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ABSTRACT

Limbal stemcell deficiency (LSCD) is aneyedisorder inwhich the stemcells responsible for forming the
surface skin of the cornea are destroyed by disease. This results in pain, loss of vision, and a cosmet-
ically unpleasant appearance. Many new treatments, including stem cell therapies, are emerging for
the treatment of this condition, but assessment of these new technologies is severely hampered by
the lack of biomarkers for this disease or validated tools for assessing its severity. The aims of this
studywere to design and test the reliability of a tool for grading LSCD, to define a set of core outcome
measures for use inevaluating treatments for this condition, and todemonstrate their utility. Thiswas
achieved by using our defined outcome set (which included the Clinical Outcome Assessment in Sur-
gical Trials of Limbal stemcell deficiency [COASTL] tool) toevaluate the3-yearoutcomes for allogeneic
ex vivo cultivated limbal epithelial transplantation (allo-CLET) in patientswhohad bilateral total LSCD
secondary to aniridia or Stevens-Johnson syndrome. The results demonstrate that our new grading
tool for LSCD, the COASTL tool, is reliable and repeatable, and that improvements in the biomarkers
used in this tool correlate positivelywith improvements in visual acuity. The COASTL tool showed that
following allo-CLET there was a decrease in LSCD severity and an increase in visual acuity up to 12
months post-treatment, but thereafter LSCD severity and visual acuity progressively deteriorated.
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INTRODUCTION

The cornea is the clear window at the front of the
eye. Its transparency depends on a complex rela-
tionship between collagen fibrils, extracellularma-
trix, and several specialized cell types. One of the
cell populations, the limbal epithelial stem cells
(LESCs), are responsible for generating and main-
taining the transparent multilayered epithelium
that covers theouter surfaceof the cornea forming
a protective barrier against the external environ-
ment [1–7]. LESCs are located in a specializedniche
called the limbus [8]. The limbus is the semitrans-
lucent ring of tissue that forms the junction be-
tween the transparent cornea and opaque sclera.

A wide range of diseases can result in damage
to the LESCs and/or their niche. If severe, this dam-
age can lead to a deficiency in LESC function result-
ing in an inability tomaintain an intact transparent
epitheliumon the surfaceof the eye. Clinically, this
condition is known as limbal stem cell deficiency
(LSCD). Instead of a healthy transparent corneal
epithelium generated by functioning LESCs, pa-
tients with LSCD suffer from migration of periph-
eral conjunctival epithelial cells and blood vessels

onto the corneal surface, which is associated with
lossof visionand intermittentulceration [1–7]. The
leading causes of LSCD in the developed world
are chemical/thermal injury, Stevens-Johnson syn-
drome (SJS), aniridia, andocular cicatricial pemphi-
goid [1–7]. Following chemical injury, LESCs are
destroyed by direct physical-chemical damage. In
SJS, the mechanism of LESC damage is poorly un-
derstood, but it may occur as a result of the acute
inflammatory episode simultaneous with orocuta-
neous ulceration or develop several years later as
a resultofchronicocularsurfacedisease.Thecause
of LSCD in aniridia is related to an abnormality of
the PAX6 gene. This geneplays a key role in the de-
velopment of the anterior segment of the eye and
mutations in a single allele result in awide rangeof
abnormalities. Interestingly, patients with aniridia
have normal corneal epithelium at birth but begin
to develop signs of LSCD in their 20s to 30s; these
signs slowly progress to LSCD. The mechanism by
which PAX6mutations result in LSCD is not known.

