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Purpose: The study aimed to evaluate clinical and morphological changes in the limbal palisades of Vogt

(POV) at different stages of aniridia-associated keratopathy (AAK) and to assess possible utility of anterior

segment optical coherence tomography (AS-OCT) for the visualization of limbal progenitor structures as

it correlates to laser scanning confocal microscopy (LSCM) data.

Methods: The study involved 32 patients (59 eyes) with congenital aniridia. AAK stage was defined based

on biomicroscopy. Assessment of limbal zone and detection of POVs in identical areas was performed by

LSCM (HRT3) and AS-OCT (RTVue XR Avanti) using 3D Cornea (En Face mode) and Cornea Cross Line

protocols.

Results: Intact and changed POVs were found in 8/8 stage 0 eyes, in 1/21 stage I and 2/13 stage II eyes.

Spearman's correlation coefficient in assessing the consistency of the POV diagnostic results by LSCM and

AS-OCT for the inferior limbus was rS ¼ 0.85 (P < 0.05), for the superior limbus e rS ¼ 0.53 (P < 0.05). AS-

OCT was less sensitive for detection of partially present POVs in superior limbus. The negative correlation

between AAK stage and POV preservation was determined (rS ¼ �0.5, P < 0.05). There was no correlation

between AAK stage and patient age (rS ¼ 0.235, P ¼ 0.209). Three patients with PAX6 30 deletion showed

stage 0 AAK with intact or slightly disturbed POVs morphology and transparent cornea.

Conclusion: AS-OCT may be an additional diagnostic tool for POV visualization in vivo in aniridic patients.

Its diagnostic accuracy is subject to selection of anatomic region, nystagmus and the degree of POV

degradation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Congenital aniridia (OMIM 106210) is a genetically determined

panocular malformation which is characterized by partial or com-

plete absence of the iris, foveal and optic nerve hypoplasia, kerat-

opathy, lens opacities, glaucoma, and nystagmus [1]. The complex

nature of developmental disorders is in 85e90% of cases a result of

heterozygous mutations in PAX6 gene [2]. The global prevalence of

this disease is 1:40 000e100 000 [3,4]. Aniridic patients suffer from

progressive visual loss due to cataract, glaucoma, and keratopathy.

Aniridia-associated keratopathy (AAK) occurs in 20e90% of

patients with aniridia [5,6]. Its pathogenesis is thought to be

associated with primary limbal stem cell deficiency (LSCD) and

alterations in limbal microenvironment due to a PAX6 gene muta-

tion. Currently there is sound scientific evidence for the active role

of PAX6 in extracellular matrix metabolism, normal expression of

cytoskeleton protein, and cell adhesion molecules in the cornea

[7,8]. According to Ramaesh et al., in 78% of cases the basis of AAK

pathogenesis is the destruction of limbal microenvironment lead-

ing to abnormal reparative response, disruption of corneal

epithelial cell migration and differentiation [9].
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Besides, functional limbal stem cells (LSC) preserve corneal

transparency and maintain its regenerative capacity. Experimental

studies have decisively localized LCSs to the limbal crypts and focal

stromal projections (FSP) of the cornea [10,11]. These structures

represent a clinical marker of LCS [12] and their absence due either

to chemical/thermal burns or genetic defect (congenital aniridia)

indicates development of LSCD [11,13]. In the absence of diagnostic

tools that are capable of explicit imaging of LSCs in vivo, palisades of

Vogt (POV) and FSP serve as a justifiable proxy giving a general idea

of the location and health of epithelial progenitor structures. The

gold standard for visualization of corneal morphological changes

in vivo is corneal confocal microscopy. Evaluation of corneal

epithelial progenitor structures of the limbus is necessary for pre-

dicting future progression of AAK as well as tolerability of surgical

interventions and visual prognosis in general. However, given the

fragility of corneal epithelium in AAK, the need for topical anes-

thesia, and the labor- and time-intensive nature of laser scanning

confocal microscopy (LSCM) of the limbal area, it would be useful to

assess the diagnostic value and clinical utility of alternative tools for

visualizing the corneal epithelial progenitor structures.

Based on the above considerations, the purpose of the studywas

to investigate morphological changes in POV at various AAK stages

and assess the ability to effectively visualize limbal progenitor

structures in patients with aniridia using anterior segment optical

coherence tomography (AS-OCT) as it correlates to LSCM data.

2. Material and methods

2.1. Patients

The study was performed in accordance with the principles of

the Declaration of Helsinki. All patients reviewed and signed an

informed consent for diagnostic examination and possible conse-

quences of the procedure. Ethics approval was obtained from the

local Ethics Committee of the Postgraduate Medical Institute

(Cheboksary, Russia). All patients attended Cheboksary branch of S.

Fyodorov Eye Microsurgery Federal State Institution and were

recruited from June 2015 to August 2016.

Thirty two patients (59 eyes) with congenital aniridia were

examined, including 16 women and 16 men. Familial inheritance

was noted in 22 persons with sporadic cases of aniridia being

observed in 10 patients. The mean age was 32.5 ± 13 years (range,

4e56 years). In genetic analysis previously performed at the Fed-

eral State Budgetary Institution «Research Center for Medical Ge-

netics» (Moscow), the causal mutation was found in 29 patients; in

two cases, a РАХ6 mutation was not found by DNA-testing, which

includes initial Sanger sequencing analysis followed by multiplex

ligation-dependent probe amplification (MLPA). Genetic testing

was not performed in 1 patient.

