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Abstract

Objective—To evaluate the cellular changes in the corneal epithelium and surrounding structures
in limbal stem cell deficiency (LSCD) by using in vivo laser scanning confocal microscopy.

Methods—This was a prospective comparative study that included 27 eyes of 20 patients with
LSCD and 12 eyes of 10 healthy subjects. All subjects underwent slitlamp examination, and
LSCD was classified into 3 groups on the basis of clinical presentation. Confocal imaging of the
central cornea and 4 locations of limbus was performed. Morphologic characteristics of the
corneal epithelium were studied. The basal epithelial cell density and subbasal nerve density in the
central cornea were calculated, and a potential correlation between the decrease in basal epithelial
cell density and subbasal nerve density in LSCD was investigated.

Results—The wing and basal epithelial cells became progressively metaplastic, and the basal
epithelial cell density and subbasal nerve density in the early and intermittent stages decreased
significantly compared with controls (all P<.01). Normal basal epithelial cell morphology was
completely lost and subbasal nerves were absent in the late stage of LSCD. The decrease in basal
cell density correlated with the decrease in subbasal nerve density in patients with LSCD (P=.03).

Conclusions—There are significant microstructural changes associated with early LSCD. These
cellular changes could help to understand the disease process and classify and monitor limbal stem
cell dysfunction.

A transparent corneal epithelial surface is maintained by the corneal epithelial stem cells,
and it is believed that they are located at the basal layer of the limbal epithelium.2=3 When
the limbal stem cells are deficient, the conjunctival epithelial cells invade onto the corneal
surface and lead to decreased vision. Limbal stem cell deficiency (LSCD) is seen in many
ocular disorders such as chemical injury, multiple intraocular surgeries, and Stevens-
Johnson syndrome.# The diagnosis and management of LSCD remain very challenging. The
diagnosis of LSCD is mainly based on history and clinical presentation. The classic clinical
signs of LSCD include stippling and late fluorescein staining, epithelial opacity/late
fluorescein staining in a vortex pattern, recurrent epithelial breakdown, and fibrovascular
pannus on the corneal surface.>® At the time of presentation, patients with partial or sectoral
LSCD often have very subtle changes that may be missed by clinical examination alone.
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Impression cytology is an accepted diagnostic test for LSCD,* but the false-negative rate is
high partly because of the coexisting goblet cell deficiency in many disorders. Keratin 19
has been proposed as a marker for conjunctival epithelial cells in the diagnosis of LSCD."-8
However, its expression specificity is controversial.®-11 Therefore, a sensitive test to
quantify limbal stem cell damage is not possible clinically because of the lack of a
classification system.

In vivo laser scanning confocal microscopy, which provides high-resolution images of the
ocular surface at the cellular level, is a very powerful tool to evaluate microstructure. This
technique has gained wide popularity among clinicians as a method to evaluate various
physiologic and pathologic changes in the cornea, conjunctiva, and limbus.12-16 A study by
Vera et all® of the corneal changes in chronic Stevens-Johnson syndrome and toxic
epidermal necrolysis showed abnormalities in the corneal epithelium and an absence of the
subbasal nerve plexus in those patients with advanced LSCD. To our knowledge, cellular
changes in various stages of LSCD have not been described and quantified. The purpose of
the study described herein was to elucidate and quantify the microstructural changes in the
corneal epithelium and subbasal nerve plexus in the early stages of LSCD.

PATIENT IDENTIFICATION AND CLINICAL CLASSIFICATION OF LSCD

CONFOCAL

This study was performed with approval of the institutional review board at the University
of California, Los Angeles. Proper consent was obtained. Subjects were examined by
slitlamp biomicroscopy, and slitlamp photographs were taken. The diagnosis of LSCD was
based on clinical evaluation, and the severity of the disease was categorized into 3 stages on
the basis of clinical presentation: (1) the early stage, characterized by the stippling or late
fluorescein staining and a dull reflex; (2) the intermediate stage, characterized by persistent
late fluorescein staining in a vortex pattern associated with depression of the epithelial
surface; and (3) the late stage, characterized by vortex epithelial opacity as seen in the
intermediate group with a history of recurrent epithelial defect with or without
conjunctivalization/vascularization of the cornea. Those subjects who had undergone
penetrating keratoplasty were excluded from the quantitative analysis of basal cell density
(BCD) and subbasal nerve density (SND). The control group consisted of subjects who did
not have a history of eye disease and were free of any ocular symptoms or abnormality of
the corneal epithelium as seen during slitlamp examination. Normal subjects who had
undergone any ocular surface surgery were excluded.

