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ABSTRACT

Corneal thickness plays a fundamental role in assessing corneal health and diagnosing ectatic dis-
eases. Initially, pachymetry relied on single-point measurements, particularly central corneal thickness
(CCT). With the introduction of corneal tomography, it became possible to map corneal thickness at mul-
tiple locations, allowing for a more precise three-dimensional evaluation. In recent years, indices derived
from spatial pachymetric profiles—such as the Corneal Thickness Spatial Profile (CTSP), Percentage
Thickness Increase (PTI), and Ambroésio’s Relational Thickness (ART)—have significantly improved the
sensitivity and specificity of early ectasia detection. Moreover, epithelial thickness analysis has gained
relevance by enabling the identification of compensatory remodeling in early stages of disease. These ad-
vanced tools have also been applied in the post-refractive surgery setting, where distinguishing between
naturally thin corneas and true ectatic thinning is crucial. This review aims to provide a comprehensive
overview of corneal thickness evaluation over time, describe current methodologies, and discuss their
clinical application in the early diagnosis and monitoring of corneal disorders.
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RESUMO

A espessura corneana tem um papel fundamental na avaliagdo da satide da cornea e no diagnostico
de doengas ectasicas. Inicialmente, a paquimetria baseava-se em medi¢des pontuais, especialmente da
espessura central. Com a introdugdo da tomografia corneana, tornou-se possivel mapear a espessura
em diferentes pontos da cdrnea, permitindo uma avaliacdo tridimensional mais precisa. Nos ultimos
anos, foram desenvolvidos indices derivados da analise do perfil espacial da espessura corneana, como
o CTSP, PTI e ART, que melhoram significativamente a sensibilidade e especificidade para detegao
precoce de ectasias. Além disso, a andlise da espessura epitelial ganhou importancia, permitindo
identificar alteracdes compensatdrias em fases iniciais da doenga. Estas ferramentas avangadas também
tém sido aplicadas na avaliagdo pos-cirurgia refrativa, onde a distingdo entre corneas finas e corneas
com afinamento secundario a ectasia é essencial. Esta revisao tem como objetivo apresentar uma visao
abrangente sobre a avaliacao da espessura corneana ao longo do tempo, descrever as modalidades atuais
e discutir a sua aplicagao clinica no diagndstico precoce e no acompanhamento de doengas corneanas.

PALAVRAS-CHAVE: Paquimetria Corneana; Tomografia Corneana.
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INTRODUCTION

Corneal thickness is an essential hallmark of corneal
health. The expanding knowledge about corneal thickness
and its spatial profile enormously deepened in many ar-
eas in ophthalmology. In cornea and refractive surgery, the
comprehensive tomographic analysis of pachymetry data
enabled the distinction between thin and thinned corneas
and thick and thickened corneas. Hence, pachymetric data
can provide information regarding corneal thinning (ectat-
ic) diseases and endothelium healthiness."

Keratoconus and ectatic corneal diseases are among the
most benefited from these recent scientific advances. The
spatial pachymetric profile analysis became the basis for
most diagnostic parameters. This knowledge allowed for
early-stage diagnosis, which in turn changed the paradigm
of the disease. Furthermore, and even though refractive
surgery has become relatively safe and predictable with
low rates of postoperative ectasia, spatial pachymetric pro-
file analysis has also allowed for a more accurate determi-
nation of ectasia development after refractive surgery and,
additionally, for the prediction of ectasia susceptibility be-
fore surgery.

This article reviews the advances and clinical applica-
tions of comprehensive tomographic corneal thickness
analysis in current ophthalmological practice. Further-
more, we aim to identify gaps and suggest future research
that could optimize the diagnosis and early management of
primary ectatic diseases and post-refractive surgery ectasia.

PACHYMETRY AND
PACHYMETRIC MAPS

Pachymetry derives from the Greek words pachos,
meaning ‘thick’, and metry, meaning measure. The first op-
tical pachymeter was introduced in 1955 by David Mau-
rice.” This measurement was examiner-dependent, leading
to lower reproducibility. Subsequently, the ultrasonic tech-
nique was introduced by Frederic Kremer in 1980, demon-
strating greater replicability than optical pachymetry and
being accepted as the gold-standard method for measuring
central corneal thickness (CCT).” Ultrasound (US) pachym-
etry is a single-point measurement, which usually refers to
the measurements at the geometric center of the cornea or
over the pupil center. Typically, CCT follows a ‘Gaussian’
distribution in a normal population with a mean CCT of
556 pym and a standard deviation of 34 um, ranging from
454 to 669 um.*

