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Abstract

Purpose Common methods of measuring severity of Fuchs endothelial corneal dystrophy (FECD) are limited in objectivity,
reliability, or start with a variable baseline that prevents distinguishing healthy from affected eyes. The aim of this study was to
describe a method of grading FECD that overcomes these limitations.

Methods Fifteen patients with Fuchs endothelial corneal dystrophy were included in the study. Guttae were imaged with a slit lamp
beam 8 mm tall; the bottom 4 mm half of each image was divided into two equally-sized sections. Guttae were counted by four
independent graders blinded to disease severity scores. The peripheral:central guttae ratio was compared to modified Krachmer
clinical severity scores. The peripheral:central guttae ratio was compared between mild (severity 0.5-3) versus moderate-to-severe
(severity 4-5) disease. Receiver operating characteristics defined optimal ratio cutoffs for mild versus moderate-to-severe disease.
Results Increased peripheral guttae and peripheral:central guttae ratio correlated with Krachmer severity (p =0.021 and p =
0.009, respectively). The difference between mild and moderate-to-severe cases for the peripheral:central guttae ratio was
significant (p <0.001). Inter-rater reliability of total guttaec count was high (coefficient=0.82, p <0.001). A peripheral:central
guttae ratio of 0.16 was the ideal cut-off point (area under the curve = 0.79, sensitivity = 0.78, and specificity = 0.80).
Conclusion In this pilot study, the peripheral:central ratio of guttae correlates with subjective clinical severity of Fuchs dystrophy.
It starts at a common baseline, has good inter-rater reliability, does not require dilation, and can be conducted with a smartphone
and slit-lamp.
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Key Messages

®  Severity of Fuchs endothelial corneal dystrophy is often measured using methods that are limited in objectivity

and repeatability, require dilation, or start at a non-zero baseline that prevents comparison of affected versus

unaffected eyes.

® Ina group of patients with varying clinical severity of Fuchs endothelial corneal dystrophy, we assessed clinical

severity using the ratio of peripheral to central guttae counted in images obtained at a slit lamp.

® In this pilot study, the described approach revealed good inter-rater reliability, correlates with clinical disease

severity scores, and can be acquired using a smartphone and slit lamp biomicroscope.

Keywords Fuchs endothelial corneal dystrophy - Central-to-peripheral ratio - Guttae - Cornea - Smartphones

Introduction

Fuchs endothelial corneal dystrophy (FECD) is a progressive,
hereditary condition that affects approximately one in 30
Americans [1] and is a leading indication for corneal trans-
plantation [2]. It results in the formation of guttae, which are
excrescences of Descemet membrane [3] that are associated
with endothelial cell loss [4], corneal edema, and decreased
vision [5].

For clinicians and researchers seeking to determine clinical
severity of disease, numerous methods of identifying severity
exist, each with their own limitations. Pachymetry is frequent-
ly used to track disease progression [6], but baseline corneal
thickness varies by person and population [7]. The peripheral-
to-central ratio of corneal thickness [8], another objective
method of severity, also may vary by populations with differ-
ent baseline average corneal thicknesses. Specular microsco-
py and confocal microscopy are helpful to determine endothe-
lial cell density (ECD) which decreases over time in FECD
and has been proposed as an objective measure of disease
progression in previous studies using confocal microscopy
[9]. However, the field of view is relatively small compared
to the rest of the cornea, and is often filled with guttae once
disease reaches a moderate or severe stage [10].

In the assessment of patients with FECD, clinicians fre-
quently use the Krachmer scale, which grades disease severity
on a scale of 1 (least severe) to 5 (most severe) and is based on
the number of guttae seen and presence of corneal and/or
stromal edema [11]. Since its introduction in the 1970’s, re-
searchers have modified this approach [12], but interrater re-
liability remains a significant limitation.8 Retroillumination
photography analysis, in which the total number of guttae is
summated, offers an objective measurement of disease sever-
ity that starts with a common baseline of zero guttae in unaf-
fected individuals [13] and can effectively distinguish

@ Springer

between various levels of severity [14]. However, this requires
dilation and counts may be affected by cataract, posterior cap-
sular opacification, or poor mydriasis.

