8/ +AWAOANDMMBRAAUAYO/YIAEIDTIASALLIKIPO0AEIEAHIDN/ADAUMYTXOMA

DUOIAXYOHISABZIYTCY+eyNIOITWNOTZTARY HAGHINAUE AQ |uieaulod/wod mm|sfeulnol/:sdny woly papeojumod

¥¢0¢/21/80 uo

CLINICAL SCIENCE

Assessing Fuchs Corneal Endothelial Dystrophy Using
Artificial Intelligence—Derived Morphometric Parameters
From Specular Microscopy Images

Angelica M. Prada, MD,* ] Fernando Quintero, BEng,§ Kevin Mendoza, BEng,§
Virgilio Galvis, MD, PhD,*71} Alejandro Tello, MD, PhD,*1}9 Lenny A. Romero, PhD, || and
Andres G. Marrugo, PhDS

Purpose: The aim of this study was to evaluate the efficacy of
artificial intelligence—derived morphometric parameters in charac-
terizing Fuchs corneal endothelial dystrophy (FECD) from specular
microscopy images.

Methods: This cross-sectional study recruited patients diagnosed
with FECD, who underwent ophthalmologic evaluations, including
slit-lamp examinations and comeal endothelial assessments using
specular microscopy. The modified Krachmer grading scale was used
for clinical FECD classification. The images were processed using
a convolutional neural network for segmentation and morphometric
parameter estimation, including effective endothelial cell density,
guttae area ratio, coefficient of variation of size, and hexagonality. A
mixed-effects model was used to assess relationships between the
FECD clinical classification and measured parameters.

Results: Of 52 patients (104 eyes) recruited, 76 eyes were analyzed
because of the exclusion of 26 eyes for poor quality retroillumination
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photographs. The study revealed significant discrepancies between
artificial intelligence-based and built-in microscope software cell
density measurements (1322 = 489 cells/mm? vs. 2216 = 509 cells/
mm?, P < 0.001). In the central region, guttae area ratio showed the
strongest correlation with modified Krachmer grades (0.60, P < 0.001).
In peripheral areas, only guttae area ratio in the inferior region exhibited
a marginally significant positive correlation (0.29, P < 0.05).

Conclusions: This study confirms the utility of CNNs for precise
FECD evaluation through specular microscopy. Guttae area ratio
emerges as a compelling morphometric parameter aligning closely
with modified Krachmer clinical grading. These findings set the stage
for future large-scale studies, with potential applications in the
assessment of irreversible corneal edema risk after phacoemulsifica-
tion in FECD patients, as well as in monitoring novel FECD therapies.

Key Words: Fuchs dystrophy, specular microscopy, endothelial cell
density, artificial intelligence, deep learning

(Cornea 2024;43:1080-1087)

Fuchs endothelial corneal dystrophy (FECD) is a bilateral,
progressive disorder characterized by the presence of
corneal guttae and loss of corneal endothelial cells.!? Guttae
are collagenous protrusions protrusions of the Descemet
membrane exerting posterior displacement on the corneal
endothelium, and their presence serves as a diagnostic
indicator of FECD when observed through slit-lamp bio-
microscopy.® In early FECD, isolated guttac form in the
center of the cornea. Over time, they coalesce and extend,
affecting not only the central region but also the peripheral
area. In severe cases, this condition can precipitate clinical
corneal edema, epithelial bullae, and subepithelial scarring,
and may require a corneal transplant.*

The progression of FECD is closely tied to endothelial
cell dysfunction, stemming from microenvironmental alter-
ations that are, in turn, secondary to changes in the Descemet
membrane. These changes include the formation of pre-
viously mentioned guttaec and modifications in the composi-
tion of the extracellular matrix.>~ These abnormalities lead to
reduction in cell density and alteration in cell morphology,
ultimately culminating in further endothelial dysfunction,
apoptosis, and, eventually, corneal edema. Although corneas
with low endothelial cell densities, up to approximately
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500 cells/mm?, might not initially present changes in visual
acuity, determining a critical value of cell count remains
unaddressed.!%!! However, an earlier case report implied that
the lowest threshold can fall between 300 and 400 cells/mm?.
Once the cell density drops beyond this range, corneal edema
becomes clinically apparent, leading to compromised visual
function.!? This intricate relationship highlights the signifi-
cance of a comprehensive assessment of endothelial cells for
characterizing FECD and gaining a better understanding of its
potential clinical implications on visual acuity, both in the
short and long term.!3