The cornea does not have a uniform thickness. It is thin-
ner in the center and thickens towards the periphery. More-
over, neither the central geometric point nor the point over
the center of the pupil represents the true corneal thinnest
point.” Although measuring other points of the cornea with
the US by moving the probe is possible, it may be severely
influenced by the patient’s cooperation and the examiner’s
experience. Therefore, a pachymetric map is crucial to de-
termine the thinnest point, its thickness and localization, to

study differences between meridians, and differences be-
tween both eyes, all of which have proven important infor-
mation for clinical decision-making. Hence, the advent of
pachymetric maps has allowed for a more complete analy-
sis of corneal thickness.

CORNEAL TOMOGRAPHY

Tomography derives from the Greek words tomos,
meaning “slice,” and graphia, meaning “describing”. Cor-
neal tomography was introduced in the late 1990s and
represented the three-dimensional reconstruction of the
cornea. It can evaluate the anterior and posterior corneal
surfaces, thereby generating reliable pachymetric maps.

Different technologies are commercially available. Hori-
zontal slit scanning tomography was first introduced with the
Orbscan (Bausch & Lomb, Rochester, NY). Later, rotational
scanning was accessible with the Pentacam (Oculus, Wetzlar,
Germany), Galilei (Ziemer Port, Switzerland), Sirius (CSO,
Italy) and the Preciso (iVIS Technologies. Taranto, Italy).

Corneal tomography provides corneal thickness deter-
mination at different locations and has been initially pro-
posed to help identify ectasia at earlier stages. The thinnest
point, which was not adequately measured by US pachym-
etry, proved to have higher accuracy than CCT for kerato-
conus diagnosis (AUC: 0.945 vs 0.919; p=0001). Its location
and thickness could raise suspicion of ectasia: the thickness
of <470 um and Y coordinate >-500 um. Moreover, the dif-
ference between both eyes’ thinnest points > 20 to 30 um
was also considered suspicious. The difference between
superior and inferior points in a 5 mm circle (equidistant
from the center) > 30 um and the difference between cor-
neal apex thickness and thinnest point > 10 um were also
considered abnormal.”

Despite representing valuable information and chang-
ing the way ectasia was identified, corneal tomography was
still made up of single measurements and did not provide
spatial thickness profiles. Corneal thickness spatial variation
knowledge includes more points, allowing for understand-
ing thickness progression. Mandell and Polse were pioneers
and studied the horizontal profile of corneal thickness using
amodified optical pachymeter.® In their study, the difference
between central and peripheral measurements was found
to be significantly greater in keratoconus and a difference
greater than 0.085 mm was actually considered pathogno-
monic of keratoconus. Likewise, Avitable defined kerato-
conus index (KI) as the ratio between the mean peripheral
corneal thickness and the thinnest point measured by ultra-
sound biomicroscopy.”"” The KI was very sensitive to dif-
ferentiate normal and keratoconic corneas and its value was
correlated with disease severity. Although KI calculation has
become faster by a semi-automated method described by
Castiglione, this technique has not been clinically popular-
ized because it is still time-consuming, its measurements are
very subjective and lack practicality."

The concept of spatial variation of corneal thickness
raised interest, prompting subsequent research to apply
this knowledge to clinical practice.'
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CORNEAL THICKNESS PROFILE

The concept of corneal thickness profile (CTP) attracted
considerable interest in the field. Ambrosio and his cow-
orkers from the Rio de Janeiro Corneal Tomography and
Biomechanics Study Group (Rio-CTBSG) proposed a sys-
tem to evaluate spatial variation of corneal thickness: from
the thinnest point (TP), the average thickness of twenty-
two imaginary circles at 0.1mm steps is calculated and pre-
sented in a graph (corneal thickness spatial profile - CTSP).
From that representation, the percentage thickness increase
(PTI) is calculated for each position using the formula: (CT@
x - TP) / TP, where x represents the average thickness on the
imaginary circles. The CTSP and PTI graphs also contain
reference data with 95% confidence interval from a normal
population.! The CTSP displays the thinnest point as the
starting point, while the PTI refers to a percentage increase
in thickness considering the TP. The PTI starts from zero
so both normal thin and normal thick corneas may have a
similar PTI, while the CTSP curve’s starting point will be in
accordance with the TP value.'