In addition to genetic testing, the diagnosis of congenital anir-

idia was based on clinical manifestation. The clinical presentation

in aniridia patients comprised bilateral complete or partial aniridia,

foveal hypoplasia, and sensory deficient congenital nystagmus.

Other associated ocular features included AАK, cataract, and glau-

coma. Biomicroscopy data served as the basis for scoring the

severity of AAK. The classification scheme proposed by Eden et al.

was used [14]. Superior and inferior limbi were imaged by AS-OCT

and LSCM, considering predominantly localization of POVs in these

quadrants in healthy subjects [11,15e18]. Given the non-invasive

nature of AS-OCT, it was always done first, followed by LSCM,

usually on the same diagnostic day.

2.2. Anterior segment optical coherence tomography

Limbal structures were imaged by AS-OCT (RTVue XR Avanti,

Optovue, USA, software version 2016.1.0.26) with a cornea anterior

module long adapter lens. For POV visualization, a 3D Cornea

protocol in En Face mode was applied. Scanning zone dimensions

for 3D Cornea protocol were 4*4 and 4*6 mmwith axial resolution

of 5 mm. In all patients, scanning was performed in the superior and

inferior limbal sectors within an arc length of 90�. In order to

visualize POVs in proper quality, a standard scanning layer thick-

ness of 30 mm was used (En Face mode). To look for progenitor

structure changes, the depth position of the scan line was adjusted

to obtain the sharpest image. The acquired images were analyzed

for the presence of POVs with attention to their structural features

and visibility. The Cornea Cross Line protocol was used to deter-

mine the location of palisades relative to the surface.

2.3. Laser scanning confocal microscopy

Detailed examination of the central corneal zone, limbal POV/

FSP structures, and limbal/corneal transition areas, and detection of

inflammatory changes in the superior and inferior limbus was

performed on Heidelberg Retina Tomograph (HRT3) with Rostock

Cornea Module (Heidelberg Engineering, Germany). Images were

acquired in the sequence scan mode at a rate of 30 frames/sec.

Assessment of POV was conducted in the superior and inferior

limbal sectors within 90�. First, the operator visualized basal

epithelium in the central cornea followed by a shift to the superior

or inferior limbus at extreme abduction of the patient's gaze along

the vertical meridian. The image size was 400� 400 mm, the optical

section depth was 4 mm. A single operator examined all the pa-

tients. LSCMwas used as a control and a basic limbal POV detection

method.

We judged the presence of limbal basal cells with dark cyto-

plasm and distinct light borders, POV structures in the form of

hyper-reflective double-contoured usually parallel trabecular ex-

tensions with an internal acellular region and FSP in the form of

double-contoured oval or circular structures as morphological

criteria for the integrity of progenitor structures in the limbal zone

[15,19]. In the absence of distinctly visible intact progenitor zones,

the images were assessed for the presence of detectable palisade-

like structures or partially present POVs. They were defined as

recognizable by morphology, but incomplete or abnormal in

appearance [19]. Distorted POVs appeared as indistinct horizontal

ridge-like structures and stubs, short shallow palisade ridge rem-

nants without double contour and FSP with reduced reflectivity.

Absence of limbal progenitor structures was determined, when

neither palisade-like structures, nor FSPs were detected in the

entire study region.

2.4. Statistical analysis

The analysis was performed using STATISTICA software (StatSoft

Inc., version 6.1). The Mann-Whitney U test reserved for non-

normally distributed data. The values of P < 0.05 were considered

statistically significant. Correlation analysis of direct (LSCM) and

indirect (AS-OCT) imaging of POVs was conducted using Spear-

man's rank correlation coefficient. The following ranks were

assigned for this non-parametric test: 0 e no palisades, 1 e dis-

torted palisades or palisade-like structures, 2 e normal appearing

palisades. To correct for bilateral data dependency only one eye of

every study subject was randomly selected for the data analysis.

3. Results

Demographic characteristics, genetic analysis data, keratopathy

stage, LSCM and AS-OCT imaging results of patients with aniridia

are summarized in Table 1. Due to the severity of nystagmoid eye
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Table 1