The severity of LSCD can vary. It may be clas-
sified as partial or total and as unilateral or bilat-
eral. The treatment of severe LSCD has been
revolutionized by the introduction of surgical
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techniques for LESC transplantation. There are several different
surgical options, all of which have been summarized recently
by the Corneal Society (http://www.corneasociety.org) [9].
Broadly, there are two approaches: (a) direct transplantation of
whole segments of healthy limbal tissue—these can be either autol-
ogous (from the fellow eye) or allogeneic (from a cadaveric donor)
[10–16]—and (b) transplantation of a bioengineered cell sheet that
is constructed from LESCs in a specialist culture facility. These cell
sheets can be constructed fromautologous (the fellow eye) or from
allogeneic (a cadaveric donor) LESCs [17–20]. Direct limbal tissue
transplantation was first reported in 1989 [12] and bioengineered
LESC cell sheets in 1997 [17]. Since then, there have been ever in-
creasing numbers of publications reporting the clinical outcomes
for both approaches [6, 21]. A significant problemwhen interpreting
data from these studies is the way in which outcomes have been
measured and reported. Outcomes have generally been based on
subjective grading, which is open to bias, or on attempts to stratify
outcomes based on poorly defined criteria, the reliability of which
had not been tested [19, 22–26]. This lack of objective outcome
measures makes it difficult to compare results between studies
and to determine which of the many surgical options has the best
outcome in a given patient cohort. The increasing use of stem cell
technology to treat thesepatientshas resulted inadditionalpressure
from regulatory authorities and health care funders to demonstrate
their safety, efficacy, and cost-effectiveness using defined, objective,
and reliable outcome criteria. At present, no such outcomes exist.

Theaimsof this studywere to (a) designand test the reliability
of a grading tool for quantifying the severity of LSCD, (b) define
a set of core outcomemeasures for use in treatments for this con-
dition, and (c) demonstrate the utility of these core outcomes by
reporting the3-year results for allogeneic ex vivo cultivated limbal
epithelial transplantation (allo-CLET) in patientswhohadbilateral
total LSCD secondary to aniridia or SJS.

MATERIALS AND METHODS

Design and Validation of a Grading System

This study adhered to the tenets of theDeclaration ofHelsinki. Eth-
ical approval was obtained from the institutionalMedical Research
Ethics Committee, and informed consent was obtained from all
patients prior to treatment. A list of clinical signs useful in the di-
agnosis and assessment of LSCD severity was created from out-
come measures used in previously published studies in this field.
Nine clinicians and scientists with experience in diagnosing and
treating limbal stem cell deficiency anonymously selected four
key clinical signs of LSCD from this list for use in a new grading tool:
corneal epithelial haze, superficial corneal neovascularization,
corneal epithelial irregularity, and corneal epithelial defect. A
standardized gradingplatewas produced for each of these para-
meters with severity graded from 0 (normal) to grade 3 (severe)
(Fig. 1; supplemental online Figs. 1–3). The use of separate
plates allowed independent grading of each parameter in cor-
neas manifesting multiple abnormalities.

Clinical photographs were formatted using a standardized
technique. The protocol required a minimum of two images of
the whole cornea, with one high (316) magnification image of
the central cornea and one image under cobalt blue illumination
following instillation of onedrop of fluorescein 2%. The four photo-
graphswerearranged intoa single large imageusingAdobe Illustra-
torCS4 (AdobeSystems Inc., San Jose, CA, http://www.adobe.com)

(supplemental online Fig. 4). Two observers masked to the clinical
history then graded each image against the standardized grading
plates. The scores for each of the four clinical signs of LSCD were
summated to give a score of overall severity (global score, range
0 to 12). This system was designated the Clinical Outcome Assess-
ment in Surgical Trials of Limbal stem cell deficiency (COASTL) tool.
It is a composite ordinal grading scale.

The reliability of the COASTL tool was tested using images from
26 patients with varying degrees of LSCD froma range of etiologies.
Two observers graded the same set of images in random order on
two occasions 28 days apart. Repeatability (intraobserver agree-
ment) was assessed using weighted k to assess between the re-
spective observers’ scores at different time points [27, 28].
Reproducibility (interobserver agreement) was assessed using the
individual observers’ initial scores,whichwere again assessed using
weightedkbecause the scalewasordinal. In all casesofweightedk,
we used the following quadratic weighting: 1 2 {(i 2 j)/(k2 1)}2,
where i and j index the rows and columns of the ratings by the
two raters, and k is the maximum number of possible ratings. Be-
cause therewas onepatientwho contributedboth eyes to the anal-
ysis, we treated eyes as independent (but checked thatmain results
were robust by sensitivity analyses without this one observation).

Grading of Allo-CLET Outcomes

Fourteeneyes of13patientswith total bilateral LSCDwith aniridia
(10 eyes of 9 patients) or SJS (4 eyes of 4 patients)were treated by
allo-CLET. The culture and transplantation techniques have been
described previously [29]. Patients received postoperative oral
prednisolone for 4 weeks and oral cyclosporin or mycophenolate
for 6 months. Corneal photographs were taken before surgery
and at intervals up to 3 years following allo-CLET. These were
graded using the COASTL tool. The effect of treatment on the in-
dividual parameters of LSCD and on the global grading score was
evaluated by plotting the mean change in score from baseline
over time. We arbitrarily defined success as a 25% reduction in
the global score and using this definition of success created
a Kaplan-Meier survival curve for each patient group.

