates
hyperreflective anomalies occurring at the Bowman’s layer level with epithelial thickening at the conus. Stage 3
demonstrates posterior displacement of the hyperreflective structures occurring at the Bowman’s layer level with
increased epithelial thickening and stromal thinning. Stage 4 demonstrates pan-stromal scar. Stage 5 demon-
strates hydrops; 5a, acute onset: Descemet’s membrane rupture and dilaceration of collagen lamellae with large
fluid-filled intrastromal cysts; 5b, healing stage: pan-stromal scarring with a remaining aspect of Descemet’s
membrane rupture. The reproducibility of the classification was very high between the corneal specialist
observers. Clinical and paraclinical characteristics of keratoconus, including visual acuity, corneal epithelium and
stromal thickness changes, corneal topography, biomechanical corneal characteristics, and microstructural
changes observed on confocal microscopy, were concordant with our OCT grading.

Conclusions: Optical coherence tomography provides an accurate assessment of structural changes
occurring in keratoconus eyes. These changes were correlated with clinical and paraclinical characteristics of
patients. The established classification not only allows structural follow-up of patients with keratoconus but also
provides insight into the pathogenesis of keratoconus and treatment strategies for future research.

Financial Disclosure(s): The author(s) have no proprietary or commercial interest in any materials discussed
in this article. Ophthalmology 2013;-:1e10 ª 2013 by the American Academy of Ophthalmology.
Keratoconus is the most common primary ectatic corneal
disorder. It is characterized by progressive corneal thinning,
irregular astigmatism, and corneal protrusion that may
eventually result in scarring and loss of vision.1e6

Many classifications of keratoconus, based on the
morphology of the cone, slit-lamp appearance, and indirect
topographic patterns, have been proposed in the liter-
ature.3,7e14 However, these classifications may have not taken
into account direct corneal microstructure and histologic
changes occurring during keratoconus evolution. Indeed,
amicrostructural corneal analysis directly reflects corneal layer
� 2013 by the American Academy of Ophthalmology
Published by Elsevier Inc.
abnormalities occurring in keratoconus and is more informa-
tive than the corneal topographic changes in the assessment of
corneal architecture.

In vivo confocal microscopy provided greater insight
into the morphologic changes that occur with this
progressive corneal ectasia, thereby improving our under-
standing of the disease. Epithelium changes, Bowman’s
layer disruption and splitting in the region of the cone,
decrease in keratocyte density, stromal haze, and hyper-
reflectivity are the main abnormalities described on
confocal microscopic images.15,16
1ISSN 0161-6420/13/$ - see front matter
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Reinstein et al17e19 clearly demonstrated epithelium and
stromal thinning in patients who develop keratoconus with
the Artemis very high-frequency digital ultrasound system.1

Anterior segment optical coherence tomography (AS-
OCT) is a noncontact technique based on the principles of
low-coherence interferometry. Fourier-domain optical
coherence tomography (OCT) is a new generation of OCT
capable of acquiring scans 10 to 100 times faster than time-
domain OCT systems and enhancing the accuracy and
resolution of acquisition.20e22 Li et al23 recently developed
software algorithms that automatically map the corneal
epithelium thickness, facilitating keratoconus detection.

Anterior segment OCT is widely used by ophthalmol-
ogists, permitting accurate examination and measurements
of different corneal layers in a few seconds. High-
resolution scans allow an accurate analysis of corneal
structural changes and permit a good distinction of the
epithelium layer, front and back of the Bowman’s layer,
stroma, Descemet’s membrane, and endothelium. The
current treatments of keratoconus, such as corneal cross-
linking and intrastromal ring implantation, should reason-
ably consider corneal structural changes occurring in
keratoconus. A standardized OCT grading system of ker-
atoconus seems to be relevant and useful for corneal
specialists in clinical practice, permitting a structural
follow-up of patients with keratoconus. To the best of our
knowledge, no established classification of keratoconus
based on OCT exists at present.

The purpose of this study is to determine and evaluate
a new reproducible and reliable classification based on
structural corneal changes observed on OCT in a large and
heterogeneous population of patients with keratoconus.
Patients and Methods

Patients

We performed an analysis of prospectively collected data of
consecutive patients followed from January 2012 to January 2013
in a reference center for keratoconus at the Quinze-Vingts National
Ophthalmology Hospital (Paris, France). Eye assessment and
follow-up of patients were carried out according to the standard
operative procedures of the center. Ethics board committee
approval from our institution was obtained for the investigation.