Clinical and genetic characteristics of patients

Superior limbus Inferior limbus LSCM parameters

ID Age

(years)/ sex

PAX6 mutation/11p13 deletion and

genomic coordinates

Eye AAK stage LSCM AS-OCT LSCM AS-OCT Conjunctival islands Goblet cells “Cracked

earth”-like

imagesa

1А 26/f heterozygous deletion: DCDC1�ELP4ex9

hg18;;chr11:31 285 887�31 628 232

OD 0 full full full full - � +

OS 0 full full full full � � +

1В 30/f heterozygous deletion: DCDC1�ELP4ex9

hg18;;chr11:31 285 887�31 628 232

OD 0 partial � full full � � +

OS 0 partial � full full � � +

2 35/f heterozygous deletion: DCDC1�ELP4ex9

hg18;;chr11:31 285 887�31 628 232

OD 0 � � partial partial � � +

OS 0 � � partial partial � � +

3 45/f no mutation found OD 0 partial � partial partial � � +

OS 0 partial � partial partial � � +

4А 29/m c.829C>T ex10 OD 1 partial nst partial nst + � +

OS 2 � nst � nst + + �

4В 56/f c.829C>T ex10 OD 2 � � � � + + �

5 49/m c.�125dupG ex3 OD 1 � � � � + + �

OS 1 � � � � + + �

6А 4/m c.491delC ex7 OD 1 � � � � + � �

OS 1 � � � � + � �

6В 27/f c.491delC ex7 OD 2 � � � � + � �

OD 2 � � � � + � �

7А 10/f c.1183G>T ex12 OD 1 � � � � + � �

OS 1 � � � � + � �

7В 35/f c.1183G>T ex12 OD 3 � � � � vascularization +, numerous cells �

OS 4 � � � � vascularization +, numerous cells �

8 14/f c.1268A>T ex13 OD 1 � � � � + +, single cells �

OS 1 � � � � + +, single cells �

9 12/f heterozygous deletion: DCDC1ex1�ELP4�PAX6int1

hg18;;chr11:31 347 785�31 794 631

OD 1 nst nst nst nst nst nst nst

OS 1 nst nst nst nst nst nst nst

10А 17/m с.794G>A ex10 OD 1 � � � � � � �

OS 1 � � � � � � �

10В 25/m с.794G>A ex10 OD 2 � � � � + � �

OS 1 � � � � � � �

10С 51/f с.794G>A ex10 OD 1 � � � � + + �

OS 1 � � � � + + �

11 28/m с.78delG ex5 OD 1 � � � � + + �

OS 2 nst nst nst nst + + �

12 29/m genetic testing not done OD 1 � � � � � � �

OS 1 � � � � � � �

13 33/m с.1032+6Т>G int11 OD 1 � � � � + � �

14 26/m heterozygous deletion: PAX6ex5ePAX6ex7

hg18;;chr11:31 778 912�31 780 904

OD 1 � � � � + � �

OS 4 � � � � vascularization + �

15 43/m c.114_117dup ex5 OD 1 � � � � + + �

OS 1 � � � � + + �

16 25/f c.718C>T ex9 OD 2 � nst � nst + + �

OS 2 � � � � + + �

17 35/f c.411delG OD 2 � � � � + � �

OS 2 � � � � + � �

18 30/f c.142�5T>G int5 OD 3 � � � � vascularization + �

OS 2 � � � � + + �

19А 37/m heterozygous deletion: PAX6ex3

hg18;;chr11:31 784 748e31 787 957

OD 2 � � full full + � nk

19В 53/m heterozygous deletion: PAX6ex3

hg18;;chr11:31 784 748e31 787 957

OS 2 nst nst partial � + � +

20А 51/m с.141+4A>G int5 OD 3 � � � � + +, numerous cells �

OS 3 � � � � + +, numerous cells �

(continued on next page)
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movements and no gaze fixation, it was impossible to perform

confocal microscopy in 5 eyes. For the same reasons, AS-OCT

image analysis was impeded in 9 eyes.

In 4 patients (8 eyes), biomicroscopy revealed completely

transparent cornea without signs of limbal insufficiency (stage

0 AAK). One of the siblings (1A) with a family history of aniridia

and a chromosomal rearrangement 11p13 at the level of DCDC1 и

ELP4 genes, a 30 cis-regulatory region for PAX6, showed unaffected

POVs in both superior and inferior limbus. Cataract extraction and

artificial iris-lens diaphragm was performed on one eye of this

patient with cornea transparent for 3 years of follow-up. The

morphology of progenitor structures in both eyes was fully pre-

served and consistent with the confocal microscopy pattern in

healthy individuals. Structure of limbal crypts in the superior

hemisphere of the cornea had a reticulate patternwith POVs in the

inferior half appearing in the form of classic pale fence; dark zone

of curvilinear columns or streaks was well-visualized (showing

alternation of hyper- and hyporeflective areas of basal epithelium)

as described previously in healthy subjects [20,21]. In Cornea

Cross Line protocol, the corneoscleral transition zone was

observed with gradual change from optically clear corneal

epithelium to more opaque conjunctival epithelium. En Face

mode AS-OCT in limbal areas provided POV images of clear

hyperreflective lines with well visualized details similar to LSCM

images (Fig. 1).

In contrast, images from the second sibling (1B) with the same

mutation manifested significantly altered POV structure in the

superior limbus. Limbal crypts were poorly differentiated with

thickened hyper-reflective palisade-like lumps with indistinct

contours and solitary FSPs. AS-OCT was of little assistance in

visualizing limbal structures reliably. Short palisade ridge rem-

nants were not visible; instead a hyporeflective strip at the level of

basal epithelium was detected. At the same time, a study of the

inferior limbus showed intact POVs as hyper-reflective linear

fence-like structures e a finding confirmed by LSCM (Fig. 2).

A 35-year-old patient (2) with no clinical signs of AAK and the

same deletion of 11p13 30 cis-regulatory region for PAX6 presented

disturbed palisades on LSCM in the inferior circumference. Her

AS-OCT tomograms in the inferior limbus revealed less evident

shortened crypts, which lost palisade appearance and prominent

contours, though still discernible and recognizable.

In patient 3, who was 45 years of age and with confirmed

absence of PAX6 gene mutation, localized areas of altered limbal

structure in superior and inferior limbus circumferences were

found. Despite a history of intraocular surgery (cataract extraction

with implantation of iris-lens diaphragm on both eyes), no pro-

gression of AAK was evident in this patient, with cornea

remaining intact throughout the 4-year follow-up period. En Face

AS-OCT showed limbal crypts in the inferior limbus only; in the

superior half distorted POVs were not reliably detected (Fig. 3).

