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ABSTRACT

The corneal endothelium plays a vital role in maintaining corneal transparency through flu-
id homeostasis, which is regulated by the tight junctions and the activity of the Na*/K*-ATPase
pump. As the endothelium is not regenerable, the loss of endothelial cells due to aging, trauma or
dystrophies such as Fuchs’ endothelial corneal dystrophy (FECD) can lead to corneal edema and
progressive visual impairment.

Conventional methods such as slit-lamp biomicroscopy and clinical grading remain essential
in advanced stages, but are limited in early detection. This review emphasizes the value of mul-
timodal imaging in the detection of subclinical dysfunction. Specular and confocal microscopy
allow quantitative assessment of endothelial cell density and morphology. Spatial thickness meas-
urements, such as corneal thickness spatial profile (CTSP) and percent thickness increase (PTI),
raise diagnostic specificity beyond traditional central corneal thickness (CCT).

Scheimpflug tomography enables early detection of subtle morphologic changes, such as
isopachal irregularities, posterior surface depressions, and the “camel sign” in densitometry. Op-
tical coherence tomography of the anterior segment (AS-OCT) refines the diagnosis by correlating
the reflectance patterns with the integrity of the endothelium. Biomechanical evaluation of the cor-
nea with Corvis ST adds dynamic parameters such as applanation times, deformation amplitude
and concavity radius, which vary depending on the stage of the disease.

The genetic basis of endothelial dystrophies is also addressed, highlighting important loci and
genes such as TCF4, COL8A2 and SLC4A11, which have been implicated in autosomal dominant
and complex inheritance patterns. These findings emphasize the importance of molecular diag-
nostics and point to future therapeutic targets.

In summary, a comprehensive diagnostic strategy that combines structural imaging, function-
al assessment and genetic analysis supports early detection, improves preoperative risk assess-
ment — especially in cataract and keratoplasty planning — and could benefit from integration
with artificial intelligence for predictive modelling and clinical decision making in the future.

KEYWORDS: Corneal Endothelial Cell Loss; Endothelial Cells; Endothelium, Corneal;
Fuchs’” Endothelial Dystrophy.
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RESUMO

O endotélio corneano desempenha um papel essencial na preservacao da transparéncia da cornea,
assegurando a homeostase do fluido estromal através de complexos juncionais e da actividade
da bomba Na*/K*-ATPase. Dada a sua natureza nao regenerativa, a perda celular progressiva —
decorrente do envelhecimento, de traumas ou de patologias hereditarias como a distrofia endotelial
de Fuchs (FECD) — pode culminar em edema estromal e comprometimento visual progressivo.

Apesar de a biomicroscopia em lampada de fenda e a classificacdo clinica permanecerem
ferramentas indispensaveis na avaliagao de estadios avancados da doenga, revelam-se limitadas na
detecgao precoce de alteragdes endoteliais. Neste contexto, a imagiologia multimodal tem assumido
um papel central na identificacao de disfungdes subclinicas.

As técnicas de microscopia especular e confocal permitem a analise quantitativa da densidade
e da morfologia celular, fornecendo indicadores precoces de disfungao. Paralelamente, parametros
derivados da espessura corneana — nomeadamente o perfil topografico da espessura (CTSP) e o
aumento percentual da espessura (PTI) — demonstram maior sensibilidade diagnoéstica do que a
espessura central isolada (CCT).

A tomografia de Scheimpflug possibilita a identificagao precoce de alteragdes morfologicas subtis,
como irregularidades isopacicas, depressdes na superficie posterior e o denominado “sinal do camelo”,
observado na densitometria corneana. A tomografia de coeréncia Optica do segmento anterior (AS-
OCT) acrescenta valor diagndstico através da analise dos padrdes de reflectancia da camada endotelial.