Exclusion criteria comprised any type of prior ocular surgery
or trauma, associated corneal pathologic features, and patients
who had undergone collagen cross-linking, corneal rings, or
keratoplasty.

The resulting series included 218 heterogeneous cases of
keratoconus, varying from mild cases (<45 diopters [D] in both
meridians) to advanced cases with corneal scars and hydrops.
Each had a characteristic keratoconic appearance on the topo-
graphic map (asymmetric bowtie with skewed radial axis, central
or inferior steep zone, or claw shape). The keratoconic slit-lamp
findings included Munson’s sign, Vogt’s striae, Fleischer ring,
apical scar, apical thinning, Rizutti’s sign, corneal scars, and
hydrops. To avoid selection bias, only the eye with the most
advanced keratoconus, according to the Amsler classification,
was selected.3

Thirty-four eyes of 34 patients seeking a refractive surgery
consultation were included in the control group. All had normal
slit-lamp microscopy findings and normal topographic features.
2

Data Collection

Best spectacle-corrected visual acuity (BSCVA) was measured using
aconventionalSnellen chart.Central andminimumcorneal thicknesses,
and epithelium and stromal thicknesses at the apexweremeasured with
the use of a Fourier-domain OCT system (RTVue; Optovue, Inc.,
Fremont, CA). Corneal topography, biomechanical corneal character-
istics, and confocal microscopic features were analyzed.

Optical Coherence Tomography

A Fourier-domain OCT system (RTVue) with a corneal adaptor
module was used in this study. The system works at 830-nm wave-
length and has a scan speed of 26 000 axial scans per second. The
depth resolution is 5 mm (full-width half-maximum) in tissue. The
RTVue corneal adaptor module software (version 5.5) automatically
processes the OCT scans to provide the 6-mm scan diameter
pachymetry map and the minimum corneal thickness. An epithelium
mapping software (RTVue epithelium mapping) was used to study
the epithelium thickness profile at different stages of keratoconus.

The keratoconus cone was located at the thinnest point of
pachymetry. Epithelium and stromal thicknesses were then
measured at the apex of keratoconus.

Corneal epithelial and stromal thicknesses were measured
manually as the distances between the airetear and the epitheliume
Bowman’s layer interfaces and between the Bowman’s layere
stroma and stromaeDescemet’s membrane interfaces, respectively.
The cursors were placed perpendicular to the anterior ocular surface
at the point of measurement. All measurements were made by 2
different examiners (A.G. and T.H.).

For each patient, 3 high-resolution scans were made across the
conus to evaluate structural corneal changes. All OCT scans were
analyzed by 3 keratoconus specialists (O.S., V.B., and L.L.). A
keratoconus classification was established according to the struc-
tural changes occurring at the conus. The keratoconus specialists
were not given access to patients’ clinical and topographic data.

To evaluate the reproducibility of the classification, OCT scans
were then independently classified, according to our established
grading system, by 2 corneal specialist observers (O.S. and C.T.).
The OCT examinations were performed every 4 months on the
follow-up. Clinical and paraclinical characteristics of patients with
keratoconus were compared between different stages to evaluate
whether the described stages could constitute a grading of severity.

Topography

Corneal topography was assessed with the Orbscan IIz (Bausch &
Lomb Surgical, Rochester, NY). The steepest and the mean
simulated keratometry values were recorded. For advanced kera-
toconus cases, we concluded the impossibility of topographic map
measurement after 3 attempts at acquisition.

Corneal Biomechanical Properties

Biomechanical corneal characteristics were assessed with the
Ocular Response Analyzer (Reichert, Inc, Buffalo, NY). Corneal
hysteresis (CH) and corneal resistance factor (CRF) were recorded.

