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Abstract

Different diagnostic approaches for ectatic corneal diseases (ECD) include screening, diagnosis confirmation, classifi-
cation of the ECD type, severity staging, prognostic evaluation, and clinical follow-up. The comprehensive assessment
must start with a directed clinical history. However, multimodal imaging tools, including Placido-disk topography,
Scheimpflug three-dimensional (3D) tomography, corneal biomechanical evaluations, and layered (or segmental)
tomography with epithelial thickness by optical coherence tomography (OCT), or digital very high-frequency ultra-
sound (dVHF-US) serve as fundamental complementary exams for measuring different characteristics of the cornea.
Also, ocular wavefront analysis, axial length measurements, corneal specular or confocal microscopy, and genetic

or molecular biology tests are relevant for clinical decisions. Artificial intelligence enhances interpretation and enables
combining such a plethora of data, boosting accuracy and facilitating clinical decisions. The applications of diag-
nostic information for individualized treatments became relevant concerning the therapeutic refractive procedures
that emerged as alternatives to keratoplasty. The first paradigm shift concerns the surgical management of patients
with ECD with different techniques, such as crosslinking and intrastromal corneal ring segments. A second paradigm
shift involved the quest for identifying patients at higher risk of progressive iatrogenic ectasia after elective refractive
corrections on the cornea. Beyond augmenting the sensitivity to detect very mild (subclinical or fruste) forms of ECD,
ectasia risk assessment evolved to characterize the inherent susceptibility for ectasia development and progression.
Furthermore, ectasia risk is also related to environmental factors, including eye rubbing and the relational impact

of the surgical procedure on the cornea.
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Background

The development of refractive surgery has led to chang-
ing paradigms in different areas of ophthalmology,
including the diagnosis and treatment of keratoconus
(KC) and ectatic corneal diseases (ECD) [1-3]. In science
and philosophy, a paradigm is a conspicuous set of con-
cepts or thought patterns, including theories, research
methods, and postulates. A paradigm shift occurs when
novel knowledge changes such standards. When evalu-
ating patients with ECD, the concept evolution involves
various diagnostic approaches besides the diagnostic
confirmation, including screening, categorizing the type
of ectasia, staging severity, prognostic assessment, and
clinical follow-up (Table 1) [4].

Considering the current management possibilities with
refractive therapeutic procedures such as crosslinking
and intrastromal corneal ring segments (ICRS) implanta-
tion [5], the clinician must characterize the disease and
its impact on the patient in detail to establish a person-
alized or individualized treatment strategy. Currently,
the treatment of KC and ECD has two objectives: to halt
the progression of the disease and vision rehabilitation.
Besides the first paradigm shift related to the manage-
ment of KC and ECD, refractive surgery also determined
the need for a more accurate diagnosis of mild forms
of KC [6-8]. This is because these cases present a very
high risk for iatrogenic ectasia progression after laser
vision correction (LVC) procedures [9, 10]. Since the
first description of iatrogenic ectasia after laser in situ
keratomileusis (LASIK) in a patient considered as forme
fruste keratoconus (FFKC) based on the inferior steepen-
ing on corneal front curvature maps by Seiler and cow-
orkers [11], the quest for identifying mild forms of KC
among refractive candidates is unquestionable [7, 12].
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The second paradigm shift is that ahead of increasing
sensitivity to detect mild forms of ECD, refractive sur-
geons must characterize ectasia susceptibility to identify
patients at higher risk of progressive iatrogenic ectasia,
which also fundamentally concerns the impact of the sur-
gical procedure on the cornea [4, 7, 13, 14].

Placido disk-based corneal topography is sensitive to
detecting abnormal front curvature patterns of ectatic
disease in patients with relatively normal distance-
corrected visual acuity (DCVA) and unremarkable
biomicroscopy [7, 12, 15]. However, it is fundamental
to consider the need to enhance accuracy for detecting
mild or subclinical ectatic disease, given that a relatively
normal curvature topography does not exclude mild
or early ECD [7, 16]. Multimodal refractive imag-
ing includes diverse technologies besides Placido-disk
corneal topography, such as three-dimensional (3D)
Scheimpflug tomography, layered or segmental tomogra-
phy with Bowman’s and epithelial thickness mapping by
optical coherence tomography (OCT), digital very high-
frequency ultrasound (dVHF-US), and ocular wavefront.
Furthermore, knowledge and understanding of corneal
biomechanics are substantial contributions and signifi-
cance for enhancing the accuracy of recognizing mild
forms of ECD and detecting ectasia progression [6, 17].
Such a plethora of data should be used collaboratively for
making conscious decisions, which may be challenging
for the clinician.

Artificial intelligence (AI) has proven relevant in
integrating the overabundance of data generated to
facilitate clinical decisions [6, 17, 18]. We proposed sum-
marizing this concept on the algorithm (A2 I)?, meaning
applied artificial intelligence and applied ancient intelli-
gence. This algorithm pertains to both the philosophical

Table 1 Diagnostic strategies and imaging tests in ectatic corneal diseases (ECD)

Diagnostic strategies The Why's

The How'’s

Assess complaints
history

Screening

the impact of LVC on the cornea

Diagnostic confirmation
and access ectasia risk and progression

Classification of the type of ECD
of corneal ectasia

Staging

Prognostic
of ECD concerning the disease severity

Recognize the patient’s needs and personal and family

Detect mild forms of ECD and characterize ectasia
susceptibility before refractive surgery, contemplating

Paradigm shift related to the management of ECD
Characterize the thinning pattern and pathophysiology
To assess the severity of the disease before visual loss

Patient counseling with education and management

Anamnesis, visual acuity, slit-lamp exam, and comprehen-
sive ophthalmological exam

Placido-disk corneal topography, Scheimpflug tomogra-
phy, Layered tomography with OCT (or VHF US), and bio-
mechanical assessments

Comprehensive clinical evaluation with multimodal
imaging

Integrating tomographic and biomechanical data with Al,
possible future role for genetics and molecular biology
Belin’s "ABCD" (tomography) + biomechanical “E" (Hom-
burg) for ectasia/KC staging

Tomographic and biomechanical parameters (i.e., SPA-1),

patient age, ocular allergy, and eye rubbing habit charac-
terize

ECD = ectatic corneal diseases; LVC = laser vision correction on the cornea; OCT = optical coherence tomography; VHF-US = very high-frequency ultrasound; Al =
artificial intelligence; KC = keratoconus; SPA-1 = stiffness parameter at the first applanation
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underpinnings of ancient intelligence (the “why”) and the
practical application of AI (the “how”). Besides the tre-
mendous evolution of imaging technologies, genetic and
molecular biology tests are promising to further increase
diagnostic accuracy by allowing personalized treatments
[19].

Diagnostic approaches for ECD

Screening for ectasia in the general population

In the future, we may eradicate blindness resulting from
ectatic diseases or even reduce the burden of such con-
ditions on a population if we establish screening strate-
gies that effectively detect disease in a subclinical or mild
phase, allowing for earlier, typically less invasive treat-
ments. For example, a smartphone-based corneal topog-
raphy system can reach large populations of children and
adolescents to screen for KC using Al to classify the data
and select patients needing further, more detailed exami-
nations [20].

Methods for identifying patients with mild ectasia
disease are relevant because the range of success of less
invasive procedures is much lower in patients that pre-
sent for the first time with advanced disease. In a study in
Saudi Arabia, Torres and collaborators identified 4.79% of
cases with KC [21]. The screening tests should be nonin-
vasive and demonstrate cost—benefit to identify patients
needing more detailed analyses and further treatment,
which is a significant concern for the Violet June Global
Keratoconus Awareness Campaign [22].

Classification of ectatic disease

According to Global Consensus from 2015, KC is the
most common ECD, and by definition, asymmetric bilat-
eral disease. Moreover, secondary mechanical-related
ectasia may occur in only one eye [23] ECD includes a
group of disorders characterized by progressive thinning
and subsequent protruding of the corneal arrangement
[24], including keratoglobus, pellucid marginal degen-
eration (PMD), and KC. The “thinning location and thin-
ning pattern” are the aspects that distinguish them [23].
Keratoglobus characteristically occurs bilaterally and is
categorized by a global widespread thinning and round
protrusion of the entire cornea, producing an irregular
corneal topography with augmented corneal fragility due
to extreme thinning [24]. The thinning is commonly max-
imal at the periphery and may be up to one-fifth of the
average corneal thickness. This condition may be associ-
ated with scleral thinning, generating a blue sclera. These
findings are visible on slit-lamp examination, particularly
in the advanced stages of the disease. However, in uncer-
tain cases, pachymetric maps may allow the clinician to
determine the specific region of the cornea presenting
the thinning. It is classified as a congenital disorder and
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is frequently associated with connective tissue diseases;
however, current reports propose that keratoglobus may
also be developed and related to vernal keratoconjuncti-
vitis atopy, blepharitis, corneal traumas, thyroid eye dis-
ease, and extreme eye rubbing [25].