Initial clinical classification for FECD was proposed by
Krachmer et al'* and later modified by Louttit et al.'®
However, these classifications suffer from subjectivity and
low reproducibility.!® Recognizing the limitations of these
clinical classifications, researchers have explored more sen-
sitive and objective parameters to grade the disease.!® These
include the corneal central-to-peripheral thickness ratio,!®
Scheimpflug corneal optical tomography,'”!° and anterior
segment optical coherence tomography.?® Despite the valu-
able insights these methods offer, they primarily focus on
edema, rather than changes in endothelial cells, which are
ultimately the cause of corneal edema and impaired visual
function in FECD.>%21

Considering the limitations of existing FECD assessment
methods that often overlook endothelial cell evaluation, could
serve as a clinically relevant tool. However, its utility has been
questioned because of limited repeatability, especially exacer-
bated in the presence of guttae>'3-?2 Its utility has been
questioned because of limited repeatability and the complicating
presence of guttae.!® Yet, advancements in artificial intelligence
(AI) offer a potential solution.?? Specifically, Sierra et al>*
developed an Al approach that automatically differentiates
healthy corneal endothelial cells from areas covered by guttae,
enabling the calculation of the “effective” endothelial cell
density (EECD)? and guttae area ratio (GAR%).2>-2¢

Building on the advancement made in Al-based FECD
assessment by Sierra et al,>* the aim of our study was to
evaluate the clinical relevance of these Al-derived morpho-
metric parameters. We compare them against the established
modified Krachmer grading clinical classification
(m-Krachmer)'® to assess their efficacy in providing a more
nuanced understanding of FECD.

METHODS
Subjects

This cross-sectional study was conducted at the Centro
Oftalmologico Virgilio Galvis and Universidad Tecnologica
del Bolivar. Ethical approval was obtained from the Ethics
Committees of Fundacion Oftalmologica de Santander Carlos
Ardila Lulle and Universidad Tecnologica del Bolivar. The
study was partially funded by the Ministry of Science and
Technology of Colombia (Minciencias). All participants
provided written informed consent before their inclusion in
the study, in accordance with the Declaration of Helsinki.

Patients were recruited at the Centro Oftalmologico
Virgilio Galvis. All participants underwent a comprehensive

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

ophthalmologic evaluation, which included a review of their
medical history, self-identified ethnicity assessment, and
a slit-lamp examination conducted by an ophthalmologist.
Subsequently, patients diagnosed with FECD were included if
they met the inclusion criteria, whereas those with other
corneal diseases besides FECD or dry eye, as well as those
with a history of corneal transplant or cataract surgery, were
excluded.

Clinical Grading

After pupil dilation, 2 ophthalmologists captured slit-
lamp retroillumination photographs of the corneal endothe-
lium. These photographs were taken from both nasal and
temporal sides to ensure comprehensive coverage of the entire
cornea, including both central and peripheral areas. This
approach follows the methodology outlined by Eghrari
et al.?7-28 Subsequently, each ophthalmologist independently
classified the photographs using the m-Krachmer clinical
grading system for FECD. This grading system, as described
by Louttit et al,!> categorizes FECD into several grades as
follows: Grade 0, characterized by the absence of guttae;
Grade 1, indicating the presence of 1 to 12 central or
paracentral nonconfluent corneal guttae; Grade 2, signifying
more than 12 nonconfluent central/paracentral corneal guttae;
Grade 3, representing 1 to 2 mm of confluent central/
paracentral corneal guttae at the widest diameter of conflu-
ence; Grade 4, denoting greater than 2 and up to 5 mm of
confluent central/paracentral guttae; and Grade 5, indicating
greater than 5 mm of confluent central/paracentral guttae.
Grade 6, which involves more than 5 mm diameter of
confluent central/paracentral guttae with clinically apparent
stromal or epithelial edema, was excluded from our study
because of difficulties in capturing endothelial images in such
cases.