In Vivo Laser Scanning Confocal Microscopy

Microstructural stromal changes were studied with a cornea-
specific in vivo laser scanning confocal microscope (Heidelberg
Retina Tomograph 2 with Rostock Cornea Module, HRT 2-RCM,
Heidelberg Engineering GmbH, Dossenheim, Germany). Confocal
microscopic examination was performed only on patients who
were scheduled to undergo crosslinking, corneal segment ring
implantation, or keratoplasty, which represent 38% of patients with



Figure 1. AeD, Scans show optical coherence tomography (OCT) aspects of different patients with keratoconus classified as stage 1: thinning of epithelial
and stromal layers at the conus. Corneal layers have a normal aspect. Arrows indicate the keratoconus cone location. All scale bars represent 250 mm.
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keratoconus (82 patients). Epithelial changes and Bowman’s layer
and stromal abnormalities were evaluated and compared with
aspects observed on AS-OCT.

Statistical Analysis

Results are presented as mean � standard deviation for continuous
variables and as proportions (%) for categoric variables. The distri-
bution pattern of the variables includedwas comparedwith a theoretic
normal distribution using a KolmogoroveSmirnov test. The Student t
test, nonparametric ManneWhitney test, and KruskaleWallis test
were used to compare continuous data as appropriate. For binary
outcomes, the stratified Cochran chi-square test and the Fisher exact
test were used for intergroup comparisons of proportions when
Figure 2. The optical coherence tomography (OCT) aspects of different patie
Bowman’s layer level with epithelial thickening. Contrary to scans in AeD (sta
striae are present in D and had the appearance of dark parallel stromal linear b
appropriate. Linear regression, with evaluation of the Pearson coeffi-
cient, was used to analyze associations between 2 continuous vari-
ables. Because many comparisons were performed, the Bonferroni
correction was used to correct the P value.

In regard to the keratoconus OCT staging, agreement between
observers was assessed using a chi-square test and the k statistic, the
latter allowing estimation of the level of agreement taking into
account agreement obtained by chance. k statistics were interpreted
using ranges suggested by Landis and Koch24: 0 to 0.20, slight
agreement; 0.21 to 0.40, fair agreement; 0.41 to 0.60, moderate
agreement; 0.61 to 0.80, substantial agreement; and more than
0.80, almost perfect agreement. Interobserver agreement for the
measurement of epithelial and stromal thickness using OCT
images and agreement between OCT and Orbscan for the
nts with keratoconus classified as stage 2: hyperreflective anomalies at the
ge 2a), stromal opacities are present in scans in E and F (stage 2b). Vogt’s
ands. All scale bars represent 250 mm.
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Figure 3. The optical coherence tomography (OCT) aspects of different patients with keratoconus classified as stage 3: posterior displacement of the
hyperreflective structures occurring at the Bowman layer level with increased epithelial thickening and stromal thinning. Contrary to scans in AeF (stage 3
a), stromal opacities are present in scans in GeI (stage 3b). All scale bars represent 250 mm.
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measurement of central andminimal corneal thicknesswere assessed
by the intraclass correlation coefficient (ICC), and the limits of
agreement were assessed using the BlandeAltman method. The
ICC was also used to evaluate the reproducibility of epithelial
thickness between manual measurements and epithelial thickness
map. The ICC was considered reliable if the values were between
0.4 and 0.75, and values >0.75 were considered excellent.
Corrected P values <0.05 were considered statistically significant.
Statistical analysis was carried out using SPSS for Windows
version 20.0 (SPSS, Inc, Chicago, IL).
Figure 4. The optical coherence tomography (OCT) aspects of different pa
hourglass-shaped scar with increased epithelial thickening (CeF). All scale ba

4

Results

AnatomicDescription (Optical CoherenceTomography)

A total of 688 scans were studied. Data were analyzed for 34 eyes
of 34 normal subjects and 218 eyes of 218 keratoconic patients.
The established OCT keratoconus classification was based on
structural corneal changes occurring at the conus and was defined
as follows: stage 1, thinning of epithelial and stromal layers at the
conus, and corneal layers have a normal aspect; stage 2,
tients with keratoconus classified as stage 4: pan-stromal scar. Aspect of
rs represent 250 mm.