Nystagmus was absent in all patients with stage 0 AAK, which

allowed good visualization of limbal zone structures by LSCM and

avoided additional noise and ghosting in AS-OCT images. In all

cases, corneal-type epithelium with no signs of conjunctival in-

vasion was resolved in the limbal zone as well as an area of

curvilinear “tracks” in the form of hyper- and hyporeflective re-

gions of basal epithelium stemming from POV apices and

extending toward the corneal center. POVs were best imaged by

En Face AS-OCT, when scan depth was aimed at Bowman's

membrane or somewhat lower.

Stage I AAK as manifested by typical peripheral corneal opacity

was diagnosed in 13 patients (21 eyes). In the eye of one patient

(4A) with stage I AAK, palisade-like structures that significantly

differed from normal limbal crypts were found on the background

of mild clinical signs. POV visualization using AS-OCT in En FaceT
a
b
le

1
(c
o
n
ti
n
u
ed

)

S
u
p
e
ri
o
r
li
m
b
u
s

In
fe
ri
o
r
li
m
b
u
s

L
S
C
M

p
a
ra
m
e
te
rs

ID
A
g
e

(y
e
a
rs
)/

se
x

P
A
X
6
m
u
ta
ti
o
n
/1
1
p
1
3
d
e
le
ti
o
n
a
n
d

g
e
n
o
m
ic

co
o
rd
in
a
te
s

E
y
e

A
A
K
st
a
g
e

L
S
C
M

A
S
-O

C
T

L
S
C
M

A
S
-O

C
T

C
o
n
ju
n
ct
iv
a
l
is
la
n
d
s

G
o
b
le
t
ce
ll
s

“
C
ra
ck

e
d

e
a
rt
h
”
-l
ik
e

im
a
g
e
sa

2
0
В

5
6
/m

с
.1
4
1
+
4
A
>
G
in
t5

O
D

3
�

�
�

�
+

+
,
n
u
m
e
ro
u
s
ce
ll
s

�

O
S

3
�

�
�

�
+

+
,
n
u
m
e
ro
u
s
ce
ll
s

�

2
1

2
6
/f

с
.2
6
5
С
>
Т
e
x
6

O
D

2
�

�
�

�
+

+
�

O
S

3
�

�
�

�
v
a
sc
u
la
ri
z
a
ti
o
n

+
�

2
2

4
2
/f

h
e
te
ro
z
y
g
o
u
s
d
e
le
ti
o
n
:
E
LP
4
ex
9
�
P
A
X
6
e
R
C
N
1
�

W
T
1
ex
1

h
g
1
8
;;
ch

r1
1
:3
1
6
2
8
2
3
2
�
3
2
4
1
3
8
4
1

O
D

3
�

�
�

�
v
a
sc
u
la
ri
z
a
ti
o
n

+
�

O
S

3
n
st

n
st

n
st

n
st

n
st

n
st

n
st

2
3

2
7
/m

c.
7
6
6
-2
A
˃
C
e
x
1
0

O
D

3
�

�
�

�
v
a
sc
u
la
ri
z
a
ti
o
n

+
�

O
S

4
�

�
�

�
v
a
sc
u
la
ri
z
a
ti
o
n

+
�

2
4

4
9
/m

n
o
m
u
ta
ti
o
n
fo
u
n
d

O
D

5
e
y
e
b
a
ll
su

b
a
tr
o
p
h
y

O
S

3
�

�
�

�
v
a
sc
u
la
ri
z
a
ti
o
n

+
�

P
A
X
6
co

o
rd
in
a
te
s:

3
1
7
6
2
9
1
6
e
3
1
7
8
9
4
7
7
(h
g
1
8
)

P
A
X
6
m
R
N
A
T
ra
n
sc
ri
p
t
V
a
ri
a
n
t
(1
)
N
M
_
0
0
0
2
8
0
.4

a
th
e
ty
p
ic
a
l
“
cr
a
ck

e
d
”
a
p
p
e
a
ra
n
ce

o
f
th
e
e
p
it
h
e
li
u
m

in
th
e
co

rn
e
a
l
li
m
b
u
s
re
g
io
n
:
d
a
rk

cu
rv
il
in
e
a
r
co

lu
m
n
s
o
r
st
re
a
k
s,
in
te
rr
u
p
ti
n
g
th
e
re
g
u
la
r
m
o
sa
ic

o
f
b
a
sa
l
ce
ll
s;

A
A
K
¼

a
n
ir
id
ia
-a
ss
o
ci
a
te
d
k
e
ra
to
p
a
th
y
;
L
S
C
M

¼
la
se
r

sc
a
n
n
in
g
co

n
fo
ca
l
m
ic
ro
sc
o
p
y
:
A
S
-O

C
T
¼
a
n
te
ri
o
r
se
g
m
e
n
t
o
p
ti
ca
l
co

h
e
re
n
ce

to
m
o
g
ra
p
h
y
;
m

¼
m
a
le
,f
¼
fe
m
a
le
,“
�
”
¼
n
o
t
p
re
se
n
t;
“
+
”
¼
p
re
se
n
t;
fu
ll
¼
n
o
rm

a
l
a
p
p
e
a
ri
n
g
p
a
li
sa
d
e
s;
p
a
rt
ia
l
¼
d
is
to
rt
e
d
p
a
li
sa
d
e
s
o
r
p
a
li
sa
d
e
-l
ik
e

st
ru
ct
u
re
s;

n
st

¼
n
y
st
a
g
m
u
s
p
re
v
e
n
te
d
co

rr
e
ct

d
ia
g
n
o
st
ic

p
ro
ce
d
u
re
;
v
a
sc
u
la
ri
z
a
ti
o
n
¼

co
n
ju
n
ct
iv
a
l/
m
e
ta
p
la
st
ic

ce
ll
s
o
n
th
e
ce
n
te
r
o
f
th
e
co

rn
e
a
w
it
h
v
e
ss
e
ls

p
re
se
n
t;
n
k
¼

n
o
t
k
n
o
w
n
,
in
d
ic
a
te
s
n
o
im

a
g
e
d
a
ta

w
a
s
o
b
ta
in
e
d
.