Healthy corneas present similar spatial thickness pro-
gression patterns.'” A normal profile corresponds to a curved
line plotted in red, following (but not necessarily within) the
standard course of the normative black dotted curves; it does
not leave the course before the 6 mm; and has an average of
less than 1.2."*" Even considering different overall thickness-
es, analysis of variation enabled the distinction between nor-
mal thin and normal thick corneas from ectasia and edema,
respectively. In clinical practice, the corneal thickness profile
evaluation can help diagnose an ectasia in a cornea of nor-
mal thickness (Case 1) or exclude an ectasia in a thin cornea
with normal progression indices.
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Case 1. 18-year-old female diagnosed with keratoconus grade 3. Central
corneal thickness of 551 um with a pronounced thickening from the thin-
nest point towards the periphery. Average PPI of 1.92, ART-Max of 163 um,
BAD-D of 7.93 and TBI of 1.00.

In addition to ectasia detection, analysis of these maps
can also suggest endothelial disorders, even in patients
with thin corneas whose diagnosis can be particularly chal-
lenging (Cases 2 and 3). In fuchs endothelial corneal dystro-
phy, it is imperative to look for signs of subclinical edema
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Case 2. 66-year-old female diagnosed with Fuchs endothelial corneal dystro-
phy. Central corneal thickness of 628 um, not respecting the spatial progres-
sion (plateau line). Average PPI of 0.83, ART-Max of 397 um, BAD-D of 0.67
and TBI of 0.20.

in Scheimpflug images (loss of parallel isopachs, which are
observed in pachymetric maps, displacement of the thin-
nest point of the cornea from its normal position in infer-
otemporal quadrant, and depression of the posterior cor-
neal surface towards the anterior chamber)." Furthermore,
the corneal densitometry can strengthen the diagnosis by
showing a second hump sign at the level of the Descemet’s
membrane (“camel sign”), which correlates with the pres-
ence and severity of corneal guttata (Case 3).”
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Case 3. 74-year-old male diagnosed with Fuchs endothelial corneal dystro-
phy in a slightly thin and thinned cornea with subclinical edema. Central
corneal thickness of 529 um not respecting the spatial progression (plateau
line). Average PPI of 0.88, ART-Max of 336 um, BAD-D of 1.43, TBI of 0.45.
Densitometry analysis in Scheimpflug image reveals the “camel sign”, sug-
gesting corneal guttata.

The clinical hypothesis to evaluate corneal thickness
profile considering annular rings centered at the thinnest
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point was developed in 1999 by Renato Ambrdsio Jr, dur-
ing his residency at Instituto de Oftalmologia Tadeu Cvin-
tal (Sao Paulo, Brazil). Allan Luz developed the first study
in 2004 using Orbscan data to evaluate corneal thickness
spatial profiles manually. In Luz’s first study, data from
100 normal and 25 mild to moderate keratoconus patients
were evaluated, and he concluded that keratoconus cor-
neas have a more abrupt increase in thickness from the
thinnest point towards the periphery.” Later, Ambrodsio
applied this methodology to automatically generate CTSP
and PTI graphs using the Pentacam. The same findings
were observed when comparing 364 normal eyes and 46
eyes with mild to moderate keratoconus. Keratoconus cor-
neas had a higher increase at each diameter centered on the
TP (p<0.0001) compared to normal corneas.”” This software
was included in Pentacam in 2005 (Oculus, Wetzlar, Ger-
many), and it also calculates an average progression in-
dex from the progression indices of different meridians. A
higher progression index can be identified in keratoconus
(1.81 £1.16 mm vs 0.91 + 0.23 mm; p<0.05)."

Later, Ambroésio described relational thickness, which
represents the ratio between single-point metrics (thinnest
point) and PTI values. These parameters’ ability to differ-
entiate eyes with keratoconus from normal eyes was tested.
Ambrdsio’s Relational Thickness (ART) is given by the for-
mula TP/PPL. ART-Max (TP/PPI Max) and ART-Ave (TP/
PPI Ave) were the best parameters with areas under the
ROC curve (AUC) of 0.987 and 0.983, respectively. The best
cut-offs to detect ectasia were 339 pm and 424 um for ART-
Max and ART-Ave, respectively.'®