Figure 6. The optical coherence tomography (OCT) evolution of 1 patient (A, B) who developed corneal hydrops. C, D, Stage 5a: acute onset. Descemet’s
membrane rupture with dilacerations of collagen lamellae, large fluid-filled intra-stromal cysts, and epithelial edema formation. E, F, Stage 5b; healing stage.
Pan-stromal scarring with a remaining aspect of Descemet’s membrane rupture. All scale bars represent 250 mm.
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hyperreflective anomalies occurring at the Bowman’s layer level
(varying from a barely visible hyperreflective line to a hypertrophic
scar) and epithelial thickening at the conus (2a, clear stroma; 2b,
stromal opacities); stage 3, posterior displacement of the hyper-
reflective structures occurring at the Bowman’s layer level with
increased epithelial thickening and stromal thinning (3a, clear
stroma; 3b, stromal opacities); stage 4, pan-stromal scar. In stage 4,
when the residual stroma is thin, it acquires an hourglass-shaped
scar with increased epithelial thickening. Stage 5 represents the
acute form of keratoconus (hydrops): 5a, acute onset, characterized
by the rupture of Descemet’s membrane with dilacerations of
collagen lamellae, large fluid-filled intrastromal cysts, and the
formation of epithelial edema; 5b, healing stage, pan-stromal
scarring with a remaining aspect of Descemet’s membrane
rupture. For each stage, samples of representative scans of different
patients with keratoconus are shown in Figures 1 to 5 (available at
http://aaojournal.org) and Figure 6.

Descemet’s membrane anomalies on OCT in only 4 patients,
including undulation, buckling, and Descemet’s membrane detach-
ment without history of acute hydrops (Fig 7, available at http://
aaojournal.org) were observed. All of these patients had advanced
keratoconic cases with Bowman and stromal layer abnormalities.

Reproducibility of the Optical Coherence
Tomography Staging and Epithelial and Stromal
Thickness Measurements

When comparing the evaluation of OCT staging for patients with
keratoconus, we observed a perfect agreement between the 2 corneal
specialist observers (O.S. and C.T.) (k value of 0.88). In regard to the
reproducibility of epithelial and stromal thickness measurement using
OCT images, the ICC was excellent for both variables (0.959 for
epithelial thickness and 0.997 for stromal thickness). Furthermore, it is
evident from Figure 8 (available at http://aaojournal.org) that there is
no substantial bias between the 2 observers for both variables.

Comparison of Central Corneal Pachymetry
Measurements Provided by Optical Coherence
Tomography and Orbscan

The Orbscan IIz and OCT RTVue pachymetries showed a good
correlation for both central (ICC ¼ 0.854) and minimal (ICC ¼
0.891) corneal thicknesses. However, as shown in Figure 9
(available at http://aaojournal.org), the limits of agreements
between these 2 devices were large (þ76.51 to �53.64 mm
and þ72.11 to �49.50 mm for central and minimal corneal
thicknesses, respectively).

Comparison of Clinical and Paraclinical
Characteristics between Mild Keratoconus (Stage 1
Optical Coherence Tomography) and the Healthy
Control Group

In the stage 1 OCT group (n ¼ 140), higher keratometric values,
thinner epithelial and stromal layers at the conus, and lower CH
and CRF biomechanical values were found in comparison with the
healthy group (n ¼ 34).

Comparison of Clinical and Paraclinical
Characteristics between Different Anatomic Stages
Observed on Optical Coherence Tomography

The baseline clinical details and paraclinical evaluations recorded for
patients graded in different stages are summarized in Table 1. The
mean BSCVA was 0.70�0.3, 0.35�0.2, 0.2�0.2, and 0.09�0.06
in patients with stage 1, stage 2, stage 3, and stage 4, respectively.
5
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Table 1. Baseline Characteristics of Patients with Keratoconus and Healthy Controls

Controls (n[34) Stage 1 (n[140) Stage 2 (n[41) Stage 3 (n[23) Stage 4 (n[14) P Value

Age (Mean, SD)
Range

31.71 (8)
(22e50)

30.03 (10.08)
(14e73)

35.73 (12.05)
(22e73)

28.75 (8.18)
(17e45)

31.33 (5.80)
(29e45)

0.0357*

BCVA (Mean, SD)
Range

1.00 (1e1) 0.70 (0.32)
(0.03e1.54)

0.35 (0.29)
(0.005e1)

0.21 (0.23)
(0.005e0.7)

0.09 (0.06)
(0.01e0.2)