Assessment of Biomarker Impact and Relevance

To confirm the impact and relevance of the four biomarkers (cor-
neal epithelial haze, superficial corneal neovascularisation, cor-
neal epithelial irregularity, and corneal epithelial defect) each
was correlated with visual acuity. Data were collected from the
aforementioned 14 eyes of the 13 patients that underwent
allo-CLET. Changes ineachof thebiomarkers and theglobal (total)
score were correlated with changes in visual acuity using Spear-
man rank correlation.

In Vivo Confocal Microscopy and Impression Cytology

In vivo confocal microscopy (IVCM)with the Rostock CornealMod-
ule and Heidelberg Retina Tomograph II (Heidelberg Engineering
Gmbh, Heidelberg, Germany, http://www.heidelbergengineering.
com)wasperformedonfivenormalvolunteersand31patientswith
LSCD. Eleven of these 31 patients subsequently underwent allo-
CLET and IVCMwas then repeated at intervals following surgeryde-
termined by patient tolerance and clinical status. Optical sections
were collected fromat least two locations in the central cornea. Im-
pression cytology was also performed before and after surgery in
the 11 allo-CLET patients. Samples were collected using Biopore
membranes (Millicell-CM 0.4 mm PICM 012550; Millipore Corp.,
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Bedford,MA, http://www.millipore.com) andwere immunostained
withmonoclonal antibodies to CK3 (Clone AE5, Chemicon;Millipore
Corp.) and CK19 (AB15463; Abcam, Cambridge, U.K., http://www.
abcam.com) todetermine thephenotypeof cells populating the cor-
neal surface [30, 31], and interpreted by a consultant pathologist.

Images from healthy individuals were used to construct two
plates demonstrating the range of appearances of different levels
in the conjunctival and corneal epithelium. IVCM images from the
31 LSCD patients and the 11 who had allo-CLET were compared
againstthenormalplatesby twomaskedobserverswhowereasked
to classify each image to one of the following five groups: normal
corneal morphology, normal conjunctival morphology, mixed pop-
ulations of corneal and conjunctival morphology, normal epithelial
cells but phenotypeundistinguishable, and few/no cellswith an ep-
ithelial phenotype visible. Between5 and 20 representative images
were evaluated from each patient (365 images in total).

Visual Outcomes

Visual acuities were recorded as the log of the minimum angle of
resolution (logMAR) with acuities of count fingers at 1 m = 2.0,

hand movements at 1 m = 2.3, perception of light = 2.75, and no
perception of light = 3.0 [32]. Postoperative visual outcome was
assessedat6, 12, 24, and36months.Visual outcomedatawerepre-
sented in threeways: scatter plots of pre- versuspostoperative acu-
ity at various time points, mean gain in acuity (lines of logMAR
acuity) plotted against time, and the percentage of patients
who gained or lost one or more lines of logMAR acuity at each
time point.

RESULTS

Repeatability and Reproducibility of the COASTL Tool
for Grading LSCD

The sumof the scores assigned toeachof the four key signs of LSCD
in the 26 patients with LSCD had a wide range that reflected the
different severities in the population sample (as assessed using
data gathered from the first set of observations from observer
1) (Fig. 2A). Figure 2B shows the distributionof scores for individual
key clinical signs. There is an even distribution except for grade 1
epithelial defects (supplemental online Fig. 3), little evidence of

Figure 1. Standardized grading plate used to grade corneal epithelial haze as normal (grade 0, no signs) (A, B), mild (grade 1) (C, D), moderate
(grade 2) (E, F), or severe (grade 3) (G, H).
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floor or ceiling effects, and investigators did not report instances in
which they felt their grading had been censored.