A. Voskresenskaya et al. / The Ocular Surface 15 (2017) 759e769762



mode in this patient was hampered by pronounced nystagmus.

In other stage I AAK eyes, limbal progenitor structures were not

identified. On the corneal periphery, one could observe conjunc-

tival tissue invasion in the form of conjunctival outgrowths or

islands of varying extent. Destruction of limbal barrier was

accompanied by the appearance of single inflammatory and goblet

cells in the cornea (Fig. 4A). While mosaic structure of basal cells

had been preserved and cells maintained normal corneal

Fig. 1. Examination data of the right eye of patient 1A, 26 years old, stage 0 AAK. (A, B) Slit lamp image indicates a transparent cornea, cortical lens opacities, and no visible iris. (C)

AS-OCT image of the superior limbus in En Face mode: a mesh structure of POV is seen (arrows). (D) LSCM image of the same section as in C, POVs, surrounded by bright halo of

limbal basal cells, are indicated by arrows. (E) Typical appearance of the zone of “streams,” “cracked earth”: alternating hyper- and hypo-reflective areas of the basal epithelium. (F)

AS- OCT image of the superior limbus obtained using Cornea Cross Line protocol: corneoscleral transition zone with a gradual change of optically transparent corneal epithelium to

more optically dense conjunctival epithelium is visible; arrows indicate limbal epithelium location. (G) AS- OCT image of the inferior limbus in En Face mode: hyper-reflective

parallel lines are seen. (H) LSCM image of an identical area of the inferior limbus: intact POVs are visible, basal limbal epithelium is well visualized in the inter-palisade space.
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phenotype, cell boundaries were less distinct. In 4 cases, prominent

cell nuclei could be visualized inwing and basal cell layers (Fig. 4B).

Neither AS-OCT nor LSCM could pinpoint limbal progenitor struc-

tures in a 4-, 10- and 12-year-old patients with stage I AAK. In En

Face mode, in the area of supposed POV localization, a uniform

monochromatic hyper-reflective band with no internal structure to

it was identified (Fig. 5).

Out of 10 patients (13 eyes) with stage II AAK, two related pa-

tients (19A, 19B [2 eyes]) with a deletion of one PAX6 gene exon

(PAX6ex3 del) showed altered, partially deformed POV structure in

the inferior half of the limbus (Fig. 4C). In other eyes, progenitor

structures were not identified, while emerging signs of epithelial

conjunctivalization with invasion of numerous inflammatory and

goblet cells was clearly evident. Metaplastic corneal epithelium

exhibiting conjunctival phenotype of light nuclei and indistinct

contours reached corneal mid-periphery and center in 9 eyes

(Fig. 4D).

In 10 stage III and 3 stage IV eyes, epithelial damage extended to

corneal center with predominance of neovascularization and sub-

epithelial stromal opacification. All sub-populations of epithelial

cells and keratocytes were affected, with complete destruction of

optical surface. Goblet cells formed crypt-like clusters and were

present in large numbers along the newly formed blood vessels

(Fig. 4E-I). “Cracked earth”- like images were not detected in stage

III-IV patients. AS-OCT images were in line with those of LSCM

manifesting no POVs (Fig. 6).

Correlation analysis of cross-mode diagnostic consistency for

POV visualization in the inferior limbus between LSCM and AS-OCT

revealed strong positive correlation (rS ¼ 0.85, P < 0.05). The

Spearman's rank correlation coefficient for the superior limbus was

slightly lower (rS ¼ 0.53, P < 0.05). Whenever intact POVs were

detected on LSCM, characteristic appearance of progenitor struc-

tures was well visualized on AS-OCT panoramic images. The

inconsistency in the results of the two diagnostic methods was

observed, if limbal crypts were deformed, smaller in size or seen in

a small proportion of LSCM frames. Of 11 cases with palisade-like

structures or partially present POVs on LSCM, similar structures

were identified by AS-OCT in 4 eyes, in 5 eyes limbal crypts were

not reliably detected, and in 2 eyes evaluation was prevented by

severe nystagmus.

The negative relationship between clinical AAK stage and

preservation of progenitor limbal structures on in vivo imaging

(rS ¼ �0.5, P < 0.05) was demonstrated, while the association be-

tween AAK stage and patient age (rS ¼ 0.235, P ¼ 0.209) did not

reach statistical significance.