<0.0001*

Steepest keratometry
values (D, Mean, SD)

Range

44.19 (1.15)

(42.1e46.6)

53.17 (5.62)

(40.6e68.8)

63.20 (7.54)

(47.2e73.8)

66.68 (1.43)
(n¼10)

(62.1e68.2)

63.53 (4.14)
(n¼4)

(62.2e66.1)

<0.0001*

Mean keratometry
values (D, Mean, SD)

Range

43.64 (1.03)

(41.7e45.2)

46.94 (3.56)

(40.3e59.8)

53.99 (5.18)

(44.4e63.7)

58.22 (3.44)
(n¼10)

(53.2e62.4)

55.97 (3.03)
(n¼4)

(52.6e60.9)

<0.0001*

OCT central corneal pachymetry
(mm, Mean, SD)

Range

507 (37.31)

(433e567)

463.1 (40.88)

(341e568)

395.4 (49.17)

(283e520)

340.8 (62.52)

(187e433)

332.7 (86.74)

(174e463)

<0.0001*

OCT minimum corneal
pachymetry (mm, Mean, SD)

Range

498.3 (38.96)

(424e560)

436.7 (44.88)

(322e557)

333.6 (50.13)

(216e429)

267.5 (53.29)

(149e326)

259.6 (60.42)

(143e335)

<0.0001*

OCT epithelial thickness at the
conus (mm, Mean, SD)

Range

47.77 (6,86)

(30e60)

43.09 (11.85)

(26e140)

59.71 (13.63)

(34e94)

90.7 (29.74)

(42e156)

83.07 (39.12)

(30e110)

<0.0001*

OCT stromal thickness at the
conus (mm, Mean, SD)

Range

451.4 (35,39)

(382e509)

393.8 (47,03)

(205e504)

273.6 (51.15)

(180e397)

174.5 (54.78)

(62e271)

172.4 (63.97)

(100e285)

<0.0001*

CRF (Mean, SD)
Range

10.52 (1.78)
(7.1e14.6)

6.54 (1.68)
(3.4e10.4)

6.77 (3.11)
(3.2e10.1)

4.88 (1.61)
(n¼9)

(1.6e7.8)

4.1 (2.41)
(n¼6)

(1.3e7.1)

<0.0001*

CH (Mean, SD)
Range

10.86 (1.75)
(7.3e15)

7.99 (1.48)
(5.1e11.7)

8.58 (1.93)
(4.4e11.1)

7.4 (2.10)
(n¼9)

(4.3e11)

6.87 (2.65)
(n¼6)

(3.8e9.2)

<0.0001*

BCVA ¼ best-corrected visual acuity; CH ¼ corneal hysteresis; CRF ¼ corneal resistance factor; OCT ¼ optical coherence tomography; SD ¼ standard
deviation.
n ¼ the number of patients with advanced keratoconus who had a recordable corneal topography and biomechanical corneal properties.
*KruskaleWallis 1-way analysis of variance comparing the 5 groups together.
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The BSCVA decreased with the OCT keratoconus stage (P¼ 0.035,
r2¼ 0.93) (Fig 10A). Bothmean andmaximum corneal keratometric
values increased with the OCT keratoconus stage from stage 1
(52.8�7.2 D) to stage 2 (63.2�7.5 D), and then to stage 3
(66.7�1.4 D). For stage 4 (the scarring stage), 72% of
keratometric values could not be measured, rendering their
analysis difficult. Indeed, the availability of topography Orbscan
maps was significantly lower for patients with stages 3 and 4
compared with patients with stages 1 and 2.

With regard to the central corneal thickness and the minimal
corneal thickness, the higher the OCT stage was, the lower the
central and minimal corneal thicknesses (P ¼ 0.044, r2 ¼ 0.91 for
the central corneal thickness; P ¼ 0.05, r2 ¼ 0.89 for the minimal
corneal thickness) (Fig 10B and C).