In this study, some eyes with a grade 0 in m-Krachmer
were included because visible central guttae were present in
the fellow eye, leading to a diagnosis of FECD. The grading
results obtained by both ophthalmologists were compared,
and in cases where discrepancies arose, a consensus was
reached through discussion.

Specular Microscopy

The study used a Topcon specular corneal endothelial
microscope (SP-3000P, Topcon Co, Japan;
magnification x150, and image size of 0.25 x 0.5 mm) to
capture a minimum of 4 consecutive photographs (640 x 480
pixels) of the corneal endothelium from each of the following
regions: central, inferior, nasal, superior, and temporal. To
capture the peripheral zones, patients were instructed to gaze
toward the microscope’s built-in green light, which varied its
position accordingly. Between each image capture, patients
were encouraged to rest their eyes and blink. Lubricant eye
drops were administered as needed to ensure patient comfort
and image clarity.

The microscope’s software was set to automatically
capture the images. If the software did not provide an image,
no manual capture of any zone was attempted, resulting in
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a lower number of captured images in certain areas of some
eyes. A technician reviewed all images for clarity, and any
blurry images were removed, to provide the highest quality
data for analysis.

Image Processing and Analysis

Images of the corneal endothelium, from both central
and peripheral regions, were processed using the method
proposed by Sierra et al.>* This method uses a convolutional
neural network (CNN), an Al method, to produce a robust
segmentation of the endothelial cells and guttae. In this study,
we used the same CNN weights which were obtained by
training with a diverse data set comprising both FECD and
non-FECD eyes. Importantly, as validated by Sierra et al,>*
the cell counts produced by this CNN algorithm closely align
with ground-truth data prepared by trained ophthalmologists.

Moving on to the specifics of the image processing, the
used CNN uses a S-layer U-Net architecture and takes
a specular microscope image as input (Fig. 1A). The output
is a distance map which, after a filtering step, produces
automatic segmentations for both guttae and healthy cells
(Fig. 1B). A region of interest (ROI), marked in red and
smaller than the original image, was selected to minimize
potential errors due to image artifacts such as blur, shadows,
or glare (Fig. 1C). Below are the details of how we selected
and defined this ROL

Centering and Exclusion
The ROI was centered within the specular microscopy
microphotograph and excluded the 5 outermost pixels along

(a) (b)

Specular microscopy image U-Net segmentation

each of the 4 edges. This reduced the original image’s width
and height by 10 pixels, resulting in an analysis area of 204 x
428 pixels, approximately equivalent to 238.41 x 500.20 um
(Large-ROI).

Cell Exclusion

To ensure the analysis of complete cells, any cells that
were not fully contained within the ROI were excluded.
However, all guttae, even if partially within the ROI, were
retained because their area is typically larger than that of
a single cell (Fig. 1D).

Artifact Handling

When there were image artifacts at the border of the
ROI, the dimensions of the ROI were further reduced by
50 pixels in both width and height. This created an area
for analysis of 124 x 348 pixels, approximately equivalent
to 144.91 x 406.70 um (Reduced-ROI). Figure 1C illus-
trates a Reduced-ROI due to a blurry edge in the input
image.

As discussed in the previous subsection, we aimed to
capture a minimum of 4 consecutive photographs for each
corneal region. The parameters for each area were deter-
mined based on the median of all obtained parameters
calculated from the images, thus addressing local varia-
tions in the corneal endothelium. Figure 2 displays
additional image acquisitions from the same corneal region
of the eye shown in Figure 1, highlighting the benefits of
using multiple images to capture regional variations in
guttae.
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FIGURE 1. A, Original specular microscopy image of the corneal endothelium. B, Segmentation output from the Al-based
method, identifying guttae and endothelial cells. C, ROI highlighted by a dotted red line was selected to minimize segmentation
errors due to edge artifacts. D, Final segmentation showing only guttae and fully segmented cells within the ROI.
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FIGURE 2. Additional images from the same eye and corneal
region as Figure 1, illustrating regional variability in guttae
distribution, even within a reduced ROI segmentation.