PMD is characterized by a distinctive thin band of cor-
neal thinning near the limbus but conserving a 1-2 mm
zone [24]. It is undefined whether these are unique phe-
notypic variations of KC or, in fact, different disorders.
It typically starts later in life and progresses slower than
KC. Therefore, corneal topographic indices and the clas-
sical crab-claw topographic pattern cannot be used as
the primary tool to distinguish between PMD and KC.
Scheimpflug imaging-based devices have shown the sig-
nificance and effectiveness of the pachymetric map for an
appropriate diagnosis of PMD. Furthermore, OCT and
biomechanical properties have been studied as comple-
mentary techniques that may help with diagnosis [26].

We report a case of a 45-year-old male with ectasia
in the right eye (OD) secondary to trauma at the age of
eight years. His uncorrected visual acuity (UCVA) was
hand motion in the OD and 20/150 in the left eye (OS),
and with DCVA, there was no improvement in OD and
20/20 in OS. The OD has a peripheral nasal and tem-
poral thinning pattern on the OCT (Fig. 1a and b) and
Scheimpflug (Fig. 1c) examinations. The peripheral thin-
ning pattern was interpreted as a "secondary” trauma-
related or aggravated PMD ectasia with peripheral
thinning. Interestingly, his left eye has findings that may
be related to a subclinical (fruste) or very mild PMD-like
pattern (Figs. 2 and 3), with mild epithelium thinning,
a Score (Anterion OCT) of 1.4 [27], and a tomographic
biomechanical index (TBI) of 0.68 [17].

KC is the most common ectatic clinical condition. It
is bilateral, asymmetric, and commonly a progressive
ectatic corneal disease due to chronic biomechanical
failure and stromal thinning [24, 28]. A study involving
1,625 Japanese patients with keratoconus and 20 patients
with PMD identified 17 cases with simultaneous periph-
eral and central thinning patterns resembling PMD and
KC. The authors concluded that PMD with or without
KC might be a variant of KC or a different manifestation
of the same etiologic component [29]. At the same time,
the entire pathophysiology of ECD still needs to be fully
understood. Nevertheless, there is an understanding of
an interaction between genetic and environmental fac-
tors, as proposed by McGhee in the two-hit hypothesis
[2]. The exact role of genetic predisposition and envi-
ronmental factors are variable and cannot be assessed
because there is no decisive genetic test for KC. There
is a global agreement that while KC may present with a
high degree of asymmetry, the disease is typically bilat-
eral [23].
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Fig. 1 The Scheimpflug image (Pentacam AXL) (a), the Tomey
Cassia 2 (b) and Anterion OCT (Heidelberg Engineering GmbH) (c)

of the cornea and anterior chamber of the right eye of a 45-year-old
patient with traumatic ectasia with a pellucid marginal degeneration
thinning pattern

Some patients present with KC despite the relatively low
keratometry. Typically, such cases have a maximum ker-
atometry (Kmax) lower than 47.6 D but present with other
topometric irregularities, including inferior steepening
(I-S) higher than 1.6 D and KISA higher than 60, the tradi-
tional criteria according to Rabinowitz [30]. In the case of a
65-year-old man with optimized wavefront manifest frac-
tion [31], his DCVA was 20/20 (—3.00/—0.50%x75) in OD
and 20/20 (—2.50/-0.50x 166) in OS. He presented in both
eyes Placido topometric changes typical of KC with inferior
steepening and relatively low keratometry (Kmax of 43.3 D
in OD and 44.0 D in OS) (Fig. 4), along with tomographic
and biomechanical changes (Fig. 5) but remarkable stability
in the tomographic ABCD ectasia/KC staging for 16 years
(Fig. 6).

Patients presenting with clinical ectasia in one eye but
with the contralateral eye with normal anterior curva-
ture (topography) and normal vision have been classically
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referred to as one of the possible categories of FFKC [32].
While there is no unified consensus on the definitions of
keratoconus suspect (KCS) [33] and FFKC in the litera-
ture [34], such asymmetric cases have been studied using
advanced imaging to demonstrate an improved ability
to detect early or preclinical ECD [17, 35-39]. There is
no definitive consensus, and there are currently different
clinical situations potentially considered as FFKC, includ-
ing the normal topographic eye of very asymmetric ecta-
sia (VAE) cases or even a normal topographic eye that
naturally evolves to clinical ectasia when longitudinally
followed [12, 13, 17].

We report the case of a pair of twin brothers who pre-
sented at 12 years old. They are the sons of a patient with
PMD (Figs. 1, 2, and 3). Twin 1, who has an eye allergy
and admits to moderate to severe eye rubbing, had VAE
with mild KC in the OD, DCVA of 20/25 in OD, and
more advanced disease, giving a wavefront-optimized
DCVA of 20/60 in OS (Fig. 7). The Pentacam BAD also
showed alterations in both eyes (Fig. 8). The proposed
treatment was the implantation of a 320° arc 200 pum Fer-
rara Ring ICRS (Fig. 9) assisted by a femtosecond laser
in the left eye as an alternative to a keratoplasty proce-
dure [40, 41]. The right eye had conservative treatment,
considering the risk of losing lines of DCVA [42]. At
the same time, crosslinking should be indicated early in
pediatric patients with confirmed keratoconus because
of the risk of missing the opportunity to intervene. Close
follow-up and patient and family education are manda-
tory in such situations, stressing the relevance of eye
rubbing aggravating the disease [22]. A multidisciplinary
approach for systemic allergies was initiated, and topi-
cal olopatadine (2.22 mg/mL) was prescribed once a day
for six weeks, along with preservative-free artificial tears.
Oral supplementation included omega-3 essential fatty
acids and 200 mg of riboflavin (J. Jarstad, MD; personal
communication 2018). Figure 10 shows the topometric
follow-up after nine months, with significant flattening of
more than 10.0 D after the ICRS implantation in the left
eye and moderate 2.2 D flattening in the right eye. DCVA
remained 20/25 OD and improved to 20/30 OS. While
continuous follow-up is unquestionable, this case is an
anecdotal example of the benefit of using oral ribofla-
vin and natural sunlight exposure as a less invasive CXL
technique. Interestingly, an ex vivo experiment involving
sunlight exposure in porcine corneas soaked with ribofla-
vin resulted in increased corneal stiffness [43].

Interestingly, identical twin 2 denied ocular itch-
ing and presented with myopic astigmatism and DCVA
of 20/20 in both eyes. Nevertheless, twin 2 had clinical
findings consistent with FFKC or subclinical KC in both
eyes. (Table 2 and Figs. 11, 12, and 13). The Gatinel/Saad
Score of 1.6 in OD and — 0.3 in the OS from the Anterion
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Fig. 3 Mild, subclinical or fruste pellucid marginal corneal degeneration. a Keratograph 5M shows the Placido rings and the axial
curvature topography of a subclinical pellucid marginal degeneration-like pattern in a left eye (OS). b Tomographic-Biomechanical Display shows
borderline Corvis biomechanical index (CBI) and abnormal tomographic biomechanical index version 2 (TBIv2)

swept-source OCT (Fig. 12) and the epithelial thickness  [18]. The optimized tomographic biomechanical index
map were unremarkable in both eyes. Despite a regular  version 2 (TBIv2) values 0.28 in OD and 0.87 in OS were
tomographic assessment, we observed an abnormal Cor-  higher than the tomographic biomechanical index ver-
vis biomechanical index (CBI) of 0.49 OD and 0.54 OS  sion 1 (TBIv1) (Fig. 13) [44].
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Fig. 4 Keratograph 5M shows the topography of a low keratometry keratoconus (KC) with a maximum keratometry (Kmax) of (a) 43.3 D in the right

eye (OD) and (b) 44.0 D in the left eye (OS)

Prognostic information

Patients and their families must understand that sur-
gery in ECDs, particularly in KC, is therapeutic and not
a refractive procedure. Then, the primary purpose of
the surgical treatment is to restore vision, not to reduce
or eliminate the need for vision correction, as in elec-
tive refractive surgery [5]. The paradigm shift defined
by Seiler when he published his results describing the
halting of progression in KC crosslinking and ICRS that
could be utilized earlier in the disease process than pen-
etrating keratoplasty came through a paradox as well [2,
3].