4. Discussion

Along with glaucoma and cataract, AAK is the leading cause of

progressive visual loss in patients with congenital aniridia. Loss of

transparency in central cornea due to centripetal growth of vas-

cularized pannus or formation of white and gray Salzmann nodules

Fig. 2. Examination data of patient 1B, 30 years old, stage 0 AAK. (AeC) Examination of the superior limbus. (A) POVs are not visualized in the OCT images. (B) LSCM images show

shortened hyper-reflective palisade-like structures (arrows), FSPs are marked by triangular arrows. (C) Wide zone of “streams” (asterisks) interrupting the mosaic pattern of the

basal epithelium and propagating toward the center of the cornea is visible. (D) Slit lamp image indicating a transparent cornea without signs of keratopathy, partial opacity of the

lens and no visible iris. (E) AS-OCT images show conspicuous POVs in the inferior half of the cornea in the form of a pale fence arranged in parallel. (F) LSCM images of the same area

as in (E) show similar structure of POVs that correlates with SD-OCT images in En Face mode.
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in the optical center is usually observed at the age of 18e20 years.

Optically significant corneal opacity progresses over time, causing

blindness in aniridic patients older than 30 years in 37% of cases.

The natural progression of AAK can be aggravated by surgical

procedures that damage limbal stem area. However, in spite of the

growing prevalence of AAK with age [14,22], several cases were

reported with no corneal changes in patients with aniridia in older

age groups [19,23,24]. In our study as well, LSCM in three adult

patients (1A, 1B, 2) reliably showed the presence of POVs in the

limbal zone and intact corneal-type epithelial cells (Figs. 1 and 2).

The genetic defect in these cases affecting 30 cis-regulatory regions

abrogates PAX6 gene expression [25,26] and resulted in the

development of aniridia phenotype. The first morphological

demonstration of limbal progenitor structures in patients with this

mutation in our study may explain the lack of AAK and trans-

parency of the corneal surface in older patients and after surgical

interventions. The presence of a mechanism that makes it possible

to preserve functioning LSCs in PAX6 haploinsufficiency requires

further study and analysis.

Partial preservation of limbal stem structures without clinical

signs of LSCD was discovered in one more patient with aniridia

(patient 3). A similar case of stage 0 AAK with intact POVs on

confocal microscopy was described in a 54-year-old patient with a

history of intraocular surgery [19]. In these two clinical cases, PAX6

gene mutation was not verified.

Therefore, clinical diagnosis of congenital aniridia does not

exclude the presence of limbal structures with intact progenitor

function maintaining regeneration and self-renewal of the corneal

epithelium, as well as sustaining long-term ocular surface trans-

parency even after surgical procedures.

Altered degraded limbal palisades were also found in the infe-

rior half of the cornea at stages I (one eye) and II (2 eyes) of AAK.

POVs were visualized in only one eye in the superior limbus. In a

study of correlation between AAK stage and LSCD severity [19],

palisade-like structures were observed in the inferior limbus only

in stage I AAK (5 eyes). The authors attributed the absence of limbal

crypts in stage II eyes to the progression of limbal insufficiency. We

have also identified a negative correlation between preservation of

progenitor limbal structures and AAK stage, although somewhat

weaker (rS ¼ �0.5, P < 0.05).

One of the specific findings on LSCM of limbus is regions of non-

uniform reflectivity of the basal epithelium central to the POVs.

These regions of so-called “cracked earth” or curvilinear “tracks”

are visualized in healthy individuals without LSCD signs [20,21].

According to Townsend et al., such a mosaic pattern where hyper-

and hypo-reflective areas, “streams,” alternate is associated with

centripetal movement of basal epithelial cells to replace the pool of

cells in central cornea [27]. In aniridia, due tomutations in the PAX6

gene, epithelial cell capacity to migrate is compromised, which is

one of the underlying causes of AAK progression [28]. LSCM im-

aging in patients with aniridia revealed the presence of typical

“cracked earth” pattern in all eyes with detected limbal progenitor

structures (Table 1, Figs. 1e3). In our view, the identification of such

a transit zone in patients with suspected LSCD is a good prognostic

Fig. 3. Images of the superior limbus of patient 3, aged 45 years with stage 0 AAK. (A) Preoperative slit lamp image: partial aniridia, total cataract, no keratopathy. (B) LSCM images

show shortened limbal crypts; basal epithelium pattern is intact. (C) Multiple-crop LSCM image depicts typical “cracked” appearance of the epithelium in the superior half of the

limbus (asterisks). (D) Slit lamp image 4 years post-surgery: partial aniridia, iris-lens diaphragm, corneal transparency is preserved. (E) POVs are not visualized in the AS-OCT

images.
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indicator pointing to the intact germinal function of LCSs even in

cases of difficult visualization of POVs and FSPs in patients with

nystagmus, impaired sight fixation just like in the case of aniridia.

Time of onset and appearance of early signs of AAK are variable,

usually corresponding to 10 years of age according to the literature

[5]. The youngest age at which signs of peripheral corneal opacity

were found is 14months [29]. In our study, LSCM and AS-OCTof the

limbal area in children and adolescents with aniridia aged 4 (6A),10

(7A) and 12 (8) were performed for the first time. Clinically, stage I

AAK was diagnosed in these young patients, but in all of them

limbal palisades were not detectable. Morphologically, in some

children an invasion of conjunctival tissue in the cornea was

detected as small islets with single goblet cells (Fig. 5). Their par-

ents aged 27 (6B) and 35 (7B), who had no history of ocular surgery,

manifested AAK progression to stages II and IV, respectively.

