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Fibrillar Layer as a Marker for Areas of
Pronounced Corneal Endothelial Cell Loss in

Advanced Fuchs Endothelial Corneal Dystrophy
AGATHE HRIBEK, THOMAS CLAHSEN, JENS HORSTMANN, SEBASTIAN SIEBELMANN, NIKLAS LORECK,
LUDWIG M. HEINDL, BJÖRN O. BACHMANN, CLAUS CURSIEFEN, AND MARIO MATTHAEI
� PURPOSE: We sought to assess the correlation of
corneal endothelial cell (CEC) density to alterations of
collagen composition of Descemet membrane (DM) in
advanced Fuchs endothelial corneal dystrophy (FECD)
and to image such changes by slit-lamp biomicroscopy
in vivo.
� DESIGN: Prospective, observational consecutive case
series.
� METHODS: Fifty eyes (50 subjects) with advanced
FECD were enrolled. After slit-lamp biomicroscopy and
corneal Scheimpflug imaging, the Descemet endothelium
complex (DEC) was retrieved during DM endothelial ker-
atoplasty (DMEK) surgery. The expression of collagens I,
III, and IV (COL I, COL III, and COL IV) and corre-
sponding CEC density were analyzed by immunofluores-
cence flat mount-staining. Presence, diameter and
surface area of collagen expression, and CEC density
served as the main outcome measures.
� RESULTS: Immunofluorescence staining revealed cen-
tral coherent collagen positive areas (mean surface
area [ 10 mm2 ± 6 mm2) corresponding to a fibrillar
layer burying the guttae of DM in 84% (42/50) of
DECs. CEC density overlying the fibrillar layer compared
with the periphery was significantly reduced (L54.8%,
P < .0001) with a steep decline of CEC density at its
borders. Subgroup analysis revealed that the fibrillar layer
may be imaged by slit-lamp biomicroscopy in vivo with
significant positive correlation of mean maximum diam-
eter detected by slit-lamp biomicroscopy (dSL max [
4.1 mm ± 0.9 mm) and by immunofluorescence staining
(dIF max [ 4.7 mm ± 1.1 mm; r [ 0.76; P [ .001).
� CONCLUSION: A fibrillar layer with a clear geographic
pattern marks areas of pronounced loss of CEC density
in advanced FECD eyes and may be imaged by slit-lamp
biomicroscopy in vivo. (Am J Ophthalmol 2021;222:
292–301. � 2020 Elsevier Inc. All rights reserved.)
upplemental Material available at AJO.com.
r publication Sep 14, 2020.
Department of Ophthalmology (A.H., T.C., J.H., S.S., N.L.,
.B., C.C., M.M.) and the Center for Molecular Medicine
C., C.C.), University of Cologne, Faculty of Medicine and
ospital Cologne, Cologne, Germany.
to Mario Matthaei, Department of Ophthalmology,

Hospital of Cologne, Kerpener Str 62, 50924 Cologne,
mail: mario.matthaei@uk-koeln.de

© 2020 ELSEVIER INC. A
T
HE CORNEAL ENDOTHELIUM IS A MONOLAYER OF

hexagonal corneal endothelial cells (CECs) that
covers the inner stromal surface of the cornea. It

maintains corneal deturgescence by a pump-leak mecha-
nism. Fuchs endothelial corneal dystrophy (FECD) is a
bilateral disease of the corneal endothelium characterized
by an accelerated decrease of CEC density and subendothe-
lial accumulation of extracellular matrix (ECM) starting at
the corneal center and spreading toward the periphery.1

Corneal endothelial dysfunction causes corneal edema
with impaired visual acuity and pain in advanced stages
of the disease.1

FECD is the most common indication for corneal trans-
plant surgery (keratoplasty) worldwide and keratoplasty
represents the only established treatment option.2 Corneal
transplantation has developed from penetrating kerato-
plasty over Descemet stripping automated endothelial ker-
atoplasty (DSAEK) to Descemet membrane endothelial
keratoplasty (DMEK).2 DMEK generally replaces the cen-
tral 8 mm of the diseased endothelium and provides excel-
lent postoperative outcomes.3 However, immune reaction
and accelerated CEC loss in addition to the worldwide
shortage of donor tissue drive clinicians to strive for surgical
procedures that even more selectively remove only irre-
versibly diseased parts of the endothelial monolayer
and—only where necessary—transplant healthy CECs.3–5