Repeatability was assessed by calculating weighted k scores
for intraobserver agreement (supplemental online Table 1). k
scores of between 0.61 and 0.8 indicate good agreement, and
values of greater than 0.8 indicate very good agreement [26].
Observer 1 was an ophthalmic grading technician who had ex-
tensive experience of grading retinal disorders but no prior ex-
perience of corneal disease. Observer 1 had high levels of
agreement and weighted k scores confirming very good agree-
ment for three of fourof the individual parameters (epithelial haze,
vascularization, and epithelial defects). The agreement for epithe-
lial irregularity and for the global score was good. Observer 2 was
a clinician experienced in the assessment and treatment of
LSCD. Observer 2 had high levels of agreement between test
and retest scores, both for the individual parameters of LSCD

and for the global score. The weighted k scores for observer 2
showed very good agreement for all parameters and for the global
score.

Reproducibilitywasassessedbycalculatingweightedk scores
for interobserver agreement using the first set of grading data
generated by each observer (supplemental online Table 1). The
agreement and weighted k values scores indicated that there
was very good agreement between observers for all of the indi-
vidual parameters of LSCD and for the global score.

Application of Grading System to a Cohort of
Allo-CLET Allografts

Ten patients with aniridia and four with SJS successfully under-
went allo-CLET. Systemic immunosuppression with oral ciclo-
sporin or mycophenolate was administered for a median of

Figure 2. Graphs used to assess distribution of grading scores. (A): Distribution of global scores (the sum of the scores assigned to each of the
four key signs of limbal stem cell deficiency [LSCD]) for 26 patientswith limbal stem cell deficiency. Scoreswere distributed over awide range on
the scale, reflecting the rangeof LSCD severities in the population sample. (B):Distribution of scoreswithin individual clinical parameters. Scores
again show an even distribution with the exception of grade 1 epithelial defects. Abbreviation: Epi, epithelial.
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6 months then stopped. The individual scores for corneal haze,
vascularization, corneal epithelial irregularity and integrity, as well
as the global score (total of these), are presented in Figures 3 (anir-
idia) and4 (SJS). In aniridia, therewas a substantial improvement in
mean scores for all four clinical parameters for up to 12months fol-
lowing surgery. Signs of LSCDwere recurring by 18months, and by
24 months, patients on average had grading scores equivalent to
their preoperative scores. The Kaplan-Meier survival curve
shows that the probability of a sustained benefit beyond 2 years
was only 25% (Fig. 3F). Although there were only a low number
of patients with SJS, the results showed an initial improvement
in all parameters at 6 months, but between 6 and 18 months,

signs of stem cell deficiency recurred. Interestingly, the global
score in SJS improved steadily from 18 months onward due to
a reduction in epithelial irregularity and decreased epithelial
haze.

Assessment of Biomarker Impact and Relevance

Therewas a significant positive correlationbetween improvements
in corneal epithelial haze (Spearmanr 0.496,p, .0001), superficial
corneal neovascularisation (Spearman r 0.397, p = .002), corneal
epithelial irregularity (Spearman r 0.530, p , .0001), the global
(total) score (Spearman r 0.562, p , .0001) and improvement in
visual acuity (supplemental online Fig. 6). There was no significant

Figure 3. Outcomes of ex vivo cultivated limbal allografts for aniridia. (A–D): Effect of treatment on scores for corneal haze (A), vascularization
(B), corneal epithelial irregularity (C), and integrity (epithelial defects) (D). In these graphs the solid red line represents themean for all patients,
the error bars indicate the 95% confidence intervals for the mean, and the dashed lines represent the results for individual patients. (E, F):
Kaplan-Meier survival curve (F), where success or survival was defined as a 25% improvement in the global score (E) versus the preoperative
global score.
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correlation between the presence of corneal epithelial defects and
a change in visual acuity (Spearman r 0.074, p , .586). Epithelial
defects cause significant pain and discomfort; therefore, this bio-
marker was included in our outcome set regardless.

In Vivo Confocal Microscopy and Impression Cytology
Findings as Biomarkers in LSCD and Following Treatment

Initial classification of IVCM images fromLSCDpatientswas based
on a comparisonwith images of conjunctiva and cornea fromnor-
mal volunteers. Independentobservers agreedononly 20%of the

365 images. The main reason was that in LSCD the predominant
phenotype was a thin sheet of small cells, usually a mono- or bila-
yer,withhyper-reflectivenucleibutwithnoothercellulardetail vis-
ible. This did not resemble anything seen in normal conjunctiva or
cornea (Fig. 5A, 5B). In particular, intercellular junctions are prom-
inent innormalcorneaandconjunctivabutwerecompletelyabsent
in this LSCD phenotype. We labeled this as “nonstratifying epithe-
lium.” Impression cytology performed on these eyes showed
that these cells had a spindle shape and expressed CK19 but not
CK3 (Fig. 5C, 5D). In eyes inwhich confocal images did showclear
intercellular boundaries, the observers could not distinguish