The paradigm shift relates to the fact that, formerly,
visual rehabilitation was the central premise of KC man-
agement. Nevertheless, the latest treatment modes aim
to prevent visual loss before it happens. Conversely,
no surgery should be indicated if not needed, such as
ECDs with good vision with glasses with no signs of
progression. However, it must be correctly suggested
and performed to avoid losing the opportunity for bet-
ter outcomes if vision deteriorates or ECD advances [3].
Lindstrom and coworkers proposed that the optimal eco-
nomic impact of crosslinking emerges when performed
at an earlier stage of the disease and a younger age, lead-
ing to enhanced work productivity, reduced costs, and an
elevated quality of life [45]. The proposed treatment for
twin 1 was the implantation of ICRS in the OD due to
moderate KC (Fig. 9). In OS, we opted for clinical man-
agement, including ocular allergy control with guidance

not to rub or scratch the eyes and to supplement 200 mg
of vitamin B2 and natural sunlight exposure, a nonin-
vasive crosslinking method [43]. Figure 10 shows the
topometric follow-up over nine months with mild but
significant corneal flattening.

Characterizing ectasia susceptibility

Progressive corneal ectasia can be iatrogenic after dif-
ferent types of corneal refractive surgery, similar to
LASIK in patients with changed biomechanical proper-
ties, known as FFKC. After refractive laser correction,
FFKC was recognized as the main factor for developing
progressive ectasia [7, 11]. Unilateral ectasia has also
been described in patients who underwent monocular
refractive surgical procedures, which remain stable in the
unoperated fellow eye [16]. Nevertheless, unilateral post-
LASIK ectasia has been reported, with the onset of ecta-
sia ranging from four months to 18 years [46].

We reported a case of unilateral progressive corneal
ectasia after unilateral LASIK for myopic astigmatism
in a 31-year-old woman with no identifiable preopera-
tive risk factors for ectasia [16]. She had uncomplicated
LASIK in OS and noted progressive deterioration of
vision one year after surgery. The preoperative Placido
disk-based topography revealed regular and symmetric
bowtie with-the-rule astigmatism in both eyes without
signs of ECD (Fig. 14). The advanced tomographic and
biomechanical evaluation demonstrates a high TBI in the
unoperated right eye of 0.42 and a high CBI post-LVC in
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Fig. 5 Tomographic-Biomechanical Display of the patient with low keratometry KC shows tomographic biomechanical index (TBI) of (@) 1.0

in the right eye (OD) and (b) 0.96 in the left eye (OS) and Belin/Ambrésio enhanced ectasia display deviation (BAD-D) of (a) 4.04 in OD and (b) 3.89
in OS

the left eye that developed post-LASIK ectasia (Fig. 15).  of the inherent susceptibility of the cornea for biome-
The epithelium evaluation with OCT also enhanced the chanical decompensation and ectasia progression, which
diagnosis of a higher risk of progressive iatrogenic ectasia  lies beyond detecting mild cases with ECD [7, 14, 47]. In
after LVC, as shown in the OD of this patient (Fig. 16). addition, the ectasia risk assessment should also include

The assessment of ectasia risk among elective refractive ~ the impact of the LVC procedure, which is supported
surgery candidates has evolved to the characterization by studies involving finite element analysis [48, 49]. This
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Fig. 6 Tomographic ABCD ectasia/keratoconus (KC) staging shows the patient with low keratometry KC demonstrating stability over ten years in all

parameters

concept is in agreement with McGhee’s two-hit hypoth-
esis that genetic (intrinsic) and environmental (extrinsic)
causes play a role in the etiology of KC [2], and the bio-
mechanical cycle of decompensation of corneal ectasia
proposed by Dupps and Roberts [28]. The current con-
cept is that the pathophysiology of ECD is associated
with a primary biomechanical abnormality: architec-
ture and morphology instability secondary events [7, 23,
28]. Furthermore, newer treatment modalities for ECD
emphasize the relevance of recognizing mild or subclini-
cal ectatic disease in addition to ectasia risk assessment
before corneal LVC [13].

Keratoconus associated with other corneal
dystrophies

KC may be associated with other corneal diseases,
including posterior polymorphous corneal dystrophy
(PPCD) [50, 51], and most commonly, Fuchs dystrophy
[52]. These corneal disease associations emphasize the
need for a multimodal diagnostic approach when evalu-
ating patients with suspected corneal ectasia. Coexisting

corneal diseases can significantly impact management
strategies and treatment outcomes.

We report a case of a 27-year-old female with a PPCD
and FFKC in OD and a relatively normal left eye (Fig. 17).
Her DCVA was 20/25 (—5.75/—0.75%160) in OD and
20/20 (—6.25/—1.50%5) in OS, setting up an astig-
matic anisometropia. In the slit-lamp biomicroscopy, we
observe the "snail track” sign and specular microscopy
with endothelial alterations in OD and a normal endothe-
lium OS (Fig. 18). In the OCT, we can also see the corneal
endothelium changes in OD (Fig. 19). The TBIv2 is high
in the right eye (0.65) and within the normal range (0.09)
in OS (Fig. 20). Such findings demonstrate the need for
further developments, which should consider genetic fac-
tors for further elucidating the associations of corneal
dystrophies.

The quest for multimodal imaging

Different diagnostic tools are available for refractive
characterization, along with corneal and anterior seg-
ment imaging. Integrating the diverse information each
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Fig. 7 Keratograph 5M shows the Placido rings and the topography of (a) a very asymmetric ectasia (VAE) with a moderate keratoconus (KC)

in the right eye (OD) and (b) advanced disease in the left eye (OS) of twin 1

technology offers enables conscious clinical decisions [6].
Placido disk-based corneal topography does augment our
ability to identify mild ectasia irregularities in patients
with unremarkable biomicroscopy [53, 54]. Thereafter,
the introduction of anterior segment tomography with
3D cornea reconstruction presented additional detail
about corneal architecture with various quantitative indi-
ces resulting from the front and back (posterior) eleva-
tion and pachymetric maps [55-57].

The need to go beyond corneal shape assessment to
define ectasia risk within the biomechanical field has
been sustained and supported. The current concept for
ectasia development is that a focal weakening in corneal
structure starts a chronic cycle of biomechanical decom-
pensation, leading to localized thinning and steepen-
ing, which clinically define ectasia progression [28]. The
use of multimodal corneal imaging is also essential for
the screening for ectasia risk before LVC, not only to
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Fig. 8 The Pentacam Belin/Ambrosio enhanced ectasia display deviation (BAD-D) shows (a) a value of 3.28 in the right eye (OD) and (b) 8.95

in the left eye (OS) of twin 1
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Fig. 9 Slit-lamp biomicroscopy of intrastromal corneal ring segments

(ICRS, AF 320/200) in the right eye of twin 1
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identify cases with mild ectasia, such as VAE and FFKC
but to identify cases of elevated susceptibility for biome-
chanical failure and ectasia after LVC [58]. The current
acceptance is that the combination of the biomechani-
cal decompensation of the stroma, which is correlated
to either the impact of the method on the corneal struc-
ture or the individual biomechanical properties preop-
eratively determines stability or ectasia progression after
LVC [16, 59, 60]. Table 2 shows the summary of clinical
parameters from Scheimpflug-based corneal tomog-
raphy and biomechanical analysis of the identical twins
and their father mentioned above. The relevance of mul-
timodal assessment for ECD goes beyond corneal LVC
procedures, being also essential for refractive cataract
surgery. Detecting corneal ectasia, even in its subtle or
mild manifestations, will influence the power calculation
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Fig. 10 Pentacam anterior curvature differential maps shows anterior curvature maps from the right eye (OD) in March 2023 and September 2022,
respectively (@ and c); anterior curvature maps from the left eye (OS) in March 2023 and September 2022, respectively (b and d). Note that there
was no evident progression of the ectatic disease, even a mild keratometric reduction in OD (a-c) with clinical treatment with oral supplementation
of vitamin B2 and a decrease in curvature in OS (b-d) with the intrastromal corneal ring segments
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Table 2 Summary of clinical parameters from of the father with secondary ectasia in the right eye (OD) and pellucid marginal
degeneration (PMD) in the left eye (OS), and the twin brothers with very asymmetric ectasia (VAE)

Parameter Father Twin 1 Twin 2

oD oS oD oS oD oS
Kmax (Front/Diopters) 84.8 455 495 604 453 474
KISA 106,614.00 219.00 52.94 221.16 322 541
I-S value (Diopters) 10.13 38 44 97 19 30
ARTmax (um) 12 582 269 161 434 443
Pachy Min (um) 402 535 535 504 557 552
BAD-D (v3) 9.81 1.03 327 8.95 1.09 1.29
SPA-1 74.2 108.3 98.5 849 105.3 1156
CBI 0.99 0.39 0.77 0.98 049 0.54
TBIV1 0.96 0.29 0.98 1.00 0.05 0.29
TBIv2 0.88 0.68 1.00 1.00 0.28 0.87
AXL—PCI (mm) 2642 24.92 24.29 24.60 2493 24.84
AXL—swept-source OCT (mm) 26.45 24.98 24.26 24.39 25.10 24.94
Anterion SCORE* 1183 14 44 21.7 -03 19

Kmax = maximum keratometry; I-S value = inferior-superior asymmetry at 6mm diameter in axial diopters; ARTmax = Ambroésio’s relational thickness in the meridian
with maximal (more abrupt) progression; Pachy Min = thinnest (minimal) pachymetry; BAD-D (v3) = Belin/Ambrésio enhanced ectasia deviation (third version); SPA-1 =
stiffness parameter at the first applanation; CBI = Corvis corneal biomechanical index; TBIv1 = tomographic biomechanical index version 1; TBIv2 = tomographic
biomechanical index version 2; AXL = axial length; PCI = partial coherence interferometry

" Score after intracorneal stromal ring implantation (pre-op not available)

and selection of intraocular lenses, postoperative qual-
ity of vision, and, if necessary, the accuracy and safety of
fine-tuning LVC enhancements.