However, in children, despite absent progenitor structures and

impaired limbal barrier, corneal epithelium remains compensated

for a long time. The reason for this stability is not completely clear

nor is it consistent with the development rate of corneal changes in

LSCD due to other causes (chemical burns, Stevens-Johnson

Fig. 4. LSCM images of morphological changes in the limbal zone at different grades of AAK. (A,B) Stage I AAK. (A) Transition zone between corneal and conjunctival epithelium:

initial invasion of conjunctival tissue in the form of islands are seen (arrows). (B) Image shows wing and basal epithelial cells with bright activated nuclei (indicated by arrows) and

indistinct contours. (C,D) Stage II AAK. (C) Altered limbal POVs arranged in the form of parallel lines; due to severe nystagmus, cells are not clearly visualized in the inter-palisade

space. (D) Conjunctival metaplasia of corneal epithelium: cells exhibit larger hyper-reflective nuclei, cell borders are not defined, multiple goblet (arrows) cells are seen. (EeI) Stage

III-IV AAK. (E) Goblet cells crypt (arrows); epithelial cell structure is not visible. (F) Corneal neovascularization: clearly visible blood vessels at the level of wing-like epithelium

(arrows). (G) Conjuctivalization of corneal epithelium: disordered cell arrangement, loss of cell borders, enlarged activated cell nuclei, intraepithelial cystic changes (black ar-

rowheads), multiple inflammatory (black arrow indicates a leukocyte) and goblet cells (indicated by white arrows). (H) Conjuctivalization of the cornea: visualized cells are

phenotypically similar to the basal conjunctival epithelium. (I) Loss of cellular structure in corneal epithelium, complete destruction of corneal surface, cicatricial changes cover the

entire epithelial layer. All images 400 � 400 mm.
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syndrome, ocular cicatricial pemphigoid). In other types of total

LSCD, the optical zone of the cornea opacifies within a short time

period ranging from several weeks to months. The mechanism that

prevents the spread of circular peripheral opacity to central cornea

Fig. 5. Examination data of patient 7A, aged 10, with stage I AAK. (A, B) Slit lamp image: superficial mild peripheral corneal opacity, total aniridia, partial cataract. (C) AS-OCT fails to

depict POVs in the inferior limbus, clearly visible conjunctival islets (arrows). (D) LSCM images also show multiple conjunctival islands.

Fig. 6. Examination data of patient 7B, aged 35, with stage IV AAK. (A) Slit lamp image: central and peripheral subepithelial corneal opacities with neovascularization. (B) AS-OCT

image in 3D Cornea protocol (SLO mode): clearly visible superficial newly formed blood vessels of the inferior half of the cornea. (C) AS-OCT image in 3D Cornea protocol (En Face

mode): POVs are not visualized. (D) AS-OCT image of the central cornea obtained via Cornea Cross Line protocol: subepithelial scar is clearly visible in the form of hyper-reflective

structure propagating to the central stromal layers, corneal thickness in the scarred area is increased significantly. (E) AS-OCT image of the inferior half of the limbus obtained via

Cornea Cross Line protocol: vertical section shows a homogeneous coloring of the conjunctival and corneal epithelium, no difference in the optical density of the epithelial layer, the

transition zone is smoothed (arrows).
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in AAK and keeps the optical center transparent for several years is

currently not fully understood. Apparently, the same unknown

mechanism preserves the central corneal zone in adult patients.

Ihnatko et al. hypothesized that slow phased progression of ker-

atopathy could be explained by LSC availability and functional

limbal barrier in early AAK. Remaining LSCs give rise to cells of both

corneal and conjunctival phenotype migrating to the center of the

cornea. With keratopathy progression, gradual POV degradation

leads to cessation of corneal epithelial cell replenishment, disrup-

tion of limbal barrier, and prompt conjunctival pannus overgrowth

[30].

Nubile et al. reported complete absence of POVs in 50% of pa-

tients with clinical signs of partial LSCD. Despite undetectable

limbal progenitor structures in these patients, maintenance of

corneal-type epithelium in central and paracentral cornea was

observed [13]. Furthermore, recent studies have demonstrated the

long-term survival of normal corneal epithelial islets in central

cornea in limbal deficiency spanning 360� [31]. The authors suggest

that a small number of LSCs, which, despite destruction of their

“niches,” are able to survive and give rise to corneal-phenotype

epithelial cells, or that the basal transient amplifying cells of the

central surviving epithelium are independently capable of main-

taining the overlying cell mass for a long period of time. In our

study we observed two patients aged 43 (15) and 51 (10C) with no

identifiable limbal progenitor structures on confocal microscopy

and clinically defined stage I AAK.

Thus, notwithstanding the association of keratopathy progres-

sion and patient age noted in some earlier reports, in our study as

well as in that of Lаgali et al. [19], the above-mentioned correlation

was found to be statistically insignificant. In the majority of aniridic

patients, including children, in a PAX6-deficient state, limbal pro-

genitor structures are not detectable that could be a reason for AAK

development and progression. The rate of AAK progression in

different patients with seemingly equal starting conditions (genetic

cause, ocular surgery absence, non-detectable POVs on in vivo

imaging) is variable. Given that apparent multi-level heterogeneity

in the study cohort (demographic and genetic characteristics) it is

difficult to expect straightforward correlation of AAK severity and

patient age in our study. Also, a considerable proportion of patients

with 30 mutations and intact POVs in our study group made it

harder to establish this correlation.

To the best of our knowledge, this study represents the first

attempt to assess the diagnostic value and correlation of in vivo

limbal palisade imaging by LSCM and En Face AS-OCT in aniridic

patients. LSCM is the most important diagnostic tool that allows

clinicians to study in vivo cellular morphology of the ocular surface

e all layers of the cornea, conjunctiva, and limbus. LSCM is a

mandatory test in the workup of patient with LSCD [32e35].