Figure 4. Outcomes of ex vivo cultivated limbal allografts for Stevens-Johnson syndrome. (A–D): Effect of treatment on scores for corneal haze
(A), vascularization (B), corneal epithelial irregularity (C), and integrity (epithelial defects) (D). In these graphs, the solid red line represents the
mean for all patients, the error bars indicate the 95% confidence intervals for themean, and the dashed lines represent the results for individual
patients. (E, F): Kaplan-Meier survival curve (F), where success or survival was defined as a 25% improvement in the global score versus the
preoperative global score (E). Abbreviation: SJS, Stevens-Johnson syndrome.
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between corneal or conjunctival cells. We concluded that con-
focal microscopy could not be used to distinguish conjunctival
and corneal epithelial enotypes.We therefore devised a revised
classification based on LSCD alone (supplemental online Fig. 5).
Images were classified as follows: (a) no epithelial cells visible,
interpreted as an epithelial defect, ulcer, or an acellular scar on
the ocular surface; (b) nonstratifying epithelium one or two cells
thick, with hyper-reflective nuclei but absent intercellular junc-
tions; or (c) stratified epithelium with clear intercellular bound-
aries indicative of normal epithelial differentiation. These could
be conjunctival or corneal cells.

With this system, the observers agreed on 98% of the 365
images from 31 patients. Each of the 31 patients was assigned
an overall score (based on the score most commonly recorded
by the observer for that patient’s images). We then assessed
agreement between overall scores using k and found almost per-
fect agreement with a k of 0.91 (SE 0.11).

This modified system of classifying confocal phenotypes was
then applied to patients undergoing allo-CLET. IVCM images of suf-
ficient quality for analysiswere available for 8 eyes before allo-CLET
and 10 eyes following surgery. In addition, impression cytology of
sufficientquality for analysiswas available from14eyesbefore allo-
CLET and 11 eyes following surgery (supplemental online Table 1).
Before surgery, 6 of the 8 eyes that underwent IVCMshowed a thin
layer of hyper-reflective cells without identifiable cell boundaries.
One patient had stratified differentiated epithelium and one had
a mixed phenotype. Patients with a nonstratifying epithelial phe-
notype on IVCM had a correlating conjunctival morphology and
CK19-positive (+ve) phenotype on impression cytology consistent

with this as shown in Figure5. Threepatientswereexamined1year
after surgery, and they showed a multilayered differentiated epi-
thelium that was mainly CK3+ve but also some areas of CK19+ve
cells. Twoof 4eyes examinedat3 years following surgery showed
thenonstratifying epithelial phenotype,while the other twodis-
played a differentiated epithelium with both CK3 and CK19
expression.

Visual Acuity

Thepreoperative visual acuitywas6/60 (Snellen acuity 20/200) or
worse in all eyes undergoing allo-CLET. Scatter plots of pre- versus
post-treatment acuity showed an improvement in visual acuity in
79% of eyes at 6 months, 71% at 12 months, 64% at 18 months,
and 57%at both 24 and 36months (Fig. 6A–6C). Visual acuity data
were inspected for normality by plotting distribution at each time
point. No significant skew was identified; therefore, mean visual
acuity is reported. There was an initial improvement in the mean
visual acuity of 0.86 logMAR units at 6 months (aniridia 0.78 log-
MAR, SJS 0.98 logMAR). The visual gain gradually reduced over
the subsequent 30 months, but at 36 months, there was a stable
mean gain of 0.28 logMAR units (0.26 in aniridic and 0.35 in SJS
eyes) (Fig. 6D–6F). The percentage of eyes gaining one line of log-
MAR acuity was 57% overall at 6 months (aniridia, 50%; SJS, 75%)
and 29% at 36 months (aniridia, 30%; SJS, 25%).