Corneal topography
Placido-disk-based corneal topography characterizes the
anterior or front surface of the cornea using quantitative
data to generate color-coded maps [61]. It has proven
to be sensitive for the detection of ectatic disease even
before any loss of best-corrected visual acuity and any
remarkable slit-lamp exam findings develop [53, 54].
Different topographical indices have been proposed for
detecting KC [61]. While often lacking specificity, such
data have proved sensitive to recognizing mild ectatic
patterns (Fig. 11) [53, 54]. Therefore, this ability has his-
torically positioned corneal topography as a mandatory
exam in the screening process of refractive surgery can-
didates [12]. Randleman and coworkers established the
Ectasia Risk Scoring System with corneal topography,
pachymetric, and clinical variables [10, 62]. However, the
drawbacks of limiting the analysis to the anterior curva-
ture were pointed out when considering cases that devel-
oped post-refractive surgery keratectasia after LASIK
[47, 63, 64], small incision lenticular extraction (SMILE)
[65, 66], surface ablation [67], despite a relatively normal
anterior shape (Fig. 14) [16].

Corneal tomography

The Orbscan (Bausch & Lomb; Rochester, US) 3D slit-
scanning system was introduced as the first corneal
tomography method. Studies have found good sensitiv-
ity and specificity of Orbscan-derived parameters to dis-
criminate early forms of KC, even in cases undetected by
Placido-based topography alone [36]. Al technology was
used to generate a Screening Corneal Objective Risk of
Ectasia (SCORE) system, which objectively classifies the
topographic map as positive or negative for the risk of
developing ectasia [27, 68, 69]. Scheimpflug imaging is
one of the most popular corneal and anterior segment
tomography methods [70]. The Galilei Dual-Scheimpflug
Analyzer (Ziemer; Port, Switzerland) combines a dual
Scheimpflug camera with a Placido-disk topography sys-
tem to generate 3D images of the cornea and anterior
chamber. In different studies, KC indices derived from
this device have been used to discriminate normal effi-
ciently and KC eyes [71].

The Pentacam (Oculus, Wetzlar, Germany) has a
rotating Scheimpflug camera and a frontal view light-
ing system to recreate topographic images of the cornea
and anterior segment. The Pentacam Belin/Ambrésio
Enhanced Ectasia Display (BAD) identifies the deviation
from normality to disease (D values), facilitating clinical
diagnosis of KC and ECD [37, 70, 72]. A final ‘D’ value
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Fig. 11 Keratograph 5M shows the Placido rings and the topography of a typical topography in the right eye (a) and an forme fruste keratoconus

(FFKQ) in the left eye (b) of the twin 2

is intended based on linear regression analysis (Fig. 8)
[60, 70, 73]. The Pentacam random forest index (PRFI)
development confirmed that Al enables enhanced analy-
sis of Scheimpflug tomography for improving accuracy
in ectasia detection [74]. A second parameter was devel-
oped with multiple logistic regression analysis (MLRA)
as the boosted ectasia susceptibility tomography index
(BESTI) [75], indicating that AI could further enhance the
accuracy of identifying mild forms of ectasia and higher

susceptibility to developing such complications [36, 37,
57,72,76].

Layered or segmental corneal tomography

Further advances in corneal tomography allowed the
development of layered or segmental characterization
of individual corneal layers, such as the epithelium and
Bowman’s layer. Segmental tomography with epithe-
lial thickness was first introduced with (VHF-US) by
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Fig. 12 Cornea ectasia report from optical coherence tomography (OCT) of the right eye (OD) of twin 2, demonstrating a Gatinel score of —0.3

in the OD (a) and an abnormal score of 1.9 in the left eye (OS) (b)
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Fig. 13 Corvis ST Tomographic-Biomechanical Display shows a forme fruste keratoconus (FFKC) in the right eye (OD) and (b) subclinical
keratoconus (KC) in the left eye (OS) of twin 2. Despite a relatively regular anterior tomographic assessment (top right), note the abnormal
tomographic biomechanical index version 2 (TBIv2) values of 0.28 in OD

Reinstein and coworkers [77-79]. However, spectral- detecting KC have been developed with this technology,
domain and swept-source OCT made it conceivable and studies propose this approach as a valuable tool in
and popularized [56, 70]. Corneal epithelial indices for identifying milder forms of the disease [79, 80]. Figure 12
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Fig. 14 Keratograph 5M shows the unoperated right eye (OD) of a patient that developed ectasia in the contralateral left eye (OS)
after unilateral laser in situ keratomileusis (LASIK). a The Placido rings; b—d The axial curvature topography with the Ambrésio-2 absolute scale (b),

Klyce/Smolek absolute 1.5 D scale (c) and the absolute 0.5 D Atlas scale (d)

shows a Gatinel score change of 1.6 in OD and—0.3 in
the OS in the cornea ectasia report of twin 2. In addi-
tion, the OCT image with epithelium evaluation also
enhanced the diagnosis of a higher risk of progressive iat-
rogenic ectasia after LVC (Fig. 16).

Huang and collaborators used OCT technology to
establish segmentation, developing an analogous method
with a comprehensive epithelial thickness map and

various indices to detect KC early [81, 82]. Another study
investigated the irregular Bowman’s layer in normal and
ectatic corneas and suggested a new Bowman’s roughness
index. This index had good performance in identifying
KC, and when used with the Belin/Ambrdsio enhanced
ectasia display deviation (BAD-D) and epithelial thick-
ness data, improved the sensitivity for identifying mild
forms of ectasia [83], which can prove to be useful and
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Fig. 15 Corvis ST Tomographic-Biomechanical Display of the same patient of Fig. 14 shows (a) abnormal Corvis biomechanical index (CBI,
0.51) and tomographic biomechanical index (TBI, 0.49) despite borderline BAD-D (v3) 1.34 in the unoperated right eye (OD) and (b) high CBI
post-LVC in the left eye (OS) with post-LASIK ectasia. BAD-D (v3), Belin/Ambrdsio enhanced ectasia deviation (third version); LVC, laser vision
correction; LASIK, laser in situ keratomileusis

increase our sensitivity to detect early stages of ectatic = Corneal biomechanics

diseases [81]. A recent study found that OCT topogra- Corneal biomechanics is an essential topic for research
phy of Bowman’s layer combined with AI significantly = and development in ophthalmology because of its many
improved the detection of FFKC eyes [84]. potential applications [28, 57]. It is presumed that in KC
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Fig. 16 Optical coherence tomography (OCT) of the cornea shows the epithelial map and pachymetry of the contralateral eye (the right eye)
of the same patient in Figs. 14 and 15. Note mild but relevant epithelial thinning

and other ECD, the curvature, elevation, and pachymetry
changes, which remain the focus of the clinical investiga-
tion, are most probably secondary to a focal weakening
that initiates a biomechanical decompensation [28, 85].
Thus, early identification of an eventual biomechanical
failure beyond corneal shape analysis might enhance the
sensitivity to detect milder forms of ECD.

Additionally, biomechanical analysis has become note-
worthy in pre-operatory of LVC to recognize patients at
higher risk of developing iatrogenic ectasia after LVC,
increasing the expectedness and effectiveness of these
elective procedures [17, 86, 87]. Two systems can meas-
ure the corneal biomechanical response: the ocular

response analyzer (ORA; Reichert, Buffalo, NY, USA)
and the Corvis ST (Oculus, Wetzlar, Germany). The Al
algorithms confirmed that the arrangement of deforma-
tion parameters improved the accuracy of distinguishing
healthy and KC eyes, even in mild stages [88].