A avaliacdo biomecanica da cornea, realizada com o dispositivo Corvis ST, disponibiliza parametros
dinamicos adicionais — tempos de aplanamento, amplitude de deformagao e raio de concavidade —
o0s quais se alteram ao longo da progressao da doenca.

A dimensao genética destas distrofias é igualmente relevante, destacando-se os genes TCF4,
COL8A2 e SLC4A11, associados a hereditariedade autossdmica dominante ou complexa. Estes avangos
sublinham a utilidade do diagndstico molecular e sugerem potenciais alvos terapéuticos.

Em suma, uma abordagem diagnostica integrada — aliando imagiologia estrutural, avaliagao
funcional e analise genética — permite a detecgdo precoce da disfuncdo endotelial e apoia uma
estratificagao de risco mais precisa no contexto cirtirgico.

PALAVRAS-CHAVE: Células Endoteliais; Distrofia Endotelial de Fuchs; Endotélio Corne-

ano; Perda de Células Endoteliais da Cornea.

INTRODUCTION

The corneal endothelium began to be studied in the
1950s by David Maurice in experimental studies and its
behaviour has been increasingly studied over time.! Laing,
Bourne & Kaufman were the first to obtain in vivo observa-
tions of human corneas by specular microscopy.

The corneal endothelium consists of a single layer of
hexagonal cells covering the posterior surface of the cornea
in a well-arranged mosaic pattern. Endothelial cells secrete
collagen, which forms the endothelial basal membrane (De-
scemet membrane, DM). At birth, DM measures 3 um and
consists in a band pattern of collagen. With age, the endothe-
lium continues to secrete non-banded collagen, and DM
thickness reaches approximately 13 pm by the age of 70.°

The primary function of the endothelium is to keep cor-
neal transparency, maintaining the optimal water content
of about 80%. Tight junctions between endothelial cells
behave as a physical barrier, regulating the movement of
aqueous humor into the stroma. The Na+K+ATPase active

pump is expressed in the basolateral membrane of corneal
endothelial cells and actively maintains stromal deturges-
cence. The cornea is avascular, and its health depends on
nutrients flow from aqueous to stroma through the en-
dothelium. The balance between passive and active pump-
ing is known as the “pump-and-leak mechanism” and is
indispensable for corneal transparency.*

Endothelial cells are metabolically very active. How-
ever, they are arrested in the G1 phase of the cell cycle and
do not divide under normal circumstances. As such, central
endothelial density decreases throughout life at an aver-
age rate of 0.6%/year. Central endothelial density is 6000/
mm? at birth, 3000/mm? at age 5, and 2300/mm? at 85 years.”
When corneal endothelium extensive damage occurs by
trauma, infection, inflammation, or inherited disease, the
cell density decreases so edema develops. Although there is
no well-established cut-off where the cornea starts to swell,
it is expected to be less than 500/mm?.°

The corneal endothelium could be affected by primary en-
dothelial diseases, and also by secondary conditions. Fuchs’
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endothelial corneal dystrophy (FECD) is the most common
disease. This is a slowly progressive and bilateral corneal dys-
trophy that usually becomes clinically evident in the fourth or
fifth decades of life. It is characterized by gradual endothelial
cell loss and dysfunction, which turn the endothelium more
vulnerable. Enlarged endothelial cells secrete excess amount
of abnormal bounded collagen, projecting from the posterior
surface of DM and create the condition known as cornea gut-
tata. FECD characteristically affects the central cornea and
should be differentiated from peripheral corneal guttata (Has-
sal-Henle bodies), which is associated with normal aging.

FECD is an age-associated disease whose prevalence
in the growing age population deserves attention. Moreo-
ver, cataract surgery is the most performed surgical proce-
dure worldwide. Moreover, patients are being operated at
younger ages. Thereby, endothelial function became a ma-
jor concern, so that a detailed endothelial evaluation before
any intraocular surgery is mandatory.

This paper aims to provide a review of a comprehensive
corneal endothelium evaluation.