The Descemet stripping only (DSO) procedure offers a
first approach and includes surgical removal of the
central 4 mm of DM and adjacent corneal endothelium
without subsequent corneal endothelial transplantation.
However, DSO delivers inconsistent postoperative results
and endothelial regeneration cannot be accomplished in
all patients.6–9 Patient characteristics that determine
postoperative outcome remain elusive.10 In order to opti-
mize and establish appropriate novel procedures, diseased
parts of both DM and endothelium must be made clearly
identifiable.
An improved understanding of CEC density and its cor-

relation to the pathology of DM in advanced FECD will be
necessary. Early elaborate studies have provided a detailed
description of the DM ultrastructure: the normal DM is
composed of a prenatally developed anterior banded layer
(ABL) and a posterior nonbanded layer constantly secreted
by CECs throughout lifetime.11 This stratification is
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subject to significant changes in FECD with additional
layers of ECM secreted by a diseased endothelium leading
to a thickening of DM and the formation of posterior ex-
crescences, called guttae.1,12–14 This abnormal
stratification of DM also brings about alterations of ECM
composition, which was reported to be rich in ECM
proteins including collagens I, III, and IV (COL I, COL
III, and COL IV), particularly in advanced stages of
FECD.15,16

To further improve the detection of diseased endothe-
lium as a basis for optimized diagnosis and individualized
treatment in FECD, the present study aimed to characterize
CEC density as a measure of endothelium viability in cor-
relation to changes of collagen composition of DM and
investigated if such changes of DM may be imaged by
slit-lamp biomicroscopy.
METHODS

� SUBJECTS: In this prospective, observational consecu-
tive case series, explanted Descemet endothelium com-
plexes (DECs, corneal endothelium, and adherent DM)
were retrieved from patients undergoing DMEK or
DMEK with phacoemulsification and intraocular lens im-
plantation (triple DMEK) for advanced FECD (and cata-
ract) at the Department of Ophthalmology, University of
Cologne, Germany (Supplemental Figure S1, A and B).
Formal approval to conduct this study was obtained from
the Ethics Committee of the University of Cologne (14-
248). Written informed consent has been obtained from
all participants for the treatment and participation in the
research. The research adhered to the tenets of the Decla-
ration of Helsinki.

Routine preoperative clinical examination included slit-
lamp biomicroscopy, funduscopy, and Scheimpflug imaging
(Pentacam HR; Oculus, Wetzlar, Germany). Diagnosis of
FECD was confirmed and modified Krachmer grading was
performed by 1 of 3 corneal specialists (B.B., C.C., M.M.)
as previously described.17,18 Inclusion criteria were
advanced late-onset FECD (modified Krachmer grade 5
or 6) as determined by slit-lamp biomicroscopy. Exclusion
criteria were corneal disease other than FECD, diabetes,
ocular surgery other than cataract surgery, and systemic in-
fectious disease.

Specular microscopy was not part of our protocol because
previous studies had shown that no reliable images can be
acquired by specular microscopy in advanced FECD eyes
with significant corneal edema.19,20

� TISSUE SAMPLINGAND IMMUNOFLUORESCENCE STAIN-
ING: Patients underwent (triple) DMEK surgery as previ-
ously described in detail with Descemetorhexis performed
at standard size 8 mm.21 Explanted DECs were immediately
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immersed and fixed in 4% paraformaldehyde and stored at 4
C.21