In 2014, two principal parameters were developed
by a multicentric international investigation group for
improving corneal ectasia recognition, the CBI and the
TBI [89, 90]. Vinciguerra and coworkers verified that
in the training set of cases, the 0.5 criteria for the CBI
correctly identified 98.2% of KC cases with 100% speci-
ficity and sensitivity of 94.1%, giving an area under the
curve (AUC) of 0.983. Later, the same cutoff value in the
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Fig. 17 Keratograph 5M shows the Placido rings and the relatively normal axial curvature topography of a 27-year-old female with a posterior
polymorphous corneal dystrophy (PPCD) and considered with (a) forme fruste keratoconus (FFKC) in the right eye (OD) and (b) a mild inferior

steepening in the left eye (OS)

validation dataset categorized 98.8% of cases, with 98.4%
specificity and 100% sensitivity, giving an AUC of 0.999
[18].

The TBI was settled with a random forest with a leave-
one-out cross-validation system Al-based algorithm that
combines data from the corneal deformation response

and the corneal tomography to augment the capabil-
ity to divide normal and modified eyes. The cutoff of
0.79 delivered 100% sensitivity and specificity to iden-
tify clinical ectasia designed by KC and very asymmet-
ric ectasia (VAE-E) cases. For the normal topographic
eyes from VAE patients, the criteria higher than 0.29
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Fig. 18 Slit-lamp biomicroscopy of the right eye (OD) with the “snail
track”sign (a) and specular microscopy with endothelial alterations
in OD (b)

provided 90.4% sensitivity and 96% specificity with an
AUC of 0.985. The TBI has a statistically higher AUC
than all other tested parameters, including the CBI [17].
Subsequently, different studies established that the TBI
was the most sensitive index to confirm mild ectasia [87,
91-93]. Subsequent external validation studies validate
that the TBI might identify mild forms of ectasia in very
asymmetric ectasia with typical topography (VAE-NT)
cases [94]. Recently, a new optimized version of the TBI
(TBIv2) has progressed with significantly higher accu-
racy (0.945) for identifying VAE-NT (84.4% sensitivity
and 90.1% specificity; cutoft 0.43) and analogous AUC for
clinical ectasia (0.999; 98.7% sensitivity; 99.2% specificity;
cutoff 0.8). Furthermore, pondering all cases, the TBIv2
had a higher AUC (0.985) than TBIvl (0.974) and PRFI
(0.972) (Fig. 13) [44, 95].

A novel biomechanical KC staging parameter 'E’ [96],
based on the Corvis biomechanical factor (CBiF), was
developed by Seitz and coworkers [97]. The ‘E’ supplied a
measure for diverse stages of the biomechanical destabi-
lization of the cornea, being additive to the tomographic
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Belin's ABCD ectasia/KC staging (Fig. 6) [98, 99]. Inte-
grating biomechanical E-staging aims to attain bio-
mechanical staging, rather than detecting KC. The
evaluation of tomographic (A, B, and C), DCVA (D), and
the biomechanical parameter (E) may offer clinical ben-
efits over using either alone [96]. Subsequent research is
needed to establish the clinical feasibility of applying such
information as predictive tests for prognostic purposes.

The application of Brillouin spectroscopy for the diag-
nosis of ECD has been investigated; this technology
allows for the biomechanical characterization of the cor-
nea, crystalline lens, and sclera [100-102]. It’s the prin-
ciple that light scattering is based on the interaction of
light and the intrinsic acoustic waves within the tissue
[103]. Ex vivo ectatic corneas have a significantly smaller
Brillouin frequency shift than normal corneas [104].
This technology may identify a focal weakening in the
elastic modulus and find significant differences between
Brillouin measurements in the cone region and other
corneal loci in vivo, allowing earlier disease detection
[103].

Dupps and collaborators demonstrated the ability
of phase-decorrelation optical coherence tomography
(PhD-OCT) to detect stromal crosslinking changes in
porcine and human corneas. PhD-OCT applies the the-
ory of dynamic light scattering to spatially resolve endog-
enous random motion by calculating the decorrelation
rate, Gamma, from the OCT signal with less depend-
ence on intraocular pressure (IOP) [105]. Hafezi and
collaborators developed quasi-static optical coherence
elastography (OCE) to investigate corneal biomechanical
behavior and monitor the changes after crosslinking pro-
cedures [106]. Also, polarization-sensitive optical coher-
ence tomography (PS-OCT), developed by Sinha-Roy
and collaborators, has a promising ability to evaluate the
arrangement of collagen fibrils with ultrahigh-resolution
[107, 108]. Additional clinical testing is required for these
encouraging diagnostic tools.

Ocular wavefront analysis

Ocular aberrometry is a diagnostic tool that offers valu-
able information about the eye’s refractive status [109].
Although commonly used to look into low and higher-
order aberrations and in planning wavefront-guided
refractive surgery, studying higher-order aberrations has
raised considerable interest in corneal diseases, including
KC [110].

Irregular astigmatism resulting from corneal distor-
tion is associated with a decrease in the optical quality
of the cornea and a substantial increase in higher-order
aberrations [111]. The ocular wavefront helps understand
patients’ complaints better. Eventually, it improves the
quality of vision with the use of glasses or contact lenses,
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Fig. 19 The optical coherence tomography (OCT) of the right eye shows the pachymetry and epithelium maps

which is the current objective of refractive, elective, and
therapeutic surgery to provide quality vision, and thus
improve the patient’s quality of life. Furthermore, inves-
tigators have proposed using this technology to enhance
the detection of milder forms of the disease [112].

Genetics and molecular biology

The genetic description of ECDs is a contest. KC
improvement has been related to several genes, including
VSX-1, miR-184, DOCKY, SOD1, RAB3GAP1, and HGF
[113]. The documentation of at least 17 genomic loci in
KC patients revealed the genetic heterogeneity of the dis-
ease [19], complemented by the description of both auto-
somal dominant and recessive patterns [114].

In tandem, molecular biology can play a significant
part in the diagnosis and classification of KC, which
may eventually change the definition of the disease.
Histopathologic studies described molecular and cellu-
lar changes related to the pathogenesis of KC, including

extracellular matrix degeneration [115]. Some nucleotide
polymorphisms of the Lysyl oxidase, an essential compo-
nent of the extracellular matrix via enzymatic reaction,
could potentially be used for KC risk prediction [29].

Conclusion

Multimodal imaging is essential for a comprehensive
evaluation of ECDs, including diagnosis, classification,
staging, prognosis, individualized treatment planning,
and clinical follow-up. Such knowledge is fundamental
given the profound transformation in managing such
diseases. Assessing ectasia risk before refractive surgery
aims not only to identify candidates with mild keratoco-
nus but preventing iatrogenic ectasia involves the charac-
terization of the inherent susceptibility to biomechanical
failure, which represents a second paradigm shift related
to the diagnostic ability for ECD. The understanding of
corneal structure must be considered along with the rela-
tional impact of the procedure for quantifying the risk
of ectasia [58]. While the evolution in corneal imaging
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Fig. 20 Tomographic-Biomechanical Display of the patient with posterior polymorphous corneal dystrophy (PPCD) and forme fruste keratoconus
(FFKC) with (a) relatively high tomographic biomechanical index (TBI) in the right eye (OD) and (b) relatively normal TBI in the left eye (OS)

diagnosis over the last 30 years has been enormous,
this evolution continues. In the future, Al will empower
enhanced data integration, including corneal tomogra-
phy and biomechanical assessments, along with epithe-
lium segmental layered epithelium, microlayer (Bowman)
tomography, axial length, ocular wavefront, and other

tests such as molecular biology, and genetics. This
approach will increase efficiency and safety [86], facilitat-
ing clinical decision-making. The concept is to expand
the application from the diagnosis to clinical and surgi-
cal management, propelling diagnostics into precision-
driven ophthalmic care for patients with ECDs.



Ambrdsio Jr et al. Eye and Vision (2023) 10:45

Acknowledgements
Not applicable.

Author contributions

RAJr: Conceptualization, data collection and analysis, literature review, writing
and editing, supervision; MQS: Data collection and analysis, literature review,
review and critique, figures editing; LB: Data collection and analysis, literature
review, review and critique; JBRFF: Data collection and analysis, literature
review, review and critique; JG: Data collection and analysis, literature review,
review and critique, figures editing; AN: Data collection and analysis, literature
review, review and critique, figures editing; APM: Data collection and analysis,
literature review, review and critique, figures editing; BTL: Data collection and
analysis, literature review, review and critique; NSJ: Data collection and analy-
sis, literature review, review and critique; LPGE: Data collection and analysis,
literature review, review and critique. All authors read and approved the final
manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Dr. Ambrésio is a consultant for Oculus, Alcon, Zeiss and Mediphacos.