Clinical History and Sympton
+ Diurnal fluctuation of vision (worse in morning)
+ Family history of corneal dystrophy
+History of intraocular surgery, trauma or
chronic topical medication

|

Specular or Confocal Microscopy
+ Endothelial cell count (ECD)
+ Pleomorphism and polymegathism
+ Coefficient of variation (CV) > 0.4

!

Pachymetry and Corneal Tomography

+ Central corneal thickness (CCT > 600640 pym
may indicate decompensation risk)

+ Corneal Thickness Spatial Profile (CTSP) and
Percent Thickness increase (PTI)

+ Posterior surface changes (e.g, focal depression)

+ Isopach irregularities

v

Corneal Densitometry
+ Presence of the *Camel Sign* indidicating
early gultae formation

CORNEAL ENDOTHELIUM EVALUATION:
STARTING FROM THE BASICS

A detailed anamnesis, including a thorough medical his-
tory, ocular surgeries, trauma, medications, and family his-
tory, plays a critical role in diagnosing corneal endothelial
diseases. This comprehensive approach improves the ability
to diagnose these diseases accurately, predict their progres-
sion, and develop effective, personalized treatment strategies.

For example, in the initial stages of FECD, patients fre-
quently report experiencing blurred vision upon awaken-
ing, with gradual improvement throughout the day. This
diurnal fluctuation is primarily attributable to overnight
corneal edema, resulting from diminished tear film evapo-
ration during sleep. The transient accumulation of stromal
fluid compromises corneal transparency in the morning
hours. Systematically inquiring about and recording this
specific pattern of visual disturbance may serve as a valua-
ble clinical indicator of early endothelial dysfunction, even
in the absence of overt biomicroscopic findings.”

The family history is of great importance in this diag-
nostic context. It is an important tool for identifying genetic
predispositions and hereditary patterns that influence the
occurrence and progression of corneal endothelial diseases.

For many decades, slit-lamp biomicroscopy was the
unique tool to evaluate corneal endothelium morphology.
Stromal thickening, Descemet folds, stromal clouding, and
microcystic epithelial edema are late signs of corneal dys-
function and are recognized by slit-lamp biomicroscopy.
Experienced ophthalmologists also identify areas of gut-
tae with high-resolution biomicroscopes. The Krachmer et
al method described in 1978 and its modification are cur-
rently FECD severity grading systems.®

Table 1. The modified clinical grading system for Fuchs endothe-
lial corneal dystrophy, based on the number and confluence of
guttae among the presence of corneal edema.

Grade | Central guttae pattern

0.5 5-12 scattered, non-confluent guttae
1 > 12 scattered, non-confluent guttae
2 1-2 mm (widest diameter) confluent guttae
8 2-5 mm (widest diameter) confluent guttae
4 >5 mm (widest diameter) confluent guttae

:

Anterior Segment OCT
+ Endothelial reflectivity patterns (mottiling,
hyper-reflective points)

.

Genetic Testing (if available)
+TCF4 expansion (e.g., CTG18.1), COLA8A2,
SLC4A11 mutations

Figure 1. Suggested Diagnostic Approach to Suspected Early FECD. This
flowchart outlines a step-by-step diagnostic strategy to aid in the early de-
tection of FECD with emphasis on multimodal evaluation.

5 >5 mm (widest diameter) confluent guttae with
stromal or epithelial edema

However, these classifications are highly subjective and
assume disease severity to be correlated with morphologic
findings rather than endothelial function.