IMAGING

In vivo laser scanning confocal microscopy was performed with the Heidelberg Retina
Tomograph 111 Rostock Cornea Module (Heidelberg Engineering GmBH). All eyes were
anesthetized with proparacaine, 0.5% (Alcon Laboratories). Hydroxypropyl methylcellulose
(Novartis Ophthalmics, Inc) was applied. Images of the central cornea and 4 areas of the
limbus (superior, temporal, inferior, and nasal) were obtained. The location of imaging was
confirmed visually by the red aiming beam and through the side camera of the Heidelberg
Retina Tomograph I11.

IMAGE ANALYSIS

The morphology of the cells in the wing and basal epithelial layers and of the nerves in the
subbasal nerve plexus was examined. The epithelial cell layer just above the subbasal nerve
plexus was defined as the basal layer. Three images that showed a clear morphology of the
basal epithelial layer were selected for BCD analysis. Two independent observers (K.D.S.
and O.L.L.) manually counted cells according to the manufacturer’s instructions for a cell
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count in a masked fashion. Similarly, 3 images that demonstrated the highest number of
subbasal nerve plexuses were selected to obtain the total SND. The SND was obtained by
dividing the nerve counts by the imaged area (0.16 mm?).

STATISTICAL ANALYSES

Statistical analyses were performed with SAS version 9.1 (SAS Institute, Inc). The
reliability of BCD and SND obtained by independent observers was assessed by using
intraclass correlation coefficients from repeated-measures mixed-effect regression models.
The average of the measurements from all 3 images for each eye was compared by using
Kruskal-Wallis tests. Any P value less than .05 was considered statistically significant. The
Spearman correlation coefficient was calculated between the BCD and SND in the control
and LSCD groups.

RESULTS

PATIENT CHARACTERISTICS

A total of 39 eyes were evaluated in this study: 27 eyes of 20 patients with LSCD and 12
eyes of 10 control subjects. Patient demographic features, diagnoses, and clinical
presentations are summarized in the Table. The mean age of subjects was 59.1 years (range,
22-94 years) in the LSCD group and 48.8 years (range, 27-88 years) in the control group.
There was no statistically significant difference in age and sex between the control and
LSCD groups (t test, P=.25). Representative slitlamp photos of the corneas at each of the 3
stages of LSCD are shown in Figure 1. Limbal stem cell deficiency was classified as early
stage in 10 eyes, intermediate stage in 13 eyes, and late stage in 4 eyes. The most common
etiologies of LSCD were Stevens-Johnson syndrome and multiple surgeries (6 of 27, 22%)
followed by contact lens wear (5 of 27, 19%) (eTable, http://www.archophthalmol.com).

MORPHOLOGY OF NORMAL CORNEA EPITHELIUM

The corneal epithelium consists of 3 layers: the superficial, wing/intermediate, and basal
layers. The superficial epithelial cells were large with distinct cell borders and dark nuclei
with a perinuclear halo. The wing cells were smaller than the superficial cells and had
hyporeflective cytoplasm and a well-demarcated hyperreflective cell border. Three to 5
layers of epithelial cells were within this middle portion of the epithelium. The cells became
smaller as the depth of the wing layer increased (Figure 2A, top left panel). The basal cells
were smaller than the wing cells and highly compact with uniform polygonal shape. The cell
nuclei were not normally visible (Figure 2A, top middle panel). The subbasal nerves were
long and relatively straight (Figure 2A, top right panel).