An ideal approach would be objective, reliable, low-
cost, non-contact, non-mydriatic, have a common base-
line for all individuals, and be able to discern various
levels of disease severity. In this pilot study, we de-
scribe an objective grading system for FECD based on
shining a single slit of light through the cornea and
analyzing the distribution of individual guttae in the
periphery and center among multiple graders, an ap-
proach that combines strengths of currently available
imaging modalities.

Materials and methods
Image acquisition from human subjects

Participants in the study presented to the subspecialty
cornea clinic at the Wilmer Eye Institute at the Johns
Hopkins Hospital between 1 July 2013 and 30
June 2015; patients either received a new diagnosis or
had a pre-existing diagnosis of FECD. This study is a
retrospective cross-sectional analysis and was approved
by the Johns Hopkins University School of Medicine
Institutional Review Board (IRB).

At the time of examination, subjects were seated in
front of a Haag-Streit BM900 slit-lamp biomicroscope
(Haag-Streit AG, Bern, Switzerland) that was operated
by a licensed ophthalmologist with subspecialty training
in cornea and external disease (AOE). During the slit
lamp examination, each patient had their FECD graded
using a modified Krachmer clinical disease severity scale
(Table 1).
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Table 1 Modified clinical
grading system for Fuchs Grade

Central guttae pattern

endothelial corneal dystrophy,

based on the number and 0.5
confluence of guttae as well as 1
presence of corneal edema b
3
4
5

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

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

Using direct illumination at 16x magnification, the
length of the beam was increased to 8§ mm, with maximi-
zation of the light intensity and minimization the thick-
ness of the beam. An iPhone 4S (Apple Inc., Cupertino,
CA, USA) was freely held to the ocular by the operator to
capture images of the slit lamp field of view. This phone
is capable of capturing images with a maximum resolution
of 3264 by 2448 pixels (8 megapixels) and has been de-
scribed previously in both corneal photography [15] and
external eye imaging [16]. The images that were collected
were aimed as close as possible to the center of the
cornea.

Image analysis protocol

Images were downloaded to a secure, password-protected
online repository hosted on the institutional server. Using

CENTRAL
CORNEA

Inferior 4-
mm half
analyzed

PERIPHERAL
CORNEA

Fig. 1 Illustration of geographic divisions utilized in the present
investigation

Image] (Wayne Rasbad, National Institutes of Health,
Bethesda, MD), images were divided as demonstrated in
Fig. 1. Beginning at the center of the cornea and proceed-
ing inferiorly, two equally-sized sections were created for
the purpose of counting and statistical analysis: “central”
cornea (containing the superior 2 mm of the divided slit
beam) and “peripheral” cornea (containing the inferior
2 mm of the divided slit beam). Because the entire length
of the slit beam was 8 mm, and two subdivisions were
created after dividing the entire length of the beam in half,
each of the two sections is approximately 2 mm in length.

Three medical student graders (RPB, MJF, and TP) and
one cornea specialist grader (AOE) counted individual
guttae in each image, and then recorded the number of
guttae on individual spreadsheets, blinded to one an-
other’s guttae counts. Each grader was also blinded to
clinical disease severity scores when analyzing images.
Additionally, graders rated each image for subjective
quality on a scale of 1 being lowest and 5 being highest.
An example of counted guttae in a sample image is ob-
served in Fig. 2.