Received: 25 June 2023 Accepted: 14 October 2023
Published online: 03 November 2023

References

1. Seiler T. The paradigm change in keratoconus therapy. Indian J Oph-
thalmol. 2013;61(8):381.

2. McGhee CN, Kim BZ, Wilson PJ. Contemporary treatment paradigms in
keratoconus. Cornea. 2015;34(Suppl 10):S16-23.

3. Ambrdsio R Jr, Lopes B, Amaral J, Faria-Correia F, Canedo ALC, Salomao
MQ, et al. Keratoconus: breaking paradigms and contradictions of a
new subspecialty. Rev Bras Oftalmol. 2019;78(2):81-5.

4. Esporcatte LPG, Salomao MQ, Neto ABDC, Machado AP, Lopes BT,
Ambrosio R Jr. Enhanced diagnostics for corneal ectatic diseases: the
whats, the whys, and the hows. Diagnostics. 2022;12(12):3027.

5. Ambrésio R Jr. Cirurgia refrativa terapéutica: por que diferenciar? Rev
Bras Oftalmol. 2013;72(2):85-6.

6. Salomao M, Hoffling-Lima AL, Lopes B, Belin MW, Sena N Jr, Dawson
DG, et al. Recent developments in keratoconus diagnosis. Expert Rev
Ophthalmol. 2018;13:329-41.

7. Ambrésio R Jr, Randleman JB. Screening for ectasia risk: what are
we screening for and how should we screen for it? J Refract Surg.
2013;29(4):230-2.

8. Salomao MQ, Hofling-Lima AL, Gomes Esporcatte LP, Correa FF, Lopes B,
Sena N Jr, et al. Ectatic diseases. Exp Eye Res. 2021,202:108347.

9. Randleman JB. Post-laser in-situ keratomileusis ectasia: current
understanding and future directions. Curr Opin Ophthalmol.
2006;17(14):406-12.

10. Randleman JB, Woodward M, Lynn MJ, Stulting RD. Risk assess-
ment for ectasia after corneal refractive surgery. Ophthalmology.
2008;115(1):37-50.

11. Seiler T, Quurke AW. latrogenic keratectasia after LASIK in a case of
forme fruste keratoconus. J Cataract Refract Surg. 1998;24(7):1007-9.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31

32.

33

34

35.

36.

37.

Page 24 of 26

Ambroésio R Jr, Klyce SD, Wilson SE. Corneal topographic and
pachymetric screening of keratorefractive patients. J Refract Surg.
2003;19(1):24-9.

Binder PS, Lindstrom RL, Stulting RD, Donnenfeld E, Wu H, McDonnell
P, et al. Keratoconus and corneal ectasia after LASIK. J Refract Surg.
2005;21(6):749-52.

Ambroésio R Jr, Belin MW. Enhanced screening for ectasia risk prior

to laser vision correction. Int J Keratoconus Ectatic Corneal Dis.
2017,6(1):23-33.

Maeda N, Klyce SD, Tano Y. Detection and classification of mild irregular
astigmatism in patients with good visual acuity. Surv Ophthalmol.
1998;43(1):53-8.

Ambroésio R Jr, Dawson DG, Saloméo M, Guerra FP, Caiado AL, Belin MW.
Corneal ectasia after LASIK despite low preoperative risk: tomographic
and biomechanical findings in the unoperated, stable, fellow eye. J
Refract Surg. 2010;26(11):906-11.

Ambrésio R Jr, Lopes BT, Faria-Correia F, Saloméao MQ, Buhren J, Roberts
CJ, et al. Integration of Scheimpflug-based corneal tomography and
biomechanical assessments for enhancing ectasia detection. J Refract
Surg. 2017,33(7):434-43.

Vinciguerra R, Ambrdsio R Jr, Elsheikh A, Roberts CJ, Lopes B, Morenghi
E, et al. Detection of keratoconus with a new biomechanical index. J
Refract Surg. 2016;32(12):803-10.

Nowak DM, Gajecka M. The genetics of keratoconus. Middle East Afr J
Ophthalmol. 2011;18(1):2-6.

Hafezi NL, Hafezi F. Developing affordable, portable and simplis-

tic diagnostic sensors to improve access to care. Sensors (Basel).
2022,22(3):1181.

Torres Netto EA, Al-Otaibi WM, Hafezi NL, Kling S, Al-Farhan HM, Randle-
man JB, et al. Prevalence of keratoconus in paediatric patients in Riyadh,
Saudi Arabia. Br J Ophthalmol. 2018;102(10):1436-41.

Ambrosio R Jr. Violet June: the global keratoconus awareness cam-
paign. Ophthalmol Ther. 2020;9(3):685-8.

Gomes JA, Tan D, Rapuano CJ, Belin MW, Ambrosio R Jr, Guell JL,

et al. Global consensus on keratoconus and ectatic diseases. Cornea.
2015;34(4):359-69.

Krachmer JH, Feder RS, Belin MW. Keratoconus and related non-
inflammatory corneal thinning disorders. Surv Ophthalmol.
1984,28(4):293-322.

Wallang B, Das S. Keratoglobus. Eye (Lond). 2013;27(9):1004-12.
Martinez-Abad A, Pifiero DP. Pellucid marginal degeneration: detection,
discrimination from other corneal ectatic disorders and progression.
Cont Lens Anterior Eye. 2019;42(4):341-9.

Saad A, Gatinel D. Validation of a new scoring system for the detection
of early forme of keratoconus. Int J Keratoconus Ectatic Corneal Dis.
2012;1(2):100-8.

Roberts CJ, Dupps WJ Jr. Biomechanics of corneal ectasia and biome-
chanical treatments. J Cataract Refract Surg. 2014;40(6):991-8.
Kayazawa F, Nishimura K, Kodama Y, Tsuji T, Itoi M. Keratoconus

with pellucid marginal corneal degeneration. Arch Ophthalmol.
1984;102(6):895-6.

Rabinowitz YS. Keratoconus. Surv Ophthalmol. 1998;42(4):297-319.
Ambrosio Junior R, Caldas DL, Silva RSd, Pimentel LN, Valbon BdF.
Impacto da andlise do “wavefront” na refratometria de pacientes com
ceratocone. Rev Bras Oftalmol. 2011;70(1):16-22.

Klyce SD. Chasing the suspect: keratoconus. Br J Ophthalmol.
2009;93(7):845-7.

Waring GO Ill. Nomenclature for keratoconus suspects. Refract Corneal
Surg. 1993,9(3):219-22.

Henriquez MA, Hadid M, Izquierdo L Jr. A systematic review of
subclinical keratoconus and forme fruste keratoconus. J Refract Surg.
2020;36(4):270-9.

Lopes BT, Eliasy A, Ambrosio R. Artificial intelligence in corneal diagno-
sis: where are we? Current Ophthalmology Reports. 2019;7:204-11.
Saad A, Gatinel D. Topographic and tomographic properties of

forme fruste keratoconus corneas. Invest Ophthalmol Vis Sci.
2010;51(11):5546-55.

Smadja D, Touboul D, Cohen A, Doveh E, Santhiago MR, Mello GR, et al.
Detection of subclinical keratoconus using an automated decision tree
classification. Am J Ophthalmol. 2013;156(2):237-46.e1.



Ambrésio Jr et al. Eye and Vision

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.
58.

59.

60.

(2023) 10:45

Hwang ES, Perez-Straziota CE, Kim SW, Santhiago MR, Randleman JB.
Distinguishing highly asymmetric keratoconus eyes using combined
Scheimpflug and spectral-domain oct analysis. Ophthalmology.
2018;125(12):1862-71.

Golan O, Piccinini AL, Hwang ES, De Oca Gonzalez IM, Krauthammer
M, Khandelwal SS, et al. Distinguishing highly asymmetric keratoco-
nus eyes using dual Scheimpflug/Placido analysis. Am J Ophthalmol.
2019;201:46-53.

Abdelmassih Y, El-Khoury S, Dirani A, Antonios R, Fadlallah A, Cherfan
CG, et al. Safety and efficacy of sequential intracorneal ring segment
implantation and cross-linking in pediatric keratoconus. Am J Ophthal-
mol. 2017;178:51-7.

Alfonso JF, Fernandez-Vega-Cueto L, Lisa C, Monteiro T, Madrid-Costa D.
Long-term follow-up of intrastromal corneal ring segment implantation
in pediatric keratoconus. Cornea. 2019;38(7):840-6.

Koller T, Mrochen M, Seiler T. Complication and failure rates after cor-
neal crosslinking. J Cataract Refract Surg. 2009;35(8):1358-62.
Torres-Netto EA, Abdshahzadeh H, Lu NJ, Kling S, Abrishamchi R, Hillen
M, et al. Corneal cross-linking with riboflavin using sunlight. J Cataract
Refract Surg. 2023;49(10):1049-55.

Ambroésio R Jr, Machado AP, Leé&o E, Lyra JMG, Salomao MQ, Esporcatte
LGP et al. Optimized artificial intelligence for enhanced ectasia detec-
tion using Scheimpflug-based corneal tomography and biomechanical
data. Am J Ophthalmol. 2023;251:126-42.