MORPHOLOGIC CHANGES IN THE CORNEAS OF PATIENTS WITH LSCD

The wing layer was affected in half of the patients. The nuclei became hyperreflective and
visible at the more superficial layer in early LSCD (Figure 2A, second row). The cell size
and shape were fairly normal. The basal cells became slightly bigger, and some exhibited
prominent nuclei. The cell border was less distinct than that seen in healthy subjects. In the
intermediate group, these morphologic changes became more advanced (Figure 2A, third
row). The epithelial cells at all levels were affected. The nuclei were very prominent and the
cell size increased. The cell border became less distinct at the basal layer. Epithelial cells in
the late stage showed significant metaplasia. The normal morphology of basal and wing
epithelial cells was lost. Only a couple layers of metaplastic cells were detected (Figure 2A,
bottom row). Subbasal fibrosis and neovascularization were observed in this stage. The SND
decreased in patients with LSCD. No subbasal nerves were detected in patients with late-
stage LSCD.
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The morphologic changes in the limbal epithelium were similar to those observed in the
cornea (Figure 2B). The palisades of Vogt were absent at the affected sector of the limbus,
and there was an increase in reflectivity at the immediate subbasal layer. The vascular
fibrotic tissues completely replaced the normal limbal epithelium at the late stage of LSCD.

QUANTITATION OF CELLULAR CHANGES IN THE CORNEA

To quantify the microstructural changes in the corneas with LSCD, we assessed the BCD
and SND in the normal and LSCD groups. The border of the basal cells at the late stage was
indistinct and thus prevented an accurate cell count. In addition, there was a complete
absence of nerve fibers in these patients.

Using interclass correlation coefficients, we found good agreement in the BCDs (eFigure,
A) and SNDs (eFigure, B) between these 2 observers. The mean (SD) BCD was 9373 (483)
cells/mm? in healthy subjects and 5029 (2323) cells/mm? in the LSCD group. Analysis of
BCD within the subgroups of LSCD showed that the mean (SD) BCD was 5850 (2226)
cells/mm? in early-stage LSCD and 4583 (2210) cells/mm? in intermediate-stage LSCD.
The mean (SD) SND was 101.3 (37.7) nerves/mm? in healthy subjects, 31.9 (35.8) nerves/
mm? in the LSCD group, 42.7 (50.1) nerves/mm? in early-stage LSCD, and 23.7 (15.1)
nerves/mm? in intermediate-stage LSCD. The BCD (Figure 3A) and SND (Figure 3B) were
significantly less in patients with LSCD than in the healthy subjects (Wilcoxon rank sum
test, P<.01 for all comparisons). There were further decreases in the BCD and SND in the
intermediate stage, although the differences between the early and intermediate groups did
not reach statistical significance (P=.37 and P=.88, respectively).

There was no evidence of statistically significant correlations between BCD and SND in
healthy control subjects (Spearman correlation coefficient —0.063; P=.85), but there was a
significant correlation between the decrease in BCD and the decrease in SND (0.47; P=.03)
in patients with LSCD by Spearman correlation coefficient.

Receiver operating characteristic curve analysis of the BCD and SND in the control subjects
and those with LSCD revealed the cutoff value for the BCD (Figure 4A) was 7930 cells/
mm?2, and the resulting sensitivity and specificity were 95.5% and 100%, respectively. The
lower cutoff value for the SND (Figure 4B) was 53 nerves/mm2, and resulting sensitivity
and specificity were 87.0% and 91.7%, respectively. On the basis of these results, a decrease
in the BCD of more than 15.4% and a decrease in the SND of more than 47.7% might be
associated with the earliest signs of limbal stem cell dysfunction.

COMMENT

Using laser scanning confocal microscopy, we analyzed in detail the cellular structure of the
corneal epithelial layers and subbasal nerve plexus in healthy subjects and patients with
various degrees of LSCD. Increases in basal epithelial cell size, decreases in innervation,
and metaplastic changes in the basal epithelial cells including prominent nuclei and loss of
distinct cell borders were associated with early LSCD. To our knowledge, this study is the
first to characterize the microstructural changes in patients with various degree of LSCD.

Compared with the healthy control subjects, those with early-stage LSCD had an average of
38% reduction in BCD and a 58% reduction in SND. A decrease in BCD is expected as a
result of the failure of stem cell function; however, loss of innervation is a surprising finding
in LSCD. It is also very intriguing that the decrease in the BCD is significantly correlated
with the decrease in the SND in LSCD. Corneal nerve fibers support the maintenance of
healthy corneal epithelial cells by secreting trophic factors such as neuropeptides and
neurotransmitters that stimulate epithelial cell growth, proliferation, regeneration,
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differentiation, and possibly migration.1’-19 Corneal and limbal epithelial cells also secrete
glial cell-derived nerve growth factors and nerve growth factors that also have trophic
effects on nerve fibers.20 It is unclear whether degeneration of the subbasal nerve fibers
leads to a depletion of basal epithelial cells or the loss of normal corneal epithelial cells
leads to degeneration of the subbasal nerve fibers.