The corneal epithelium thickness over the conus seemed to be
correlated (r2 ¼ 0.79) and to increase with the OCT staging even if
it was not significant (P ¼ 0.11). Indeed, the epithelium thickness
increased from stage 1 (43.1�11.8 mm) to stage 2 (59.7�13.6 mm)
and then stage 3 (90.7�29.7 mm) but not between stages 3 and 4
(Fig 10D). In regard to the reproducibility of epithelial thickness
between manual measurements and epithelial thickness map, the
ICC was excellent for stage 2 (0.996) and very low for stage 3
(0.019) and stage 4 (0.39). Conversely, the stromal thickness at
the conus significantly decreased with each successive OCT
stage with mean values of 393.8�47.0 mm, 273.6�51.1 mm,
174.5�54.8 mm, and 172.4�64.0 mm in patients exhibiting
keratoconus stages 1, 2, 3, and 4, respectively (P ¼ 0.05, r2 ¼
0.89) (Fig 7E). Changes in epithelial thickness were correlated
with the evolution of stromal thickness (P< 0.001, r2 ¼ 0.48).
6

The (CH and CRF) biomechanical parameters were signifi-
cantly lower in stage 3 compared with stages 1 and 2 (P< 0.05).
No significant differences were found between stages 1 and 2
(P> 0.05). In stage 4, statistical analysis was impossible because
the majority of the biomechanical parameter values were not
measurable in advanced cases.
Correspondence between Optical Coherence
Tomography Findings and Confocal Microscopy
Images

Confocal microscopy was performed in 38% of keratoconic
patients (stage 1, 32 eyes; stage 2, 26 eyes; stage 3, 15 eyes; and
stage 4, 9 eyes). Irregular superficial epithelial cells with an elon-
gated shape were found in 14 eyes. These eyes corresponded to
stage 2 (6 eyes), stage 3 (5 eyes), and stage 4 (3 eyes) according to
the OCT classification. None of the keratoconic eyes where the
Bowman’s layer had a normal appearance displayed corneal scar-
ring. These cases corresponded to patients graded as stage 1 in the
OCT classification. Hyperreflective anomalies occurring at the
Bowman’s layer level on OCT corresponded to highly reflective
changes near the Bowman’s layer on confocal microscopy (Fig 11,
available at http://aaojournal.org). An increased level of haze near
the Bowman’s layer was apparent in 24 eyes (stage 2, 10 cases;
stage 3, 9 cases; stage 4, 5 cases).

On confocal microscopy, stromal opacities observed on OCT
scans corresponded to a hyperreflective appearance of the stroma
and poorly distinguishable aspect of keratocytes.

http://aaojournal.org


Figure 10. A, Snellen best-corrected visual acuity (BCVA) according to the keratoconus optical coherence tomography (OCT) staging. The BCVA
significantly decreases with the OCT staging. B, C, Evolution of the central and the minimal corneal thickness (micrometers) according to the OCT stage.
For both variables, the value decreases with the OCT stage. D, E, Epithelial and stromal thickness (micrometers) according to the 4 keratoconus OCT
stages. The epithelial thickness increases with the OCT stage, whereas the stromal thickness decreases. Results are presented as mean � standard deviation.
In each figure, the discontinuous line exhibits the result of the linear regression analysis. Number of eyes per OCT stage: stage 1 (n ¼ 140), stage 2 (n ¼ 41),
stage 3 (n ¼ 23), and stage 4 (n ¼ 14).
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Vogt’s striae were mainly found in stages 2 (19/41) and 3 (13/23)
in comparison with stage 1 (3/140) (P< 0.01). On OCT, these had
the appearance of dark stromal linear bands lines crossing the corneal
stroma from Descemet’s membrane to the anterior stroma. A high
correspondence was observed on confocal microscopic images.

Optical Coherence Tomography Corneal Changes
During Follow-up

Of note, 12 eyes developed structural corneal changes in accordance
with the described OCT grading system during a mean follow-up of
10�2 months (Figs 6 and 12). Six patients progressed from stage 1
OCT to stage 2 OCT, and 4 patients progressed from stage 2 OCT to
stage 3 OCT during the follow-up. Two of the 4 patients who
developed hydrops in our series consulted 1 and 2months before and
were graded stage 3 in the OCT classification with a thin residual
stroma inferior to 200 mm. The residual stroma did not allow the
realization of corneal cross-linking procedure. Corneal edema
evolved over a period of 2 months by total corneal scarring with
a remaining aspect of Descemet’s membrane rupture (Fig 5).