For immunofluorescence staining, DECs were washed
and permeabilized twice with phosphate-buffered saline
(PBS) with 0.1% 1M magnesium chloride, 0.01% 1M cal-
cium chloride, and 0.1% Triton X-100 (PBSTþþ) followed
by additional washing with PBSTþþ containing 50 mM
ammonium chloride. Blocking for nonspecific binding sites
was performed for 1 h at room temperature with 1% bovine
serum albumin in PBSTþþ.
Primary antibodies used for single immunofluorescence

staining were rabbit polyclonal anti–COL I (1:500 dilu-
tion, catalog no. ab34710; Abcam, Cambridge, UK), rabbit
polyclonal anti–COL III (1:400 dilution, catalog no.
ab7778; Abcam), and mouse monoclonal anti–COL IV
(1:100 dilution, catalog no. ab6311; Abcam). DECs were
incubated at 4 C overnight in the primary antibody.
DECs were washed 3 times with 0.2% bovine serum albu-
min in PBSTþþ and incubated for 1 h at room temperature
in secondary antibody. Secondary antibodies used were
goat Cy3 antirabbit (1:100 dilution, catalog no. 111-165-
045; Dianova, Hamburg, Germany) and rabbit Cy3 anti-
mouse (1:100 dilution, catalog no. 315-165-003; Dianova).
DECs were subsequently washed 3 times with 0.2% bovine
serum albumin in PBSTþþ. Nuclei were counterstained
with 49, 6-diamidino-2-phenylindole and DECs were flat
mounted for optimized assessment. Negative control was
performed using secondary antibody only (Supplemental
Figure S1, C).

� IMAGE ACQUISITION AND DATA ANALYSIS: To charac-
terize changes in collagen composition and related changes
in CEC density we followed a stepwise approach. Images of
complete stained and flat mounted DECs were acquired us-
ing fluorescence microscopes BX53/BX63 (Olympus,
Hamburg, Germany) at320 magnification. Image analysis
was performed using the open source software platform
Fiji.22

In a first step, the border of flat mounted DECs as well as
collagen-positive (positive region of interest [ROIþ]) and
collagen-negative areas (negative ROI�) were identified,
marked, and their respective surface and the maximum
diameter of ROIþ were calculated using Fiji
(Supplemental Figure S1, D). DECs from patients with
FECD without ROIþ were used as control subjects. A cen-
tral circular 10-mm2 area (corresponding to the mean
ROIþ area of COL I–, COL III–, and COL IV–positive
DECs) was defined as ROIcontrol central and the peripheral
part defined as ROIcontrol peripheral. Areas including >_2 layers
of DEC or missing parts of DEC were excluded from the
evaluation.
In a second step, CEC nuclei were identified using the

Fiji function ‘‘Analyze Particles.’’ CEC density per square
millimeter was calculated per ROI area, respectively,
counting 1 CEC per identified corneal endothelial nucleus.
293ADVANCED FUCHS DYSTROPHY



TABLE. Demographic Data

COL I COL III COL IV Total

Eyes, n 19 18 13 50

Age (y), mean 6 standard deviation 69.6 6 9.4 65.7 6 8.4 63.8 6 8.5 66.7 6 9

Female, n (%) 11 (57.9) 12 (66.7) 8 (61.5) 31 (62)

Pseudophakic, n (%) 7 (36.8) 4 (22.2) 4 (30.8) 15 (30)

Central corneal thickness (mm), mean 6

standard deviation

645.7 6 57.3 641.6 6 70.2 637 6 61.3 642.1 6 62

Fibrillar layer positive, n (%) 16 (84.2) 15 (83.3) 11 (84.6) 42 (84)

COL ¼ collagen.
In a third step, changes of CEC density at the border of
ROIþ to ROI– were examined in collagen positive DECs to
objectivate the observed decline. CEC density was deter-
mined at the 12, 3, 6, and 9 o’clock position over a rectan-
gular area of 0.2 mm 3 0.8 mm subdivided into 4 squares
with 2 squares positioned in ROIþ (squares 1 and 2) and
ROI– (squares 3 and 4), respectively (Supplemental
Figure S1, D). This step was essential to describe and objec-
tify the decline in CEC density at the ROIþ-to-
ROI–border.

The LSM 880 confocal microscope (Zeiss, Oberkochen,
Germany) was used to acquire Z-stack images at 363
magnification of stained DECs to analyze the collagen
expression within the stratification of DM layer in cross-
sections (Supplemental Figure S1, E).