Lindstrom RL, Berdah! JP, Donnenfeld ED, Thompson V, Kratochvil D,
Wong C, et al. Corneal cross-linking versus conventional management for
keratoconus: a lifetime economic model. J Med Econ. 2021;24(1):410-20.
Yang K, Fan Q Xu L, Gu Y, Pang C, Ren S. Accuracy of tomographic and
biomechanical parameters in detecting unilateral post-LASIK keratoecta-
sia and fellow eyes. Front Bioeng Biotechnol. 2023;11:1181117.
Ambrésio R Jr. Post-LASIK ectasia: twenty years of a conundrum. Semin
Ophthalmol. 2019;34(2):66-8.

Dupps WJ Jr, Seven |. A large-scale computational analysis of corneal
structural response and ectasia risk in myopic laser refractive surgery.
Trans Am Ophthalmol Soc. 2016;114:T1.

Francis M, Khamar P, Shetty R, Sainani K, Nuijts RMMA, Haex B, et al.

In vivo prediction of air-puff induced corneal deformation using LASIK,
SMILE, and PRK finite element simulations. Invest Ophthalmol Vis Sci.
2018;59(13):5320-8.

Gasset AR, Zimmerman TJ. Posterior polymorphous dystrophy associated
with keratoconus. Am J Ophthalmol. 1974;78(3):535-7.

Mazzotta C, Baiocchi S, Caporossi O, Buccoliero D, Casprini F, Caporossi

A, et al. Confocal microscopy identification of keratoconus associated
with posterior polymorphous corneal dystrophy. J Cataract Refract Surg.
2008;34(2):318-21.

Ramos IC, Belin MW, Valbon BF, Luz A. Keratoconus associated with
corneal guttata. Int J Keratoconus Ectatic Corneal Dis. 2012;1:173-8.
Maeda N, Klyce SD, Smolek MK, Thompson HW. Automated keratoconus
screening with corneal topography analysis. Invest Ophthalmol Vis Sci.
1994,35(6):2749-57.

Maguire LJ, Bourne WM. Corneal topography of early keratoconus. Am J
Ophthalmol. 1989;108(2):107-12.

Ambrosio R Jr, Alonso RS, Luz A, Coca Velarde LG. Corneal-thickness
spatial profile and corneal-volume distribution: tomographic indices to
detect keratoconus. J Cataract Refract Surg. 2006;32(11):1851-9.
Ambrésio R Jr, Caiado AL, Guerra FP, Louzada R, Sinha RA, Luz A, et al.
Novel pachymetric parameters based on corneal tomography for
diagnosing keratoconus. J Refract Surg. 2011;27(10):753-8.

Luz A, Faria-Correia F, Saloméao MQ, Lopes BT, Ambrésio R Jr. Corneal
biomechanics: where are we? J Curr Ophthalmol. 2016;28(3):97-8.
Belin MW, Ambrésio R Jr. Corneal ectasia risk score: statistical validity
and clinical relevance. J Refract Surg. 2010;26(4):238-40.

Ambrésio R Jr, Belin MW. Enhanced screening for ectasia risk prior

to laser laser vision correction. Int J Keratoconus Ectatic Corneal Dis.
2017,6:23-33.

Ambroésio R Jr, Nogueira LP, Caldas DL, Fontes BM, Luz A, Cazal JO,

et al. Evaluation of corneal shape and biomechanics before LASIK. Int
Ophthalmol Clin. 2011;51(2):11-38.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 25 of 26

Rabinowitz YS, McDonnell PJ. Computer-assisted corneal topography in
keratoconus. Refract Corneal Surg. 1989;5(6):400-8.

Randleman JB, Trattler WB, Stulting RD. Validation of the Ectasia Risk
Score System for preoperative laser in situ keratomileusis screening. Am
J Ophthalmol. 2008;145(5):813-8.

Klein SR, Epstein RJ, Randleman JB, Stulting RD. Corneal ectasia after
laser in situ keratomileusis in patients without apparent preoperative
risk factors. Cornea. 2006;25(4):388-403.

Bohac M, Koncarevic M, Pasalic A, Biscevic A, Merlak M, Gabric N, et al.
Incidence and clinical characteristics of post LASIK ectasia: a review of
over 30,000 LASIK cases. Semin Ophthalmol. 2018;33(7-8):869-77.
Shetty R, Kumar NR, Khamar P, Francis M, Sethu S, Randleman JB,

et al. Bilaterally asymmetric corneal ectasia following SMILE with
asymmetrically reduced stromal molecular markers. J Refract Surg.
2019;35(1):6-14.

Moshirfar M, Tukan AN, Bundogji N, Liu HY, McCabe SE, Ronquillo YC,
et al. Ectasia after corneal refractive surgery: a systematic review. Oph-
thalmol Ther. 2021;10(4):753-76.

Malecaze F, Coullet J, Calvas P, Fournié P, Arné JL, Brodaty C. Corneal
ectasia after photorefractive keratectomy for low myopia. Ophthalmol-
ogy. 2006;113(5):742-6.

Chan C, Ang M, Saad A, Chua D, Mejia M, Lim L, et al. Validation of

an objective scoring system for forme fruste keratoconus detec-

tion and post-LASIK ectasia risk assessment in Asian eyes. Cornea.
2015;34(9):996-1004.

Chan C, Saad A, Randleman JB, Harissi-Dagher M, Chua D, Qazi M, et al.
Analysis of cases and accuracy of 3 risk scoring systems in predict-

ing ectasia after laser in situ keratomileusis. J Cataract Refract Surg.
2018;44(8):.979-92.

Ambrésio R Jr, Valbon BF, Faria-Correia F, Ramos |, Luz A. Scheimpflug
imaging for laser refractive surgery. Curr Opin Ophthalmol.
2013;24(4):310-20.

Demir S, Sénmez B, Yeter V, Ortak H. Comparison of normal and kerato-
conic corneas by Galilei Dual-Scheimpflug Analyzer. Cont Lens Anterior
Eye. 2013;36(5):219-25.

Belin MW, Ambrésio R. Scheimpflug imaging for keratoconus and
ectatic disease. Indian J Ophthalmol. 2013;61(8):401-6.

Lopes BT, Ramos IC, Dawson DG, Belin MW, Ambrdsio R Jr. Detec-

tion of ectatic corneal diseases based on pentacam. Z Med Phys.
2016;26(2):136-42.

Lopes BT, Ramos IC, Salomao MQ, Guerra FP, Schallhorn SC, Schallhorn
JM, et al. Enhanced tomographic assessment to detect corneal ectasia
based on artificial intelligence. Am J Ophthalmol. 2018;195:223-32.
Almeida GC Jr, Guido RC, Balarin Silva HM, Branddo CC, de Mattos LC,
Lopes BT, et al. New artificial intelligence index based on Scheimpflug
corneal tomography to distinguish subclinical keratoconus from
healthy corneas. J Cataract Refract Surg. 2022;48(10):1168-74.
Arbelaez MC, Versaci F, Vestri G, Barboni P, Savini G. Use of a sup-

port vector machine for keratoconus and subclinical keratoconus
detection by topographic and tomographic data. Ophthalmology.
2012;119(11):2231-8.

Reinstein DZ, Archer TJ, Gobbe M. Corneal epithelial thickness profile in
the diagnosis of keratoconus. J Refract Surg. 2009;25(7):604-10.
Silverman RH, Urs R, Roychoudhury A, Archer TJ, Gobbe M, Reinstein
DZ. Epithelial remodeling as basis for machine-based identification of
keratoconus. Invest Ophthalmol Vis Sci. 2014;55(3):1580-7.

Reinstein DZ, Archer TJ, Urs R, Gobbe M, RoyChoudhury A, Silver-

man RH. Detection of keratoconus in clinically and algorithmically
topographically normal fellow eyes using epithelial thickness analysis. J
Refract Surg. 2015;31(11):736-44.

Reinstein DZ, Gobbe M, Archer TJ, Silverman RH, Coleman DJ. Epithelial,
stromal, and total corneal thickness in keratoconus: three-dimensional
display with artemis very-high frequency digital ultrasound. J Refract
Surg. 2010;26(4):259-71.

LiY, Chamberlain W, Tan O, Brass R, Weiss JL, Huang D. Subclinical
keratoconus detection by pattern analysis of corneal and epithelial
thickness maps with optical coherence tomography. J Cataract Refract
Surg. 2016;42(2):284-95.



Ambrdsio Jr et al. Eye and Vision

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

99.

100.

(2023) 10:45

LiY,Tan O, Brass R, Weiss JL, Huang D. Corneal epithelial thickness map-
ping by Fourier-domain optical coherence tomography in normal and
keratoconic eyes. Ophthalmology. 2012;119(12):2425-33.