However, aniridic patients are not always good candidates for LSCM

due to its known limitations. It requires corneal contact necessi-

tating use of local anesthetics. Pronounced ptosis and nystagmus

pose serious challenges for obtaining valuable images in any pa-

tient, and considerable duration and complexity of the method

limits its applicability to a younger patient population.

Currently, the diagnostic capabilities offered by OCT are not just

limited to evaluation of vitreoretinal pathology. AS-OCT run in

different modes allows visualization of POVs, limbal vascular ar-

cades, sub-basal nerve plexuses [36], measurement of corneal and

limbal epithelial thickness [37,38], and act can serve as an alter-

native diagnostic method [39,40]. Previous reports show a high

degree of correlation between the images of POVs provided by AS-

OCT and LSCM in healthy subjects [40] and on cadaver eyes [39,41].

Contrary to single-field scans on LSCM, panoramic AS-OCT images

of the lower and upper limbus provide information on the extent,

shapes, and patterns of limbal crypts and FSPs. The extensive

outlook and acquisition speed of the images, low retest variability,

and registration of clinical data make AS-OCT an attractive diag-

nostic tool for dynamic studies of limbal anatomy. High fidelity of

the tomograms allows side-by-side comparisons of identical loca-

tions on LSCM and AS-OCT and follow-up of regions of interest.

Because of the high correlation of LSCM and AS-OCT images in

healthy subjects (rS ¼ 0.99, P < 0.05) [40], we applied these imaging

modalities to evaluation of patients with limbal insufficiency. Our

extrapolation of this methodology to aniridic patients revealed a

high level of correlation (rS ¼ 0.85, P < 0.05) for the inferior limbus

with a less powerful correlation for the superior cornea (rS ¼ 0.53,

P < 0.05). In every eye where intact POVs were observed by LSCM, a

characteristic pattern of limbal progenitor structures was well

visualized on panoramic AS-OCT imaging. However, the sensitivity

of the latter diminished when dealing with altered, trimmed POVs,

preferentially located in the superior limbus. In healthy subjects,

superior limbal structures are more variable in shape, usually

thinner, and often reveal a mesh-like pattern. POV spacing in the

superior corneal hemisphere is less regular as opposed to well-

delineated radially oriented palisades of the inferior limbus

[11,21,27,39,40,42]. In early AAK (stage 0-I), palisades in the supe-

rior half of the cornea often appear as truncated deformed palisade-

like lumps, and they are difficult to visualize with LSCM. AS-OCT

performed in 3D Cornea protocol (En Face mode) in these pa-

tients does not provide unequivocal POV images, accounting for

lower consistency between two diagnostic methods for the supe-

rior limbus. In the four instances, when partially present POVs of

superior limbus were detected on LSCM, their contours on AS-OCT

were either not clearly visible, or hardly distinguishable from

overlying blood vessel shadows or deeper lying scleral fibers at the

corneoscleral junction. Contrary to superior limbus, partially dis-

torted though wider and more hyper-reflective crypts of the lower

limbus are better visualized by both techniques (Table 1). In our

opinion, diminution of diagnostic value of AS-OCT in detection of

altered distorted upper hemisphere POVs may be explained by

regional peculiarities in limbal tissue architecture. However, this

assumption requires validation from further analysis in a wider

cohort of patients. In the absence of limbal progenitor structures,

AS-OCT was useful in the longitudinal evaluation of the extent of

conjunctival outgrowths.

Advantages of AS-OCT in limbal examination include its non-

contact nature, high scanning resolution, speed and area, easy pa-

tient tolerability and applicability to a pediatric population. None-

theless, given the limited number of cases with detected POV in our

cohort, it is impossible to assess reliably the sensitivity of AS-OCT in

detecting deformed POV with relation to their location (superior or

inferior limbus) and degree of damage. Further studies of diag-

nostic utility of En Face AS-OCT are warranted in larger patient

populations including alternative causes of LSCD. The most

important limiting factor for the application of AS-OCT in aniridic

patients was nystagmus, the magnitude and speed of which in

some cases preclude obtaining high-quality images. In our study,

considerable nystagmoid eye movements hampered AS-OCT pro-

cedure in 15% of cases, while for LSCM it was in 8.2% of the eyes.

5. Conclusion

Modern diagnostic equipment has enabled clinicians to visu-

alize progenitor limbal structures in unprecedented detail and

evaluate LSCD severity. Confocal microscopy remains the “gold

standard” for imaging of corneal morphological changes in vivo.

LSCD progression in AAK manifests itself with limbal barrier

disruption, propagation of conjunctival epithelium to the central

areas of the cornea and emerging goblet and inflammatory cells on

its surface, degradation or complete destruction of POVs. LSCM
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allows visualization of changes that occur at different stages of AAK

as well as evaluation of corneal epithelium health. There is a

negative correlation between AAK stage and the morphological

integrity of progenitor limbal structures.

AS-OCT as performed in En Face mode of 3D Cornea protocol

represents an alternative imaging tool for limbal palisades exami-

nation in patients with compromised limbal function.

In spite of clinical observations of gradual AAK progressionwith

age and following surgical interventions damaging the limbal zone,

aniridic patients exhibit different rates of corneal epithelial

decompensation. Further research into genetically mediated as-

pects of AAK is necessary as well as search for alternative ways to

maintain epithelial integrity.
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