Slight decreases in both BCD and SND have been observed in patients with keratoconus,?!
active atopic conjunctivitis,?2 and diabetes.23 The average reduction in BCD and SND is far
greater in LSCD than in these conditions. In addition, the changes in epithelial cell
morphology are not reported in keratoconus and diabetes. Atopic conjunctivitis is one of the
known etiologies of LSCD. The chronic severe inflammation on the ocular surface causes
damages to the corneal epithelium, limbal stem cells, and the stem cell niche. It is not
surprising that in active severe atopic conjunctivitis both cell densities are affected.

Many of our patients also had concurrent dry eye syndrome, a condition that has been
extensively evaluated by laser scanning confocal microscopy. The BCD either remains
unchanged?* or increases slightly2® in patients with dry eye syndrome alone. There are
conflicting results regarding the SND in dry eye syndrome; Zhang et al?6 noted a significant
increase, whereas others showed a decrease or no change in the nerve density.2527 The
superficial epithelial layer is affected in dry eye syndrome, and therefore, we specifically
only focused on the changes in the wing and basal layers in the current study to avoid
including changes that were not associated with LSCD. Patients with dry eye syndrome in
the absence of LSCD do not have significant metaplasia. Although LSCD is attributed to
several different etiologies in the current study (eg, contact lens wear, multiple surgeries,
and drug toxic effects), none of them in the absence of LSCD was associated with decreases
in both BCD and SND and changes in the epithelial morphology. Despite the different
diagnoses among our patients, a decrease in both the BCD and SND and changes in the
morphology of corneal and limbal epithelial cells are the common phenomena in all of these
patients who share a common condition, LSCD. This similarity further supports our
conclusion that our findings are the results of LSCD and not due to different conditions.

Currently, the diagnosis of LSCD relies on clinical findings and is confirmed by impression
cytology that demonstrates the presence of goblet cells on the cornea.# It is possible that the
migration of goblet cells onto the cornea is a rather late phenomenon preceded by corneal
epithelial cell metaplasia, a hypothesis that is supported by the results of our current study.
When LSCD was in the early stage, the morphology of the basal epithelial cells began to
change. However, the phenotype of the cells remained corneal not conjunctival, as indicated
by the classic polygonal shape. The cells became conjunctival-like only in the later stages of
LSCD.

The current study found that a similar change in the morphology occurs in the limbal
epithelial cells. These alterations became more prominent with the advancement of the
disease, and changes in the underlying stroma also occurred, including the loss of the
palisades of VVogt, an anatomic landmark of the posterior limbus. The observation that the
BCD is higher in the anterior limbus than the posterior location!? further complicates the
quantitation of the cell count in LSCD when the palisades of VVogt is absent. Our current
study focused on the findings in the central cornea because the BCD and SND can be easily
quantified with the same standard, and they likely represent the overall limbal stem cell
function. However, there is limitation of the current study because of the lack of an
established standard that can be used to confirm the degree of limbal stem cell deficiency. A
more comprehensive staging of LSCD will require correlation of the limbal microstructural
changes with the clinical presentation and confirmation with histopathologic study. In
addition, the current study is an initial investigation and a larger prospective study would be
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necessary to further delineate the gradual decrease of BCD and SND in the early and
intermediate stage of LSCD.

In conclusion, to our knowledge, we report the first in vivo laser scanning confocal
microscopy study to elucidate and characterize the microstructural changes in LSCD. A
better knowledge of these cellular changes could help us to understand the underlying
disease process. The finding reported herein could also serve as a useful foundation for the
development of a noninvasive method to quantify and monitor the progression of LSCD and
response to treatment.
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Early

Intermediate

Figure 1.

Slitlamp photographs of eyes at early (top panel), intermediate (middle panel), and late
(bottom panel) stages of limbal stem cell deficiency. The fluorescein staining patterns are
shown in the right column.
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Figure 2.