Endothelial barrier and pump functions could be esti-
mated from the endothelial permeability to fluorescein and
by measuring the deswelling corneal rate from a 10% in-
crease in thickness induced by 2 hours of closed-eye soft
contact lens wear, respectively. However, these methods
are invasive and not practical to use in daily routine.
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Maurice introduced specular microscopy to observe
endothelial cells in 1968. In 1976, Bourne and Kaufman
used specular microscopy to detect endothelial disease,
which was not seen by slit-lamp examination.? Endothelial
cell morphology analysis includes cell area (um?), density
(cells/mm?), and shape (percentage of hexagonality). The
coefficient of variation (CV) is given by the equation: stand-
ard deviation of cell area /mean area. Lower endothelial
cell counts according to patient’s age, presence of pleomor-
phism (percentage of hexagonality < 50%), and polymega-
thism (CV > 0.4) have diagnostic values in FECD. Confocal
microscopy could also be useful when corneal edema or
opacity is present and does not allow correct endothelial
observation by specular biomicroscopy.

Pachymetry refers to the measurement of central corneal
thickness. Typically, central corneal thickness (CCT) meas-
urement has been used as an indicator of corneal endotheli-
um function. CCT has a ‘Gaussian” distribution with a mean
CCT of 556 um with a standard deviation of 34um, ranging
from 454 to 669 pm. The Preferred Practice Pattern of the
American Association of Ophthalmology (AAO) considered
a preoperative CCT of 600 um as predictive of corneal de-
compensation in FECD patients, with a recommendation for
triple procedure when cataract surgery had to be performed
(penetrating keratoplasty, cataract extraction and intraocu-
lar lens implantation). This guideline has been revised by
Seitzmann, accounting for advances in phacoemulsification
techniques, and advocating a higher cut-off point of 640 um.’

The cornea does not have a uniform thickness, being
thinner in the center and thickening towards the periphery.
FECD preferentially involves the central or paracentral area.
Repp et al reported the central-to-peripheral (4 mm from
the center) corneal thickness ratio to assess disease severity
using pachymetry.”” However, single-point measurements,
such as CCT and central-to-peripheral ratio, do not well dis-
tinguish naturally thicker corneas from corneas with edema.

Corneal tomography represents the three-dimensional
reconstruction of the cornea. It evaluates the anterior and
posterior corneal surfaces, creating pachymetric maps that
provide spatial thickness profiles. Ambroésio et al proposed
the evaluation of the spatial variation of corneal thickness.
From the thinnest point, the average thickness of twenty-
two imaginary circles at 0.1 mm steps are calculated and
presented in a graph (corneal thickness spatial profile —
CTSP). The percentage thickness increase (PTI) is calcu-
lated for each position using the formula: (CT@ x - TP) /
TP, where x represents the average of the thickness on the
imaginary circles. The CTSP and PTI graphs also contain
reference data with a 95% confidence interval of a normal
population. The comportment of the spatial progression is
a very important characteristic of normality. It can distin-
guish a normal thick (> mean + 1 standard deviation) cor-
nea from a cornea with edema. A normal profile is a curved
line plotted in red, following (but not necessarily within)
the normative black dotted curves’ standard course, and
does not leave the course before the 6 mm. In FECD, the
profile changes into a plateau line without the normal de-
crease from the center to the periphery from the early stag-

es of the disease, while the edema is still not recognized by
slit-lamp biomicroscopy.

Scheimpflug tomography also identifies subclinical
edema in FECD, which has enormous clinical value. It
provides prognostic information for educating and coun-
seling patients, which is particularly relevant for clinical
decisions. There are benefits in the early indication for
endothelial keratoplasty (EK) because prolonged edema
may lead to stromal changes that may limit improvement
in vision after EK. Sun et al described three tomographic
findings: loss of parallel isopachs in the pachymetric map,
displacement of the thinnest point from its normal position
and focal posterior corneal depression towards the poste-
rior chamber.!" Moreover, Ambrdsio described the “camel
sign” in corneal densitometry. It represents a second hump
at the level of Descemet’s membrane and correlates with
the presence and severity of cornea gutatta.””

Figure 2. (A) Scheimpflug image showing “Camel Sign,” which consists of a
second hump on the densitometry “green” graph at the level of Descemet’s
Membrane. (B) The presence of the “Camel Sign” on the Scheimpflug image
correlates with the presence of corneal guttata.