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

Morphometric Parameters

After applying the mask obtained by specifying the ROI
area, we computed the most important morphometric param-
eters to assess the corneal endothelium: the EECD in cells/
mm?, the coefficient of variation of size (CV%), which is the
percentage ratio of the SD of cell area to the average cell area,
and the hexagonality in percentage (HEX%). The EECD is
the number of cells per unit area, considering in the
calculation also the area occupied by guttae, and therefore,
it is a value of cell density that is closer to reality in corneal
guttata and avoids the overestimation presented by most built-
in image analysis software of specular microscopes, which
erroneously often exclude the area occupied by the guttae
from the calculation. In addition, we calculated and analyzed
the new Al-based morphometric parameter recently proposed
by Sierra et al,?* called the “guttae area ratio” (GAR%). To
compute this parameter, we used the following equation:

ROI guttae area
ROI segmented area

GAR% = x 100%,

where “ROI guttae area” is the area of guttac regions within
the ROI segmented area and “ROI segmented area” is the
entire segmented area, including cells and guttae, inside the
ROI. This parameter is complementary to EECD and
represents the ratio of guttae area (ie, regions without cells
or covered by altered cells) to the total analyzed area. This
ratio might serve as an indicator of the level of corneal
endothelial layer dysfunction, with a higher percentage
indicating a greater degree of alteration.

In relation to parameters for guttae assessment, it is
important to clarify the distinction between our newly
developed GAR% and the existing “R” parameter introduced
by McLaren et al.>> Both aim to quantify the proportion of the
corneal endothelium affected by guttac. However, the meth-
odological approach sets them apart. Although “R” relies on
manual thresholding for its calculations,>> GAR% uses an
automated CNN to achieve similar ends.?* This automation
eliminates the need for manual intervention, setting GAR%
apart as a novel parameter in its approach.

Statistical Analyses

To evaluate the efficacy of Al-based morphometric
parameters in characterizing FECD, we conducted the following
statistical analyses, considering P < 0.01 as the level of
statistical significance throughout the study. We calculated
median values from the multiple measurements per region to
accurately represent the natural variability between images of the
same region and to mitigate the effects of outliers. Summary
statistics are described as mean and SD unless stated otherwise.

For the initial comparison between the specular micro-
scope software estimated cell density and Al-based effective
cell density, we used a ¢ test. The variability of m-Krachmer
grades between fellow eyes was assessed using an intraclass
correlation coefficient (ICC), along with a 95% confidence
interval.?® To further analyze the relationship between
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TABLE 1. Number of Images and Eyes per Region

Region No. Images No. Eyes
Central 312 76
Inferior 296 74
Superior 210 53
Nasal 253 63
Temporal 300 74

different Al-based parameters and m-Krachmer grades, we
adopted a mixed-effects model.3? This model incorporates the
patient identifier as a random effect to account for correlations
between eyes from the same patient.

After initial univariate analyses, we used a multivariable
mixed-effects model to determine how these parameters
collectively predict m-Krachmer grades while also accounting
for inter-eye correlation. All variables in the mixed-effects
models were standardized using z-score normalization to make
them directly comparable, given their different ranges and
units. Data analysis was executed in Python 3.9 using Pandas
for data handling, SciPy.stats for statistical testing, Pingouin
for ICC calculation, statsmodels for fitting the mixed-effects
models, and Seaborn for graphical representation.