Pahuja N, Shroff R, Pahanpate P, Francis M, Veeboy L, Shetty R, et al.
Application of high resolution OCT to evaluate irregularity of Bowman’s
layer in asymmetric keratoconus. J Biophotonics. 2017;10(5):701-7.
Chandapura R, Saloméo MQ, Ambrésio R Jr, Swarup R, Shetty R, Sinha
Roy A. Bowman's topography for improved detection of early ectasia. J
Biophotonics. 2019;12(10):2201900126.

Dupps WJ Jr, Roberts CJ. Corneal biomechanics: a decade later. J Cata-
ract Refract Surg. 2014;40(6):857.

Esporcatte LPG, Salomao MQ, Lopes BT, Vinciguerra P, Vinciguerra R,
Roberts C, et al. Biomechanical diagnostics of the cornea. Eye Vis (Lond).
2020;7:9.

Ferreira-Mendes J, Lopes BT, Faria-Correia F, Salomao MQ, Rodrigues-
Barros S, Ambrdsio R Jr. Enhanced ectasia detection using corneal
tomography and biomechanics. Am J Ophthalmol. 2019;197:7-16.
Saloméo MQ, Hofling-Lima AL, Faria-Correia F, Lopes BT, Rodrigues-
Barros S, Roberts CJ, et al. Dynamic corneal deformation response

and integrated corneal tomography. Indian J Ophthalmol.
2018;66(3):373-82.

Roberts CJ, Mahmoud AM, Bons JP, Hossain A, Elsheikh A, Vinciguerra

R, et al. Introduction of two novel stiffness parameters and interpreta-
tion of air puff-induced biomechanical deformation parameters with a
dynamic scheimpflug analyzer. J Refract Surg. 2017;33(4):266-73.
Vinciguerra R, Ambrosio R, Elsheikh A, Lopes BT, Morenghi E, Donati

S, et al. Analysis of corneal biomechanics using ultra high-speed
Scheimpflug imaging to distinguish normal from keratoconic patients.
Invest Ophthalmol Vis Sci. 2015;56:1130.

Kataria P, Padmanabhan P, Gopalakrishnan A, Padmanaban V, Mahadik S,
Ambrésio R Jr. Accuracy of Scheimpflug-derived corneal biomechanical
and tomographic indices for detecting subclinical and mild keratectasia
in a South Asian population. J Cataract Refract Surg. 2019;45(3):328-36.
Sedaghat MR, Momeni-Moghaddam H, Ambrésio R Jr, Heidari HR,
Maddah N, Danesh Z, et al. Diagnostic ability of corneal shape and
biomechanical parameters for detecting frank keratoconus. Cornea.
2018;37(8):1025-34.

Steinberg J, Siebert M, Katz T, Frings A, Mehlan J, Druchkiv V, et al.
Tomographic and biomechanical Scheimpflug imaging for kerato-
conus characterization: a validation of current indices. J Refract Surg.
2018;34(12):840-7.

Valbon BF, Ambrésio R Jr, Glicéria J, Santos R, Luz A, Alves MR. Unilateral
corneal ectasia after bilateral LASIK: the thick flap counts. Int J Keratoco-
nus Ectatic Corneal Dis. 2013;2:79.

Ambrosio R Jr. Artificial intelligence for the early detection of ectatic
corneal diseases. OphthalmolTimes Europe. 2023;19(07):8-10.

Flockerzi E, Vinciguerra R, Belin MW, Vinciguerra P, Ambrosio R Jr, Seitz
B. Combined biomechanical and tomographic keratoconus staging:
adding a biomechanical parameter to the ABCD keratoconus staging
system. Acta Ophthalmol. 2022;100(5):e1135-42.

Flockerzi E, Vinciguerra R, Belin MW, Vinciguerra P, Ambrésio R Jr, Seitz
B. Correlation of the Corvis biomechanical factor with tomographic
parameters in keratoconus. J Cataract Refract Surg. 2022;48(2):215-21.
Belin M, Duncan J, Ambroésio R Jr, Gomes J. A new tomographic method
of staging/classifying keratoconus: the ABCD grading system. Int J
Keratoconus Ectatic Corneal Dis. 2015;4:55-63.

Belin M, Meyer J, Duncan J, Gelman R, Borgstrom M, Ambrésio R.
Assessing progression of keratoconus and cross-linking efficacy: the
Belin ABCD Progression Display. Int J Keratoconus Ectatic Corneal Dis.
2017;,6:1-10.

Shao P, Seiler TG, Eltony AM, Ramier A, Kwok SJJ, Scarcelli G, et al. Effects
of corneal hydration on brillouin microscopy in vivo. Invest Ophthalmol
Vis Sci. 2018;59(7):3020-7.

Scarcelli G, Pineda R, Yun SH. Brillouin optical microscopy for corneal
biomechanics. Invest Ophthalmol Vis Sci. 2012;53(1):185-90.

Besner S, Scarcelli G, Pineda R, Yun SH. In vivo brillouin analysis of the
aging crystalline lens. Invest Ophthalmol Vis Sci. 2016;57(13):5093-100.
Seiler TG, Shao P, Eltony A, Seiler T, Yun SH. Brillouin spectroscopy of
normal and keratoconus corneas. Am J Ophthalmol. 2019,202:118-25.

104.

105.

106.

108.

109.

110.

1.

113.

114.

Page 26 of 26

Scarcelli G, Besner S, Pineda R, Yun SH. Biomechanical characteriza-
tion of keratoconus corneas ex vivo with Brillouin microscopy. Invest
Ophthalmol Vis Sci. 2014;55(7):4490-5.

Blackburn BJ, Gu S, Ford MR, et al. Noninvasive assessment of corneal
crosslinking with phase-decorrelation optical coherence tomography.
Invest Ophthalmol Vis Sci. 2019;60:41-51.

Kling S, Torres-Netto EA, Spiru B, Sekundo W, Hafezi F. Quasi-static opti-
cal coherence elastography to characterize human corneal biome-
chanical properties. Invest Ophthalmol Vis Sci. 2020;61:29.

Patil R, Shetty R, Narasimhan R, et al. Mapping of corneal birefringence
in thin and asymmetric keratoconus corneas with ultrahigh-resolution
polarization-sensitive OCT. J Cataract Refract Surg. 2022;48:929-36.
Patil R, Shetty R, Patel Y, Pisharody A, Narasimhan R, Pircher M, et al.
Phase retardation and corneal sublayer thickness repeatability using
ultrahigh-resolution polarization-sensitive OCT. J Cataract Refract Surg.
2023;49(1):76-83.

Maeda N. Clinical applications of wavefront aberrometry - a review. Clin
Exp Ophthalmol. 2009;37:118-29.

Colak HN, Kantarci FA, Yildirim A, Tatar MG, Goker H, Uslu H, et al.
Comparison of corneal topographic measurements and high order
aberrations in keratoconus and normal eyes. Cont Lens Anterior Eye.
2016;39(5):380-4.

Jafri B, Li X, Yang H, Rabinowitz YS. Higher order wavefront aberrations
and topography in early and suspected keratoconus. J Refract Surg.
2007;23:774-81.

Naderan M, Jahanrad A, Farjadnia M. Ocular, corneal, and internal aber-
rations in eyes with keratoconus, forme fruste keratoconus, and healthy
eyes. Int Ophthalmol. 2018;38:1565-73.

Abu-Amero KK, Kalantan H, Al-Muammar AM. Analysis of the VSX1 gene
in keratoconus patients from Saudi Arabia. Mol Vis. 2011;17:667-72.
Stabuc-Silih M, Strazisar M, Ravnik-Glavac M, Hawlina M, Glavac D.
Genetics and clinical characteristics of keratoconus. Acta Dermatoven-
erol Alp Pannonica Adriat. 2010;19(2):3-10.

Shetty R, Ghosh A, Lim RR, Subramani M, Mihir K, Reshma AR, et al.
Elevated expression of matrix metalloproteinase-9 and inflammatory
cytokines in keratoconus patients is inhibited by cyclosporine A. Invest
Ophthalmol Vis Sci. 2015;56(2):738-50.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Multimodal diagnostics for keratoconus and ectatic corneal diseases: a paradigm shift
	Abstract 
	Background
	Diagnostic approaches for ECD
	Screening for ectasia in the general population
	Classification of ectatic disease
	Prognostic information
	Characterizing ectasia susceptibility

	Keratoconus associated with other corneal dystrophies
	The quest for multimodal imaging
	Corneal topography
	Corneal tomography
	Layered or segmental corneal tomography
	Corneal biomechanics
	Ocular wavefront analysis
	Genetics and molecular biology

	Conclusion
	Acknowledgements
	References