THICKNESS MAPS,CTSP/PTI, OCT

Corneal tomography allows the study of the posterior
surface of the cornea and its asphericity. Some patients
with FECD unexpectedly had hyperopic refractive out-
comes after combined EK and cataract surgery (triple pro-
cedure). Fritz et al demonstrated that this occurs in corneas
that are flatter centrally than the periphery due to edema-
tous changes (oblate posterior profile).”” As such, eyes with
a positive Q value should be considered for additional
power at the intraocular lens.

Anterior segment optical coherence tomography (AS-
OCT) provides useful information regarding corneal en-
dothelium and may represent valuable support in FECD
diagnosis and staging. It was demonstrated a positive cor-
relation between endothelial reflectivity and FECD sever-
ity. Additionally, based on OCT images, three different
patterns of the corneal endothelium according to signal dis-
tribution and the level of reflectivity were defined: homoge-
neous hypo-reflective surface, presence of hyper-reflective
orange-yellowish points, and a mottled appearance with a
variable number of hyper-reflective areas. These patterns
inversely correlate with corneal endothelium integrity. On
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the other hand, OCT analysis is very important and may be
fundamental after posterior lamellar keratoplasty to recog-
nize early signs of Descemet membrane detachment.

The biomechanical behavior of the cornea modulates
the development of several eye diseases. Ectatic corneas,
which have abnormal collagen and extracellular matrix, are
usually thinner and have weaker biomechanical properties
than those with normal corneal tissue.

FECD results in a decrease in endothelial cells, leading
to a higher water content in the corneal tissue, disrupting
the complex architecture of the stroma and resulting in cor-
neal edema. Changes in the hydration of the corneal tissue
could influence the stiffness properties.

Scheimpflug technology, as implemented in the Corvis
ST, records corneal dynamics following deformation by
a collimated air puff. To evaluate the cornea’s biomechan-
ics, the recorded Scheimpflug images are divided into three
states: Applanation 1 (Al), in which the cornea flattens as it
rebounds inward; highest concavity (HC); and Applanation
2 (A2), in which the cornea flattens as it rebounds outward.

In each state, the Corvis measures ST:

® Length of the flattened cornea (Al length and A2

length);

e Elapsed time (A1l time, HC time and A2 time);

e Velocity (Al-velocity and A2 velocity).

During the HC state, the following parameters are cal-
culated:

¢ Deformation amplitude (DA): the distance of the cor-

neal apex from the initial state to the highest concavity;

e Peak distance: the distance between the two apexes at HC;

® HC radius: the radius of curvature of the cornea at the

time of maximum concavity.

These parameters are crucial for the comprehensive eval-
uation of the biomechanical properties of the cornea. Recent
literature shows that all biomechanical parameters of the
cornea, except HC time, correlate with the clinical stage of
FECD, and the differences in A1 length and A1 time between
the stages of FECD suggest that these parameters hold po-
tential for monitoring disease progression and prognosis.

A multimodal approach enhances early detection of
FECD by combining specular microscopy, corneal tomog-
raphy, Scheimpflug imaging, and AS-OCT. Specular mi-
croscopy identifies endothelial cell changes before clinical
signs appear, while tomography and pachymetry detect
subclinical edema patterns. This integrated evaluation im-
proves diagnosis, prognosis, and surgical planning.'*">

Recent advances in the genetics of corneal endothe-
lial dystrophies have elucidated the pathways and mecha-
nisms underlying these diseases and revealed correlations
between genotype and phenotype.

The genes associated with corneal endothelial dystro-
phies encode transcription factors, structural components
of the stroma and Descemet’s membrane, cell transport
proteins, and other proteins. The major forms of these dys-
trophies, including congenital hereditary endothelial dys-
trophy (CHED), posterior polymorphous corneal dystro-
phy (PPCD), and FECD exhibit genetic diversity in terms of
associated genes and mode of inheritance.