Representative confocal images of the wing and basal epithelial layers and subbasal nerve
plexus at different clinical stages of limbal stem cell deficiency. A, Images of the wing (left
column) and basal epithelial (middle column) layers in the central cornea. The subbasal
nerve plexus is also shown (right column). The arrow indicates prominent nuclei. B, Images
of the wing (left column) and basal epithelial (right column) layers in the limbus.

Arch Ophthalmol. Author manuscript; available in PMC 2014 February 19.

Basal layer




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Deng et al.

=]

Page 10

10000 i
L 8000 *
£ T
k%)
>
< 6000
= ®
B - o—
S °
2 4000+
[eb)
(@b]
=
wn
S 2000- 1 T
0_ T T T T
Control LSCD Early-Stage  Intermediate-Stage
LSCD LSCD
200+
IS
£
S 150
= T %
>
D ¥
[
32 100+ o
[eb)
=
E —‘7
=
© 4
g7 0 T
o ([ J
A ®
0+ - = -
Control LSCD Early-Stage  Intermediate-Stage
LSCD LSCD
Figure 3.

Box and whisker plot of central corneal basal epithelial cell density (A) and subbasal nerve
density (B). There was a significant decrease in basal cell density and subbasal nerve density
in all patients with limbal stem cell deficiency (LSCD) and in the subgroups of early-stage

and intermediate-stage LSCD compared with controls. *P<.001.

The dots indicate the mean.
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Figure4.

Receiver operating characteristic curve for central corneal basal epithelial cell density (A)
and subbasal nerve density (B). The lower cutoff basal epithelial cell density to diagnose
limbal stem cell deficiency was 7930 cells/mm? and resulted in a 95.5% sensitivity and
100% specificity. The lower cutoff subbasal nerve density was 53 nerves/mm? and resulted
in an 87.0% sensitivity and 91.7% specificity.
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Table
Patient Demography and Clinical Presentation
Patient/Sex/Age,y  Diagnosis Eye Clinical Findings Clinical Stage

1/M/48 SJS, DES R Mild superior stippling staining Early
2/M/48 SJS, DES L Complete conjunctivalization Late

3/M/44 SJS, DES L Mild stippling staining Early
4/M/44 SJS, DES R Moderate superficial NV, moderate stippling Intermediate

staining

5/M/78 Multiple surgeries L Mild stippling staining Early
6/M/78 Multiple surgeries R Superior vortex keratopathy Intermediate
7IM/94 Drug toxic effects R Late fluorescein staining Early
8/M/94 Drug toxic effects L Vortex keratopathy Intermediate
9/M/50 Lichen planus, DES R Moderate peripheral NV Early
10/F/59 Irradiation, chemotherapy, DES R Moderate diffuse staining Early
11/F/59 Chemotherapy, DES L Moderate diffuse staining Early
12/F/36 CL L Superior stippling staining Early
13/F/36 CL R Superior vortex keratopathy Intermediate
14/F/22 CL R Moderate diffuse staining Early
15/F/22 CL L Moderate diffuse staining Early
16/F/88 Neurotrophic keratopathy, DES R Epithelial irregularity, late staining Intermediate
17/M/34 SJS, DES R Superior vortex keratopathy Intermediate
18/M/44 SJS, DES R Moderate superficial pannus Intermediate
19/F/59 Multiple surgeries R Inferior vortex keratopathy Intermediate
20/M/92 Idiopathic R Vortex keratopathy Intermediate
21/F/77 Multiple surgeries R Vortex keratopathy Intermediate
22/M/60 Multiple surgeries L Vortex keratopathy Intermediate
23/F/56 CL R Vortex keratopathy Intermediate
24/F/83 Drug toxic effects, DES L Vortex keratopathy Intermediate
25/F/71 Drug toxic effects, neurotrophic keratopathy L Peripheral NV, RED Late
26/M/24 Chemical burn R Conjunctivilization Late
27IM/25 Multiple surgeries R RED, conjunctivilization Late

Arch Ophthalmol. Author manuscript; available in PMC 2014 February 19.

Abbreviations: CL, contact lens; DES, dry eye syndrome; NV, neovascularization; RED, recurrent epithelial defect; SJS, Stevens-Johnson
syndrome.