� SLIT-LAMP BIOMICROSCOPY OF ROID AREAS: Analysis
of the first 32 patients provided evidence for increased
loss of CEC density in ROIþ areas ex vivo. This prompted
us to investigate in an additional 18 consecutive patients if
an ROIþ morphologic correlate would also be detectable
in vivo. Detailed preoperative slit-lamp biomicroscopic im-
ages were taken at 316 magnification and focused on the
posterior corneal surface (Supplemental Figure S1, F). For
optimized imaging the pupil was dilated and used as a ho-
mogeneous background to display the fine grayish and
partially with pigment interspersed structure of the
assumed ROIþ-correlate. Slit-lamp biomicroscopic images
and histologic images were thoroughly compared to iden-
tify common morphologic details displayed by both modal-
ities. For additional quantitative analysis, the maximum
diameter (dSL max) of the assumed ROIþ correlate was
determined by slit-lamp biomicroscopy using the slit-
beam and compared with the maximum diameter (dIF
max) of the ROIþ determined by immunofluorescence mi-
croscopy using Fiji.

� STATISTICS: Graph Pad Prism forWindows (version 8.4;
GraphPad Software, San Diego, California, USA) was used
to perform statistical analysis. The Shapiro–Wilk test was
294 AMERICAN JOURNAL OF
used to determine the Gaussian distribution of the
measured values. A 2-tailed Student t test was performed
for parametric datasets and a Mann–Whitney t test was
used for nonparametric datasets. Statistical significance of
independent groups was verified using ordinary 1-way anal-
ysis of variance followed by Tukey multiple comparison test
and KruskalWallis test followed by Dunnmultiple compar-
ison test in case of non-Gaussian distribution. Correlation
analysis was performed using 2-tailed Pearson correlation
or Spearman correlation for nonparametric datasets (r ¼
0 to 1 positive correlation, r ¼ 0 no correlation, r ¼
0 to �1 inverse correlation). All data are presented as
mean values with standard deviation (P > .05; *P <_ .05;
**P <_ .01; ***P <_ .001; **** P <_ .0001).
RESULTS

THE DECS OF A TOTAL OF 50 EYES OF 50 PATIENTS WITH

advanced FECD were included in this study. Demographic
data are presented in Table. Gender distribution showed fe-
male predominance recapitulating gender distribution in
FECD.

� COLLAGEN EXPRESSION: A proportion of 84% (42/50)
of all DEC flat mounts showed clearly delimitable coherent
COL I, COL III, or COL IV staining of the central or para-
central area. Collagen-positive stained areas were referred
to as ROIþ whereas the surrounding peripheral area
without staining was referred to as ROI� (Supplemental
Figure S1, D). A ROIþ was detectable in 84.2% (16/19)
of DECs stained for COL I, in 83.3% (15/18) of DECs
stained for COL III, and in 84.6% (11/13) of DECs stained
for COL IV, respectively (Figure 1). There was no signifi-
cant difference in the presence of a ROIþ between DECs
stained for COL I, COL III, and COL IV (P > .99).
Within COL I, COL III, and COL IV ROIþ, cross-

sectional Z-stack analysis of DECs revealed deposits of
respective collagens at the posterior surface of DM.
FEBRUARY 2021OPHTHALMOLOGY



FIGURE 1. Microscopic analysis of Descemet endothelium complex (DEC) flat mounts from patients with advanced Fuchs endothe-
lial corneal dystrophy after immunofluorescence staining: DECs were stained for collagen I (A, red), collagen III (A, red), and
collagen IV (G, red). Nuclei of corneal endothelial cells were counterstained with 49,6-diamidino-2-phenylindole (DAPI; B, E,
and H, white). Microscopic analysis shows central collagen staining (A, D, and G, yellow closed triangles) and concomitant loss
of corneal endothelial cells (B, E, and H, yellow closed triangles). Merged collagen and DAPI images are shown in (C), (F), and
(I) (320 magnification; bar [ 1 mm).
Collagen deposits bury guttae in an additional layer of
extracellular matrix (Figure 2) corresponding to a fibrillar
layer (FL) as described in previous late-onset FECD
studies.14–16,23–25 No such deposits were observed in the
ROI� of respective samples (Figure 2).