Figure 3. Multimodal imaging of a case of early FECD with subclinical ede-
ma. Specular microscopy of the right (a) and left (c) eyes shows endothelial
pleomorphism and polymegathism. Scheimpflug tomography corneal den-
sitometry (b, d) highlights the “camel sign”, indicating early guttae forma-
tion and subclinical edema in both eyes. Pachymetric progression maps of
the right (e) and left (f) eyes show an abnormal thickening pattern, with a
more pronounced loss of parallel isopachs in the right eye, suggesting early
corneal decompensation.

Table 2. Details of Genes and Loci for Corneal Endothelial Dys-
trophies.

Endothelial
Dystrophy

Locus/gene Inheritance | Gene function

Not known; ion
transporter—
related

CHED CHED2/SLC4A11 | AR

Transcription

PPCD PPCD1/0OVOL2 | AD factor

Component
of escemet
membrane

PPCD2/COL8A2 | AD

Transcription
factor promoting
EMT

Transcription
factor promoting
MET

Component
of Descemet
membrane

PPCD3/ZEB1 AD

PPCD4/GRHL1 AD

FECD FECD1/COL8A2 | AD

AD Transcription

FECD3/TCF4 factor

Not known; ion
transporter—
related.

FECD4/SLC4A11

Transcription

FECD6/ZEB1 factor

Complex

Glutamate

FECDS8/AGBL1 AD decarboxylase

FECD/DMPK AD Protein kinase

The application of genome sequencing is expected to
facilitate the identification of new loci or novel pathogenic
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changes in existing genes in the near future, thereby im-
proving our understanding of the underlying genetics of
these diseases. An important implication of these advances
is the potential development of new therapies for these dis-
eases based on known genetic and molecular mechanisms.

ARTIFICIAL INTELLIGENCE IN THE
ASSESSMENT OF ENDOTHELIAL
DYSFUNCTION

Artificial intelligence (AI) and machine learning are
progressively being integrated into ophthalmic diagnostics,
offering promising applications in the evaluation of corneal
endothelial disorders. In the context of FECD, recent stud-
ies have demonstrated the potential of Al-based algorithms
to automatically detect and quantify guttae on specular mi-
croscopy images, assess endothelial cell morphology, and
estimate cell density with high reproducibility.'***

Deep learning models trained on multimodal imaging
datasets — including Scheimpflug tomography, AS-OCT,
and pachymetric maps — have achieved encouraging re-
sults in classifying disease stage, predicting progression,
and identifying patients at risk for corneal decompensa-
tion. Moreover, the incorporation of corneal biomechanical
data into predictive models may further enhance diagnos-
tic sensitivity in early or subclinical disease.”

While these technologies remain in early clinical transla-
tion, their integration into routine practice could enable au-
tomated screening, objective risk stratification, and individ-
ualized management strategies in endothelial dystrophies.

CONCLUSION

The recent scientific advances have changed the para-
digm of corneal endothelium evaluation. Nowadays, more
than studying the morphology and density of endothelium
cells, imaging diagnostic methods look for early signs of
endothelial dysfunction in corneas, which are likely to de-
compensate after an intraocular procedure.

The genetic characterization of endothelial dystrophies,
particularly involving loci such as TCF4, COL8A2, and
SLC4A11, contributes to diagnostic precision and may fa-
cilitate the development of targeted therapies. Moreover,
recent applications of artificial intelligence have demon-
strated high accuracy in detecting guttae, segmenting en-
dothelial cells, and predicting FECD severity from multi-
modal imaging datasets, supporting its future integration
into automated diagnostic workflows.

In this evolving context, a standardized, algorithm-
driven diagnostic strategy that incorporates advanced im-
aging technologies, biomechanical metrics, genetic testing,
and artificial intelligence is poised to become central to the
contemporary management of corneal endothelial diseases.
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