INTEGRATION OF PACHYMETRIC
DATA IN ENHANCED ALGORITHMS

Tomographic-derived pachymetric parameters were an
important breakthrough in ectasia diagnosis, representing a
more accurate means of detecting ectatic disease than single-
point measurements. This accuracy significantly grew when
Michael W. Belin created the Belin-Ambrosio Enhanced
Ectasia Display (BAD), which incorporated data from both
anterior and posterior surfaces of the cornea. BAD is a com-
prehensive display that combines data from elevation and
different tomographic criteria, which are presented as the
standard deviation from the normality (d values): anterior
and posterior elevation at the TP (8 mm best-fit sphere, BES),
TP thickness and location, PPI, and ART-Max. The final
BAD-D variable is calculated based on regression analysis
to maximize accuracy for detecting ectatic disease. A BAD-D
higher than 2.1 has a sensitivity of 99.59%, and a specificity
of 100% for keratoconus diagnosis, whereas a BAD-D higher
than 1.22 provides a sensitivity of 93.62% and a specificity of
94.56% for detecting mild or subclinical disease."”

The Pentacam Random Forest Index (PRFI), a model
based on artificial intelligence, improved the detection of
corneal ectasia susceptibility using tomographic data. PRFI
has a sensitivity of 100% to detect clinical ectasia (cut-off
0.52) and an AUC of 0.992 (94.2% sensitivity, 98.8% specific-

ity, cut-off 0.216) to identify ectasias and very asymmetric
ectasias with normal topography.**

Jack Holladay" proposed the Relative Thickness Map
available on the Pentacam and the Visante time-domain
OCT (Zeiss). This map comprises the percentage of thin-
ning or thickening of the examined cornea in each position,
considering the TP data and normal population profiles. In
general, cases with lower than -5% of relative thinning are
suspicious of ectasia, and thickening greater than +8% are
suspicious of edema.

The advances in pachymetric evaluation improved the
ability to diagnose keratoconus, namely early-stage diag-
nosis and allowed for the identification of susceptible cor-
neas. Although it is not the aim of this paper, combining
tomographic data with biomechanics has been shown to be
the best approach to detecting ectasia and defining suscep-
tibility. The Corneal Biomechanical Index (CBI) was com-
bined with the corneal thickness spatial profile to generate
the Tomographic and Biomechanical Index (TBI), which
demonstrated even higher accuracy in detecting subclinical
keratoconus.”**

SEGMENTAL OR LAYERED
TOMOGRAPHY

The concept of segmented or layered evaluation of cor-
neal thickness was first introduced by Reinstein et al using
very high frequency (VHF) digital ultrasound, which meas-
ures total corneal and epithelial thicknesses.”” The area of
epithelial thickness analyses increased from 3 mm to 10
mm, and VHF digital ultrasound became the gold standard
for epithelial thickness measurement due to its high preci-
sion, replicability, and absence of tear film influence.”

VHF digital ultrasound clarified the role of corneal
epithelium remodeling in cases of stromal abnormalities.
Corneal epithelial thickness is not homogeneously distrib-
uted and tends to alter its profile to compensate for curva-
ture and stromal irregularities to re-establish a stable and
smooth ocular surface.*”* Reinstein”** described these
compensatory changes, and epithelial thickness analysis
became of high interest in many ophthalmological diseases,
such as keratoconus, and surgical fields, especially regard-
ing refractive surgery.

Anterior segment optical coherence tomography (AS-
OCT) provides high-resolution images of the corneal epithe-
lium with no need for contact or anesthesia. With a repro-
ducibility of 0.93 and a repeatability of 0.8, AS-OCT has been
widely used to study epithelial thickness in recent years.”
Fourier-domain (FD) OCTs replaced Time-domain (TD) due
to their higher resolution and shorter acquisition time. RTVue
(Optovue, Inc., Fremont, California, USA) and Avanti (Opto-
vue) are FD-OCTs, and the latter has the additional advantage
of augmenting cornea mapping area from 6 to 9 mm.*

Analysing epithelial changes is of great clinical impor-
tance as they could be the first morphological changes de-
tected in the early stages of KC. In these cases, the minimum
epithelial thickness could be found in the inferior areas
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instead of the superior observed in normal eyes.” Higher
differences between the minimum and maximum epithelial
thickness (min-max) could be registered.” Furthermore, in
a characteristic “doughnut pattern”, the epithelium thins at
the cone’s apex and thickens in the surrounding area. Us-
ing epithelial thickness maps, 50% of topographically nor-
mal fellow eyes of KC eyes have been found to have KC.*

Silverman et al*® and Li et al”” developed highly accu-
rate computerized algorithms to differentiate normal and
keratoconic corneas based only on epithelial thickness
data. Moreover, Vega Estrada et al*® showed a correlation
between ET measurements and the degree of visual impair-
ment in keratoconus. From here, epithelial thickness evalu-
ation was necessary in KC diagnosis and integrated into the
multimodal diagnostic approach.