� SURFACE AREA: The mean surface area of all ROIþ was
10 mm2 6 6 mm2. The mean ROIþ surface area was
8.2 mm2 6 5.8 mm2 in DECs stained for COL I,
10.2 mm2 6 5.9 mm2 in DECs stained for COL III, and
12.5 mm2 6 6.1 mm2 in DECs stained for COL IV. There
was no significant difference in the ROIþ surface area
VOL. 222 FIBRILLAR LAYER MARKS CELL LOSS IN
between DECs stained for COL I, COL III, and COL IV
(P > .05, respectively).

� CORNEAL ENDOTHELIAL CELL DENSITY: In DECs with
detectable ROIþ, the total CEC density was 747 6 299
(n ¼ 42). In DECs without detectable ROIþ, the total
CEC density was 1028 6 503 (n ¼ 8). There was a signif-
icant difference in total CEC density between DECs with
and without detectable ROIþ (P ¼ .04).
In DECs with detectable ROIþ, the mean ROIþ CEC

density compared with the ROI� CEC density was 381 6
226 and 842 6 314 (n ¼ 42; P < .0001), corresponding
295ADVANCED FUCHS DYSTROPHY



FIGURE 2. Microscopic (confocal Z-stack) analysis of Descemet endothelium complex (DEC) flat mounts from patients with
advanced Fuchs endothelial corneal dystrophy after immunofluorescence staining: DECs were stained for collagen I (A and D,
red), collagen III (B and E, red), and collagen IV (C and F, red). Nuclei were counterstained with 49,6-diamidino-2-phenylindole
(DAPI; white). Respective subfigures show en face section of DECs. Cross sections as marked by horizontal green and vertical
red lines within each en face section are shown at top and right margin of the same subfigure. Only guttae appearing in cross sections
are marked (yellow asterisk). Microscopic analysis confirms collagen deposition at the posterior surface of Descemet membrane and
corresponding to a fibrillar layer in the collagen-positive region of interest (ROID) (A, B, and C) whereas no such layer may be
observed in collagen-negative ROI (ROIL; D, E, and F). (Green line: X-Z axis; red line: Y-Z axis; blue line: Z-stack position; 363
magnification; bar [ 10 mm.)
to a relative decrease of CEC density in ROIþ compared
with ROI� of 54.8%. In DECs without detectable ROIþ,
the mean ROIcontrol central CEC density compared with
the ROIcontrol peripheral CEC density was 972 6 439 and
1047 6 552 (n ¼ 8; P ¼ .77).

Comparing the CEC density of ROIþ areas to the mean
CEC density of ROIcontrol central areas there was a significant
difference (P ¼ .0003). Comparing the CEC density of
ROI� areas to the mean CEC density of ROIcontrol peripheral

areas there was no significant difference (P ¼ .15).
In DECs with detectable ROIþ, the ROIþ CEC density

compared with the ROI� CEC density was 3436 171 and
7536 259 (n¼ 16; P< .0001) in DECs stained for COL I,
427 6 325 and 807 6 352 (n ¼ 15; P ¼ .006) in DECs
stained for COL III, and 374 6 110 and 1019 6 285
(n ¼ 11; P < .0001) in DECs stained for COL IV
(Figure 3). This corresponds to a relative decrease of
CEC density in ROIþ compared with ROI� of 54.4%
(COL I), 47.1% (COL III), and 63.3% (COL IV), respec-
tively. There was no significant difference in ROIþ CEC
density (P > .99) or ROI� CEC density (P > .05) between
296 AMERICAN JOURNAL OF
DECs stained for COL I, COL III, and COL IV,
respectively.
In DECs with detectable ROIþ, the decline of CEC den-

sity at the ROIþ to ROI� border was determined by analysis
of CEC density in 4 squares equally arranged at both sides
of the staining border at the 12, 3, 6, and 9 o’clock positions
as described above (Supplemental Figure S1, D). Compar-
ison of CEC density in these 4 squares demonstrated a steep
and significant (P < .0001) decline from ROI� to ROIþ

areas as shown in Figure 4.