RESULTS

Patient Details and Overall Outcomes From
Specular Microscopy

The 52 patients (104 eyes) included were aged 64 =
11 years (range 40-85 years). All patients were Colombian
from urban areas. Altogether, 14 patients (26.9%) had a family
history of FECD. Only 4 patients (7.6%) were male. Three
patients (5.7%) had ocular surgery, 1 had an iridotomy, and 2
had laser refractive surgery.

m-Krachmer Clinical Classification

Overall, 26 eyes were excluded because of poor quality
retroillumination photographs. Of the 76 remaining eyes
subjected to grading, 3 eyes (3.9%) were classified as grade
0 according to the m-Krachmer clinical scale, 6 eyes (7.9%)
were grade 1, 20 eyes (26.3%) were grade 2, 13 eyes (17.1%)
were grade 3, 20 eyes (26.3%) were grade 4, and 14 eyes
(18.4%) were grade 5. The number of specular microscopy
images per eye per region is provided in Table 1. Note that
only in the central region it was possible to capture at least 3
good quality images for all 76 eyes, whereas in the peripheral
regions in several eyes, no analyzable images could be
obtained.

Morphometric Parameters

We analyzed a total of 1371 images to calculate the
various morphometric parameters. In 84.2% of these images,
a Large-ROI was applied for Al-based parameter estimation,
whereas the remaining 15.8% used a Reduced-ROI. The
mean central cell density calculated by the Al-based approach
(EECD) was significantly different from the estimates pro-
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vided by the built-in software of the specular microscope
(1322 *+ 489 cells/mm? vs. 2216 * 509 cells'mm?, P <
0.001) reinforcing the need for more advanced measurement
techniques for FECD cases that take into account the guttae,
as reported by Sierra et al.>* Comprehensive statistics for the
parameters EECD, GAR%, HEX%, and CV% are detailed in
Supplemental Digital Content 1 (see Table, http:/links.lww.
com/ICO/B625).

The ICC strongly indicated that OU of the same patient
tend to have similar m-Krachmer grades (0.82, 95% confi-
dence interval of 0.67-0.91). This observation justified our
use of mixed-effects models in subsequent analyses, which
account for this inter-eye correlation.

Central Region

Table 2 details the univariate correlations between
m-Krachmer grades and the Al-based parameters in the
central region. Notably, GAR% showed a significant positive
correlation with m-Krachmer grades (0.60, P < 0.001), as
substantiated by Figure 3A, which reveals a marked increase
in GAR% between grades 2 and 3. On the other hand, both
EECD and HEX% were negatively correlated (—0.37
and —0.36, P < 0.01), as visually represented in Figures
3B, C. CV%, however, did not show a statistically significant
correlation, as corroborated by Figure 3D.

Peripheral Regions

Although the central region stood out for its strong
correlations, we also explored each morphometric parameter
in the peripheral regions for a more comprehensive analysis.
Among all considered parameters, only GAR% in the inferior
region exhibited a marginally significant positive correlation
(0.29, P < 0.05; Fig. 4B). It is important to note that this
result did not meet our predefined alpha level of 0.01 for
statistical significance but suggests a trend that may warrant
further investigation. By contrast, the other parameters and
regions did not yield any statistically significant findings,
reinforcing the importance of the central region. The results of
univariate correlation for all corneal regions are detailed in
Supplemental Digital Content 2 (see Table, http://links.Iww.
con/ICO/B626).

In summary, the central region consistently exhibited
the strongest correlations between the Al-based morphomet-
ric parameters and m-Krachmer grades, making it the primary
focus for our multivariable mixed-effects regression analysis,
as detailed in Table 3. Notably, within the multivariable
model that considered all parameters, GAR% emerged as the
sole parameter to show a statistically significant positive

TABLE 2. Results of Univariate Correlation of m-Krachmer
Grade With the Al-Based EECD, GAR%, HEX%, and CV%
Parameters for the Central Region

Parameter Coefficient P 95% Confidence Interval
EECD -0.37 <0.01 —0.84 to —0.16
GAR% 0.60 <0.001 0.51-1.12

HEX% —0.36 <0.01 —0.81 to —0.16
CV% 0.20 0.11 —0.06 to 0.59

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 3. Al-based endothelial morphometric parameters compared with FECD m-Krachmer classification in the central cornea.
A, GAR%; B, EECD; C, hexagonality; and D, coefficient of variation.

association with m-Krachmer grades (0.86, P < 0.001). By
contrast, the Group Variance was not statistically significant
(P = 0.163), indicating that the inclusion of the patient
identifier as a random effect had a limited impact when
accounting for fixed effects.