Fig. 2 Arrows pointing to individual guttae in the inner layer of the
cornea
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Table 2  Guttae counts stratified by grader and location on cornea
“Central” guttae count “Peripheral” guttae count

Grader 1 2 3 4 1 2 3 4

Patient1 25 118 34 35 0 19 0 1

Patient2 20 21 30 18 4 7 3

Patient3 63 48 68 69 36 28 36 31

Patient4 19 25 29 24 5 4 1

Patient5 17 17 17 18 5 10 11

Patient6 72 69 35 72 22 23 11 12

Patient7 44 68 38 44 16 20 3 15

Patient 8 12 29 32 22 0 18 17 7
Patient 9 17 17 13 16 0 0
Patient 10 8 20 23 21 0 1 1 0
Patient 11 15 52 21 29 2 2
Patient 12 54 43 58 55 5 6
Patient 13 42 55 44 52 15 20 19 14
Patient 14 16 67 23 50 2 11 5 9

Patient 15 25 23 35 24 13 13 15 17

Statistical analysis protocol

Statistical analysis was carried out using RStudio Desktop
1.2.5033 (RStudio Inc., Boston, MA, USA). The ratio of
guttae in the peripheral section to those in the center sec-
tion was correlated to the clinical severity using
Spearman’s rank correlation coefficient. Wilcoxon rank
sum testing was used to compare cases of mild disease
(modified Krachmer clinical severity of 0.5-2) to

moderate-to-severe disease (clinical severity of 3-5).
Intraclass correlation coefficients (ICC’s) were calculated
to compare inter-rater reliability for guttae counts obtain-
ed from the four independent image graders using a two-
way mixed model for absolute agreement. Inter-rater reli-
ability was assessed using a framework described in a
previous text, where moderate agreement is defined as
ICC 0.5 to 0.75, good agreement is 0.75 to 0.9, and ex-
cellent agreement is 0.9 and above [17]. Receiver operat-
ing characteristic curves were generated to determine area
under the curve (AUC) with varied levels of discrimina-
tion; cut off points were determined using Youden’s index
analysis.

Results

Images were obtained from 15 patients, of whom 9 (60%)
were female; a total of 15 images were included for anal-
ysis. The cohort was predominantly white (87%), with
mean age of 67.13 years (range 48 to 93 years). Median
FECD clinical severity was 4+ on the Krachmer Scale
(range 0.5 to 5). The total number of guttac counted in
the four sub-divisions of each image ranged from 0 to 66
(Table 2). Average subjective image quality as reported
by the independent graders for the 15 images was rated as
3.01 (S.D. 1.47) on scale of 1 being the lowest quality and
5 being the highest quality (Table 3).

An increase in the number of peripheral guttae correlated
with an increased Krachmer clinical severity (correlation co-
efficient=0.297, p =0.021), as did the peripheral:central

Table 3 Subjective image quality
ratings, stratified by grader

Subjective rating of image quality (scale 1 lowest — 5 highest)

Grader 1 2 3 4 Average
Patient 1 5 5 5 4 4.75
Patient 2 1 2 2 2 1.75
Patient 3 5 5 5 3 4.5
Patient 4 2 4 2 4 3
Patient 5 2 1 1 1 1.25
Patient 6 5 3 3 5 4
Patient 7 5 3 4 5 4.25
Patient 8 1 1 3 1 1.5
Patient 9 2 3 1 5 2.75
Patient 10 2 1 2 4 2.25
Patient 11 3 3 2 4 3
Patient 12 5 4 5 5 4.75
Patient 13 3 1 3 2 225
Patient 14 1 5 1 4 2.75
Patient 15 2 3 2 3 2.5
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guttae ratio (correlation coefficient=0.333, p =0.009). The
peripheral:central guttae ratio of mild (clinical severity 0.5—
2) and moderate-to-severe (clinical severity 3—5) cases were
significantly different (Wilcoxon rank sum test, W =165,
p<0.001).

Inter-rater reliability between graders was good when
accounting for total number of guttae counted (ICC=
0.82, 95% CI 0.775-0.859, p<0.001), number of central
guttae (ICC =0.790, 95% CI 0.551-0.920, p <0.001), and
number of peripheral guttae (ICC =0.924, 95% CI 0.832—
0.971, p<0.001).