� CENTRAL CORNEAL THICKNESS AND CORRELATION
ANALYSIS: In DECs with detectable ROIþ, the central
corneal thickness (CCT) was 645.7 mm 6 55.3 mm (n ¼
42). In DECs without detectable ROIþ, the CCT was
611.1 mm6 88.4 mm (n¼ 8). There was no significant dif-
ference in CCT between DECs with and without detect-
able ROIþ (P ¼ .15). In DECs with detectable ROIþ,
there was no significant correlation of CCT to the ROIþ

area (r ¼ �0.21; P ¼ .18), of CCT to total CEC density
(r ¼ �0.06; P ¼ .69), or of CCT to CEC density of
FEBRUARY 2021OPHTHALMOLOGY



FIGURE 3. Corneal endothelial cell density in relation to collagen staining of Descemet endothelium complex: comparison of regions
of interest (ROI) with (ROID) and without (ROIL) collagen staining shows significantly reduced corneal endothelial cell density in
ROID exhibiting increased staining of collagen I (A), collagen III (B), and collagen IV (C), respectively. **P < .01, ****P <
.0001.

FIGURE 4. Decline of corneal endothelial cell density at the borderline between stained region of interest (ROID) and unstained
ROI (ROIL). Corneal endothelial density was determined in 4 squares equally arranged at both sides of ROID to ROIL borderline
at the 12, 3, 6, and 9 o’clock positions (described in Supplemental Figure S1, D). Comparison of corneal endothelial cell density in
these 4 squares shows a steep and significant decline fromROIL to ROID areas in collagen I (A), collagen III (B), and collagen IV (C)
stained Descemet endothelium complexes. ****P < .0001.
ROI� areas (r¼�0.05; P¼ .77). However, there was a sig-
nificant negative correlation of CCT to CEC density of
ROIþ (r ¼ �0.31; P ¼ .045). In DECs without detectable
ROIþ, there was no significant correlation of CCT to total
CEC density (r¼�0.6; P¼ .11), of CCT to CEC density of
ROIcontrol central (r ¼ �0.64; P ¼ .09), or of CCT to CEC
density of ROIcontrol peripheral areas (r ¼ �0.58; P ¼ .13).

� COMPARISON OF PHAKIC AND PSEUDOPHAKIC FECD
EYES: An ROIþ area was detectable in 83% (29/35) of
all patients with phakic FECD (phFECD) and in 87%
(13/15) of all patients with pseudophakic FECD
(psphFECD) and there was no significant difference in
the detection of an ROIþ area between patients with
phFECD and those with psphFECD (P > .99). There was
no significant difference in the ROIþ area comparing
VOL. 222 FIBRILLAR LAYER MARKS CELL LOSS IN
phFECD (11.14 mm2 6 6 mm2; n ¼ 29) and psphFECD
(7.9 mm2 6 6 mm2; n ¼ 13; P ¼ .09) eyes. However, there
was a significantly higher total CEC density in phFECD
eyes (826 6 306; n ¼ 29) compared with psphFECD eyes
(571 6 192; n¼13; P ¼ .009). This was also reflected by
a significantly higher ROIþ CEC density in phFECD eyes
(427 6 245; n ¼ 29) compared with psphFECD eyes
(279 6 134; n ¼ 13; P ¼ .05) and a significantly higher
ROI� CEC density in phFECD eyes (934 6 315; n ¼ 29)
compared with psphFECD eyes (636 6 198; n ¼ 13; P ¼
.003). The CCT showed no significant difference
comparing phFECD eyes (642 mm 6 58 mm) and
psphFECD eyes (654m 6 51mm, P ¼ .53).

� SLIT-LAMP BIOMICROSCOPY OF ROID AREAS: Subgroup
analysis (18 patients) by slit-lamp biomicroscopy showed
297ADVANCED FUCHS DYSTROPHY