Regarding refractive surgery, Reinstein described the
behaviour of corneal epithelium following refractive sur-
gery: epithelium thickens in areas where tissue has been
removed or where the curvature has been flattened, and
thins over elevated regions or where the curvature steep-
ened.”* Recently, Yang et al*” reinforced the positive cor-
relation between corneal epithelial remodeling after femto-
second laser-assisted in situ keratomileusis (FS-LASIK) and
transepithelial refractive keratectomy (Trans-PRK). Even
though significant curvature flattening is seen after both
procedures, the corneal epithelium remodeling and sub-
sequent thickening correlates with the specific procedure,
appearing in different regions in the corresponding areas
of PRK and FS-LASIK.

There is still much to know regarding epithelial mapping
after refractive surgery. Understanding expected epithelial
behavior could be a critical factor in the early detection of
ectasia susceptibility to prevent iatrogenic ectatic disease.

WHERE TO GO FROM HERE

Tomography represented a massive step for a more
comprehensive evaluation of corneal thickness. It was pos-
sible to jump into corneal spatial thickness profile evalu-
ation from single-point measurements, which enabled the
distinction between thin and thinned corneas and between
thick and thickened corneas.

Thinning is the hallmark of ectasia. As such, many
thin corneas have been wrongly considered ectasias be-
fore introducing spatial thickness evaluation. Nowadays,
pachymetric progression indices are more relevant than
single measurements and are the basis for most currently
used algorithms for keratoconus diagnosis. These advances
made early recognition of keratoconus and early interven-
tion possible, significantly softening the negative impact in
these patients’ visual outcome.

Furthermore, the most recent algorithms have gained
accuracy in recognizing corneas susceptible to developing
ectasia, increasing the safety and predictability of laser vi-
sion correction (LVC) surgeries. LVC surgeries are among
the most performed surgical procedures worldwide. Nev-
ertheless, potential complications may be carefully consid-
ered, especially iatrogenic ectasia. Post-refractive surgery

ectasia is a serious, sight-threatening complication that
can follow several procedures, such as laser in situ ker-
atomileusis, photorefractive keratectomy, small-incision
lenticule extraction, radial keratotomy and/or arcuate kera-
totomy. It occurs due to corneal tissue biomechanical fail-
ure, and preoperative predisposition plays a crucial role in
its development. Despite the low incidence of ectasia after
LVC, some cases are still identifiable, either because they
were performed before these tools became available or due
to incorrect preoperative evaluation.

Iatrogenic corneal ectasia usually presents with dimin-
ished visual acuity after LVC surgery. However, clinical
distinction between disease regression and over or under-
correction is often difficult. Although corneas appear thin
following LVC, it is still unclear whether this reflects true
thinning or ectatic behaviour, as current algorithms were
calibrated for untreated corneas.

The Corvis Biomechanical Index — Laser Vision Correc-
tion (CBI-LVC) is a recently published index that combines
dynamic corneal response (DCR) parameters provided by a
high-speed dynamic Scheimpflug camera. It was designed
to allow for early identification of ectasia after refractive
surgery and proved to be highly sensitive and specific to
distinguish stable from ectatic post-LVC eyes.” However,
it includes only biomechanical data. The integration of cor-
neal spatial profiles of eyes after LVC surgery could lead
to the development of more accurate algorithms. Addition-
ally, data regarding stromal thickness, provided by OCT as
the difference between full-thickness and epithelial thick-
ness, could also provide helpful information regarding
stromal changes induced by LVC.

Pachymetric analyses have led to an unquestionable
paradigm shift regarding keratoconus management. Al-
gorithms have gained such accuracy in detecting ectasia
that the focus has rapidly shifted to susceptibility detec-
tion rather than disease diagnosis. Although iatrogenic ec-
tasia is an increasingly rare complication, managing these
cases remains a challenge. Hence, future comprehensive
analyses and subsequent generated algorithms may focus
on identifying corneal and epithelium thickness variations
after refractive surgery that could more accurately differ-
entiate normal corneal response from early-stage ectasia or
susceptible corneas for ectasia progression.
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