DISCUSSION

This study leverages Al, specifically CNNs, for the
precise assessment of FECD severity using specular micros-
copy. The study advances the field by introducing a robust
framework that involves precise segmentation and character-
ization of endothelial cells and guttae for reliable morpho-
metric parameter estimation.

Among the evaluated Al-based morphometric
parameters—EECD, CV%, HEX%, and GAR%—GAR%
demonstrated the strongest correlation with the m-Krachmer
clinical grading for FECD. This aligns with the multifactorial
pathophysiology of FECD, which involves not just endothe-
lial cell density but also other factors like guttae and
alterations in Descemet membrane.>” In a multivariable
regression analysis, GAR% emerged as the most potent

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

predictor of FECD severity, underscoring its potential as
a comprehensive clinical metric.

Although our study primarily focused on the central
corneal region, we also explored peripheral areas. In the
inferior quadrant, GAR% exhibited a marginal correlation,
suggesting its potential utility for more comprehensive FECD
assessments. This aligns with previous research, which has
proposed differential UV light exposure as a contributing
factor in FECD progression.?® Regarding EECD, our study
did not yield significant insights into disease progression in
peripheral areas. A notable distinction between our research
and that of Syed et al®! is their inclusion of more advanced
FECD cases and the use of in vivo confocal microscopy.

Our study had some limitations, including the inability
to include corneas with evident edema due to the constraints
of specular microscopy. The sample size, although statisti-
cally significant, could be expanded in future multicentric
studies for more robust validation. Challenges in evaluating
retroillumination in some eyes were primarily due to
concurrent cataracts. In upcoming investigations, it may be
worthwhile to consider incorporating pseudophakic eyes with
FECD and clear corneas, a strategy adopted in a recent
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FIGURE 4. GAR% compared with m-Krachmer classification in the central and peripheral corneal zones. A, Central; B, inferior; C,

superior; D, nasal; and E, temporal.

study.® This would ensure better retroillumination quality
during slit-lamp examination.

For technology readiness, the Al system used is in
prototype stage, but we have made publicly available the
network weights.3? Although not yet in widespread clinical
use, it is poised for future implementation pending further
multicentric validation. The system offers more precise
FECD assessment, accounting for overlooked metrics
related to guttae. Its automated process could also expedite
diagnostics, making it more efficient than conventional
methods.

In future work, we aim to integrate corneal tomography
features and establish precise thresholds for Al-based metrics,
both in central and peripheral regions. These advances will
enhance our ability to differentiate FECD clinical grades and
make more informed clinical decisions, such as the timing of
interventions like corneal transplantation. Furthermore, these
advances could be instrumental in tracking the effects of
novel therapeutics for FECD that may emerge in the near
future. 33735

TABLE 3. Results of Multivariable Linear Mixed-Effects
Regression Model With the Al-Based EECD, GAR%, HEX%, and
CV% Parameters in the Central Region

Parameter Coefficient P 95% Confidence Interval
EECD 0.24 0.23 —0.15 to 0.62
GAR% 0.86 <0.001 0.4007-1.32
HEX% —0.008 0.96 —0.35to 0.34
CV% —0.08 0.53 —0.32 t0 0.17
Group Var 0.87 0.16 —0.3527 to 2.0931
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CONCLUSIONS

This study underscores the potential of Al, specifically
CNNs, in enhancing the objective assessment of FECD with
the use of specular microscopy images. Among the evaluated
morphometric parameters, GAR% emerged as a significant
predictor, aligning closely with the established m-Krachmer
clinical grading for FECD. Although our focus was primarily
on the central corneal region, GAR% also showed a margin-
ally significant correlation in the inferior peripheral region,
hinting at its broader applicability. Although these findings
are promising, they serve as a foundation that require further
validation through larger multicentric studies. Ultimately, the
advancements made in this study could pave the way for more
accurate monitoring and therapeutic decision making in
FECD, particularly in conjunction with emerging treatments.
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