FIGURE 5. Slit-lamp biomicroscopy and immunofluorescence staining of the fibrillar layer in advanced Fuchs endothelial corneal
dystrophy: slit-lamp biomicroscopy of the posterior corneal surface shows gray deposits with pigment inclusions at the posterior stro-
mal surface (A, B, E, F, I, and J). After Descemet membrane endothelial keratoplasty surgery, explanted Descemet endothelium com-
plexes (DECs) were stained for collagen I (C and D, red), collagen III (G and H, red), and collagen IV (K and L, red) and nuclei were
counterstained with 49,6-diamidino-2-phenylindole (white). Morphologic characteristics of the fibrillar layer observed in slit-lamp
biomicroscopy (B, F, and J, yellow closed triangles) are recapitulated in explanted DECs after immunofluorescence staining (D,
H, and L, yellow closed triangles; 316 magnification; bar [ 1 mm).
gray deposits with or without pigment inclusions at the pos-
terior corneal surface in 16 of 18 (88.9%) patients. These
deposits exhibited characteristic morphologic features of
the ROIþ detected by immunofluorescence staining in
the corresponding DECs (Figure 5). No deposits were found
by slit-lamp biomicroscopy in 2 (11.1%) patients and the
corresponding DECs also showed no collagen deposits by
immunofluorescence analysis. Maximum diameter of de-
posits measured by slit-lamp biomicroscopy was dSL max ¼
4.1 mm 6 0.9 mm and maximum diameter of the corre-
sponding ROIþ determined by immunofluorescence micro-
scopy was dIF max 4.7 mm 6 1.1 mm (n ¼ 16; P ¼ .1;
Figure 6). There was a significantly positive correlation be-
tween dSL max and dIF max (r ¼ 0.76; P ¼ .001). There was
no significant difference in dSL max and dIF max for COL I
(n ¼ 5; P ¼ .8), COL III (n ¼ 7; P ¼ .11), and COL IV
(n ¼ 4; P ¼ .17).
298 AMERICAN JOURNAL OF
DISCUSSION

THE PRESENT STUDY SHOWS THAT GEOGRAPHIC SUBENDO-

thelial COL I–, COL III–, and COL IV–rich areas, corre-
sponding to a FL of DM, are present underneath the
central corneal endothelium of the majority (84%) of
advanced FECD eyes and may be imaged by slit-lamp bio-
microscopy in vivo. Moreover, it indicates for the first time
that this FL corresponds to areas of pronounced loss of
CECs with a steep decline in CEC density at its borders.
In vivo imaging of the FL may provide a basis for more pre-
cise and individualized medical and surgical treatment of
FECD in the future (Supplemental Figure S1, F).
The ABL of DM develops prenatally. Posteriorly located

layers of ECM are secreted by the corneal endothelium
throughout lifetime and represent a record of normal and
pathologic events similar to tree rings describing varying
FEBRUARY 2021OPHTHALMOLOGY



FIGURE 6. Maximum diameter of fibrillar layer: measured by
slit-lamp biomicroscopy (dSL max) or by immunofluorescence
staining and microscopy (dIF max).
climatic conditions during growth.12 The DM of patients
with FECD exhibits a normal ABL.12,26,27 The posterior
nonbanded layer is dilute or nonexistent.12,26,27 An addi-
tional posterior banded layer forms posterior excrescences
(guttae) and leads to a significant thickening of
DM.12,14,26,27 In advanced stages of the disease, an FL is
secreted by a decompensated and stressed corneal endothe-
lium and buries the guttae in a collagen-rich matrix
including COL I, COL III, and COL IV.12,15,16,27 This FL
corresponds to the subendothelial ROIþ collagen deposits
described in the present study.

A recent study classified the ultrastructure of FECD DM
and differentiated 3 types: type I showing an ABL, a poste-
rior nonbanded layer, and a posterior banded layer, type II
showing an additional FL, and type III showing a FL
burying the first layer of guttae and a second additional
layer of guttae protruding like type I FECD DM.23 Bourne
and associates12 hypothesized that corneal decompensation
is paralleled by increased leakage through the corneal
endothelium into DM causing the formation of a loose
FL rather than a compact collagenous layer.12 This group
was able to show that an increased FL thickness correlates
with greater stromal and epithelial edema in advanced
FECD.12 They found an FL in 7 of 11 (64%) corneas of pa-
tients with FECD undergoing penetrating keratoplasty12;
Yuen and associates28 found an FL in 19 of 32 (59%) of pa-
tients with FECD.28 The Krachmer grading of patients with
FECD is not reported in these studies and corresponding
deviations in the selection of patients may be responsible
for the higher percentage of FL–positive cases (84%) in
our study. Although there was a lower CEC density in pseu-
dophakic compared with phakic FECD eyes in our study,
our investigations did not provide any evidence that cata-
ract surgery affects the size of the FL.