Discussion

To date, reported classifications of keratoconus are not
directly based on structural and histologic corneal
changes.3,7e14 New generations of AS-OCT systems permit
a noncontact examination and an accurate assessment of
corneal layers.20e23 In this study, we establish a structural
classification of keratoconus based on Fourier-domain OCT
images in a large series of patients with keratoconus at
various stages of severity.

This classification is based on structural corneal changes
occurring at the conus during the evolution of the disease.
Its reproducibility was very high between the corneal
specialist observers. The clinical and paraclinical charac-
teristics of keratoconus, including visual acuity, corneal
topography, biomechanical corneal characteristics, and
microstructural changes observed on confocal microscopy,
were correlated with our OCT grading system.

In a confocal microscopic study, Efron and Hollings-
worth16 have reported that none of the keratoconic corneas
with an apparently normal Bowman’s layer displayed
corneal scarring. These data support our confocal
microscopic findings. This group of patients corresponds
to stage 1 in the OCT classification. Compared with the
healthy control group, the keratoconic patients graded in
stage 1 had thinner epithelium and stromal layers at the
conus. These findings are concordant with previously
published data.17,18,23,25 We were unable to obtain accu-
rate measurements of the Bowman’s layer at the conus in
our study. However, Yadav et al26 recently demonstrated
7



Figure 12. The optical coherence tomography (OCT) aspects of patients with keratoconus who developed corneal changes during the follow-up. All scale
bars represent 250 mm.
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that Bowman’s layer thickness is significantly reduced in
keratoconus eyes, using a custom-developed ultrahigh
resolution OCT system with an axial resolution of 1.1 mm.
An annulus of thickened epithelium surrounding the thin
epithelial zone at the conus was found in stage 1 of our
keratoconic cases. This profile has been accurately described
by Reinstein et al18 as an epithelial doughnut pattern.

At stage 2 OCT, hyperreflective anomalies were present
at the Bowman’s layer level, with a thickened epithelium
and a variable amount of stromal opacities. Sykakis et al27

recently demonstrated in a histopathologic study that
a thickening of the epithelium occurs in advanced
keratoconus cases and is correlated with the number of
Bowman’s layer breaks.

A pattern of elongated epithelial cells has been observed on
confocal microscopy in patients with epithelial thickening on
OCT. This finding has been reported in patients with advanced
keratoconus,16,28 and we hypothesize that this aspect may not
be induced by the applanation effect of the device. Highly
reflective changes near Bowman’s layer were observed on
confocal microscopic images in our study. Similar features
have been described.15,16,29e31 Fibrillar degeneration and
fibroblastic proliferation have been demonstrated in the ante-
rior stroma beneath Bowman’s layer breaks.32

Hafezi et al,33 by using hypoosmolar riboflavin solution,
safely treated 20 patients with corneas thinner than 400 mm.
In their modified protocol, the required stromal thickness
after epithelium abrasion and before hypo-osmolar ribo-
flavin application was 320 mm. In this category of patients,
8

OCT is an important tool in the preoperative assessment
before cross-linking, permitting an accurate measurement of
epithelial thickness. Epithelium thickening can mask the
stromal thinning and compensate the corneal thickness when
only total corneal pachymetry is performed. Indeed, in thin
corneas we found that epithelium thickness had a negative
correlation with stromal thickness.

The corneal changes occurring in stage 2 OCT support
the original idea, stated by Chi et al32 and Teng,34 that the
earliest ultrastructural changes in keratoconus occur at the
epithelial basement membrane and Bowman’s layer.16 In
our series, 6 patients progressed from stage 1 OCT to
stage 2 OCT during follow-up.