ROC characteristics were determined based on the
above classification of Krachmer stage 0.5-3 as “Mild”
disease and stage 4-5 as “Moderate-to-Severe.” A
peripheral:central guttae ratio of 0.16 was determined to
be the ideal cut-off point, yielding an area under the curve
(AUC) of 0.79, a sensitivity of 0.78, and a specificity of
0.80 (Supplemental Fig. 1). Reclassification of “Mild”
disease as Krachmer 0.5-2 and “Moderate-to-Severe” as
Krachmer 3-5 yielded a less optimal cutoff point of 0.18
with decreased ROC characteristics and sensitivity
(AUC =0.57, sensitivity = 0.60, and specificity = 0.75).

Discussion

In this pilot study, we demonstrate a safe, repeatable, afford-
able, and objective method to determine severity of FECD
using images captured on a slit-lamp using a smartphone cam-
era. Currently, alternative forms of corneal imaging including
specular microscopy, confocal microscopy and Scheimpflug
imaging require equipment at significant cost; we sought to
identify a method of imaging that could be conducted at a
lower cost using equipment that is broadly available in eye
care clinics. This study adds to the literature in that it describes
a method for assessment of FECD severity that shares a com-
mon baseline of zero in unaffected individuals, provides in-
sight into the peripheral status of the cornea, has excellent
inter-rater reliability, does not require dilation, and correlates
with the clinician’s clinical grading of severity.

With the advent of Descemet stripping only (DSO) sur-
gery [18], recent attention has been directed to the role of
guttae in contributing to the disease state in FECD. Ideal
candidates for DSO surgery have central guttae but main-
tain a healthy peripheral cornea that can provide migrating
cells to clear the central cornea. In this study, we defined
“mild” disease as up to 3+ severity on the modified
Krachmer scale, which implies that guttae are central, con-
fluent, and extend to a maximum diameter of 5 mm, while
leaving the peripheral cornea relatively spared; these are
also patients who respond well to DSO. The approach that
is described in this study could be helpful to identify pa-
tients with a low periphery-to-center ratio of guttae and, as

a result, may assist clinicians in identifying candidates in
whom DSO surgery should be further explored.

There are several important limitations to our study that
inform important future areas of research and refinement. A
question that arises is whether data from a single slit of light is
able to be extrapolated across the cornea. In our previous
work, we summated all the guttae in an image using
retroillumination photography analysis, a method in which
we counted at times over 10,000 guttae in a single picture
[14]. In a post-hoc analysis, we found that total counts from
two clock hours in a single axis correlated with the total cor-
neal counts (unpublished data), suggesting that a single slit
may be able to offer information that can potentially be ex-
trapolated to the remaining uncounted cornea. Future investi-
gations can examine whether a horizontal or vertical slit of
light would be more representative of the whole cornea, and
whether the image analysis method we have described can be
automated to count an even greater number of guttae at vary-
ing angles. Additionally, in the present study we utilized a
basic smartphone and placed the camera up to the ocular of
the slit-lamp microscope in order to acquire images. To ad-
dress the issue of holding the smartphone to the ocular, an
adapter can be applied to stabilize the phone to the eyepiece,
as has been described previously [19].

We were limited by the number and quality of images
available for inclusion in the study. As camera quality on
smartphones improves, the quality of the images obtained
using our method will see a similar progression in the quality
and countability of discrete guttae. Future studies could assess
ease of image acquisition, reproducibility of images across
platforms and different cameras, and reproduce these findings
in a larger cohort of patients. Even with these limitations in
mind, we consider this work to be a pilot study that demon-
strates proof of concept and promising directions for future
research.

In summary, the periphery-to-center ratio of individual gut-
tae offers an objective, safe, reliable and affordable method for
the assessment of patients with FECD.
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