The location of deposits and expression of COL I, COL
III, and COL IV in our study are compatible with previous
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descriptions of the FL in late-onset FECD corneas and sug-
gest an endothelial or myofibroblast origin.15,16,24,25,29

Since structural and compositional changes in the FECD
DM affect cell behavior and may cause pathology, a pri-
mary pathogenetic role of the FL deposits in terms of an
ECM-related toxic microenvironment needs to be consid-
ered.23,30–32 In addition to the observed focal loss of CEC
density, this would suggest that complete removal of the
FL may be advantageous in procedures such as DSO.
Interestingly, 33.3% (14/42) of DECs in our study
exhibited an FL surface area of >12.56 mm2 and DSO
with 4-mm standard diameter (and 12.56 mm2 surface
area) would not have led to full removal of these FL.
Clinically, an FL may be observed in advanced cases of

FECD by slit-lamp biomicroscopy as central, gray deposits
at the posterior stromal surface (Figure 5). These deposits
often exhibit pigment inclusions, and our results indicate
that borders and diameters of these deposits identified by
slit-lamp biomicroscopy match borders identified by immu-
nofluorescence (Figures 5 and 6).
Imaging, measurement, and marking of the FL area

in vivo may be further optimized in the future by new
high-resolution modalities such as optical coherence
microscopy.
Building on such optimized imaging, future studies will

investigate in more detail if the presence of an FL should
be integrated into new clinical FECD classification sys-
tems.33 This may seem reasonable because the FL is differen-
tiated from ‘‘confluent guttae’’ as posterior layer embedding
guttae rather than being part of their ultrastructure.17,18 In
our study, there was a significantly lower total CEC density
in DECs with detectable FL compared with DECs without
detectable FL. This further supports the results of previous
studies showing that the incidence and the thickening of a
FL may be associated with corneal decompensation occur-
ring in more advanced cases of FECD and advocating for a
progression of the FL over time.12

From a surgical point of view, identification of the FL
may offer the opportunity to identify and selectively
remove and replace particularly affected areas of the
FECD endothelium. A study investigating CEC cultures
from DECs of patients with FECD demonstrated that
absence of a FL favored the successful culture of FECD
cells.34 In this regard, it will be interesting to see whether
the presence of an FL affects regeneration of the endothe-
lium after DMEK or DSO and whether individualized
removal only of the most affected FL area in advanced
FECD offers advantages over the Descemetorhexis of stan-
dard shape and size in the context of procedures like DSO,
mini-, hemi-, or quarter-DMEK and novel treatments like
corneal endothelial cell injection with rho-associated pro-
tein kinase inhibitor supplementation.10,35–37 Large
denuded areas without CECs were observed overlying the
FL (Figures 1 and 5), and future studies will show if the
FL can be intraoperatively identified using dyes such as
Trypan blue.
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Delineation of an FL in advanced FECD may also bring
about new aspects for molecular studies investigating the
pathogenesis of FECD: While fibrotic changes of the FL
area rather mark late stages of FECD, early alterations of
FECD pathology would be more likely to be found outside
this area in the corneal endothelial periphery.

The present study is limited by the investigation of CEC
density ex vivo and artificial changes of CEC density in
context of the tissue sampling, the immunofluorescence
staining process or evaluation have to be ruled out by future
in vivo analyses. An FL-like secretion of ECM by stressed
300 AMERICAN JOURNAL OF
CECs was previously described in the context of other
advanced corneal endothelial disorders such as pseudo-
phakic or aphakic bullous keratopathy or pseudoexfoliation
keratopathy.28,38 Therefore, we cannot anticipate the
observed FL-related loss of CEC density to be an FECD-
specific effect.
In conclusion, the present study provides evidence that an

FL defined as clearly demarcated subendothelial COL I–,
COL III–, andCOL IV–rich areas of variable sizemarks areas
of pronounced loss of CECs in advanced FECD and that this
FL may be imaged by slit-lamp biomicroscopy in vivo.
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