Stage 3 OCT represents the same features observed in
stage 2 in a more advanced state. A posterior displacement of
Bowman’s layer hyperreflective structures occurs with an
increase of epithelial thickening and stromal thinning. A
variable amount of stromal opacities is found on OCT and is
consistent with confocal microscopic observations of signif-
icant abnormalities of keratocyte nuclei, stromal haze, and
hyperreflectivity.16 Hyperreflective keratocytes have been
referred to as “activated keratocytes,” that is, keratocytes
activated to a repair phenotype (or myofibroblasts).35 This
activation is thought to be induced by a complex imbalance
between proinflammatory and anti-inflammatory cyto-
kines.36 It has also been shown that the keratocytes within the
keratoconic cornea have 4 times as many receptors for
interleukin 1.37e39 These structural changes and keratocyte
activation can lead to corneal scar formation.40
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In stage 4 OCT, the scarring concerned the entire stromal
thickness. Confocal microscopic examinations showed
a total obscuration of the stroma, and the keratocytes were
completely obscured by an increased haze, making their
analysis impossible. When the residual stroma is thin, the
scar takes an hourglass-shaped form on OCT, and a thick-
ened epithelium compensates for the stromal thinning.

Stage 5 represents structural changes occurring in the
acute hydrops form of keratoconus. The OCT showed large
intrastromal cysts communicating with the anterior chamber
through a tear in Descemet’s membrane. A separation and
dilacerations of collagen lamellae, and large fluid-filled
intrastromal cysts were noted. The fluid reached the
epithelium and induced an epithelial edema (stage 5a). The
corneal edema was ultimately replaced after 2 months by
total corneal scarring with a remaining aspect of Descemet’s
membrane rupture (stage 5b).

Vogt’s striaes were observed mainly in stages 2 and 3.
They have the same aspect of dark parallel lines running
through the entire stromal thickness as that observed in stage
1. Thus, Vogt’s striaes were not included as criteria in our
OCT classification. Their appearance was similar to that
observed on confocal microscopy, suggesting that these
lines actually represent collagen lamellae under stress, rather
than folds in Descemet’s membrane.16

Descemet’s membrane anomalies on OCT in only 4
patients, including undulation, buckling, and detachment of
Descemet’s membrane were observed. These occurred in
advanced keratoconic cases with Bowman’s and stromal layer
abnormalities and could not be detected by confocal micros-
copy in our series. However,Wygledowska-Promienska et al30

observed a central detachment of Descemet’s membrane
and the endothelium from the stroma in advanced
keratoconus by the use of confocal microscopy and
ultrasound biomicroscopy. Folds and buckling at the level of
Descemet’s membrane also have been described.31,32

This established OCT keratoconus classification could
constitute a grading of severity. Visual acuity, corneal
topography, and biomechanical corneal characteristics were
correlated with the stages of our OCT classification. In
a biomechanical study, Piñero et al41 suggested that the
topographic and aberrometric alterations in keratoconic
eyes appear as a result of the biomechanical changes that
occur in the corneal structure.

Of note, 12 eyes in our series developed structural
corneal changes in line with the stage of the OCT kerato-
conus classification. Clinical studies on patients with kera-
toconus with a long follow-up period are ongoing in our
center to evaluate the natural history of keratoconus using
this OCT classification.

Our series consisted of consecutive keratoconic cases,
which explains the unequal number of patients in each
stage; however, to avoid bias, appropriate nonparametric
tests were performed for data analysis between different
groups.

Study Limitations

Potential limitations of our study include the occurrence of
some artefacts in our OCT scans. Indeed, the central vertical
flare observed on the OCT image is caused by the strong
specular reflection at the corneal vertex, the point at which
the OCT beam is exactly perpendicular to the cornea.42 The
OCT’s signal is strongest when the scanning beam hits its
target perpendicularly and could explain these artefacts
and the slight hyperreflective appearance of the central
cornea. These optical phenomena occurred mainly at the
central cornea and do not affect the accuracy of corneal
analysis, because the majority of keratoconus cones are
located paracentrally. Another limitation is the possible
effect of distortions that could occur in our OCT scans as
the result of the refractive index. Indeed, these phenomena
will be increased in advanced keratoconus cases with high
corneal aberration. To minimize this effect, the acquisition
of our OCT scans was made along meridional planes and
all images were de-warped by the Fourier-domain OCT
system’s corneal adaptor module software.

In conclusion, we have established an OCT classification
of keratoconus based on corneal structural changes occur-
ring at the conus during the evolution of the disease. Its
reproducibility was very high between the corneal specialist
observers. This classification not only permits the structural
follow-up of patients with keratoconus, especially in
advanced cases in which the repeatability of corneal
topography measurements is not reliable, but also provides
insight into the pathogenesis of keratoconus and treatment
strategies for future research.
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