DISCUSSION

The variability of biological systems means that clinical signs can
rarely be simplified to exact numerical values, and inmedicine, this
is reflected in the use of therapeutic ranges andgrading scales [33].
The laboratory and surgical techniques developed to treat LSCD
continue to evolve, but an inability to objectively compare treat-
ment outcomes has limited progress. There is currently nomethod
to track the long-term fate of transplanted corneal epithelial cells,
and surrogate measures are the only alternative at present. Regu-
latory bodies increasingly require proof of efficacy for new techni-
ques, and a subjective assessment of success is insufficient. In this
study, we have validated a set of objectivemeasures to describe
treatment outcomes for LSCD and demonstrated the use of
these in reporting the 3-year outcomes of allo-CLET for aniridia
and SJS.

In virtually all studies of limbal stem cell transplantation to
date, the clinical outcomehas been assessed subjectively by the in-
vestigatingclinician.This is clearlyopentosignificantmeasurement
and reporting bias. Some studies have attempted to reduce bias by
usinganagreedsetofoutcomemeasuresorassigningascorebased
on the overall interpretation of the observer [19, 22, 23, 25, 26].
However, the weakness of these studies is that the parameters
assessed were poorly defined and the classification systems were
not validated. An exception is the study by Sotozono et al., which
used a reference plate of clinical signs to grade the ocular surface
changes inSJS [24]. In thepresent study,wehave reducedpotential
biasbyusing two independentmaskedobservers tograde four spe-
cific indicators of stem cell deficiency. The use of different photo-
graphic magnifications and fluorescein staining to highlight areas
of epithelial breakdown was specifically designed to enable
grading of four defined and key signs of LSCD.

The utility of the COASTL tool developed for this study was
evaluated by measuring its reliability. Grading systems that
lack reliability are susceptible to random measurement error.

Figure 5. Nonstratifying epithelial phenotype observed in in vivo
confocal microscopy and impression cytology observed in several
patients with limbal stem cell deficiency. Shown are confocal micros-
copy (A, B) and corresponding impression cytology (C, D) images from
the central cornea of two patients with limbal stem cell deficiency
prior to treatment. (A, B): Confocal microscopy shows a thin sheet
of small cells, usually a mono- or bilayer, with hyperfluorescent nu-
clei, but no other cellular detail is visible. (C, D): Correlation with im-
pression cytology performed on the same patients directly after
confocal scans showed that these cells had a spindle-like shape
and expressed CK19 (red) but not CK3 (brown) (C, D). This phenotype
may represent conjunctival cell migration onto the corneal stroma
but failure of the cell layer to form cell junctions anddifferentiate into
a mature multilayered epithelium. Scale bars = 25 mm.
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The intraobserver agreement (repeatability) was extremely good
for both observers. Interobserver agreement (reproducibility)
measures how similar or different the scores assigned by the
two observers to the same cornea are. There was substantial
agreement between observers. These demonstrate that the

COASTL tool is a reliable method of obtaining objective outcome
data for surgical trials of limbal stem cell deficiency. To confirm
that the biomarkers assessed by the COASTL tool (haze, vascular-
ization, etc.) are clinically relevant, we investigated their correla-
tionwith visual acuity. A clinical improvement (i.e., a reduction) in

Figure 6. Visual acuity data for patients with aniridia and Stevens-Johnson syndrome treated with ex vivo cultivated limbal allografts. Values
aremeans, and error bars indicate the 95% confidence intervals. Abbreviations: Postop, postoperative; Preop, preoperative; VA, logMAR visual
acuity.
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corneal haze, vascularization, and epithelial irregularity corre-
lated significantly with an improvement in visual acuity, confirm-
ing the appropriateness of these biomarkers for measuring
outcomes in trials of LSCD treatments. The exception to this
was corneal epithelial integrity. Changes in this biomarker did
not correlate significantly with changes in visual acuity. Nonethe-
less, it was included in the COASTL tool because the inability to
maintain an intact corneal epithelium is a critical sign of LSCD,
and furthermore, there is little doubt that epithelial defects result
in significant pain and discomfort.

We used impression cytology with immunostaining for
CK3/CK19 and IVCM as indices of biological success of these treat-
ments. We hypothesized that IVCM could replace impression cy-
tology in the assessment LSCD; however, this was not the case.
Insteadweconclude that the two techniques provide complemen-
tary data. Confocal microscopy alone could not accurately distin-
guish between corneal and conjunctival cell phenotypes, whereas
impression cytology could, basedonCK3orCK19expression.How-
ever, IVCM gave more information about the degree of epithelial
stratification and the presence of cell-cell junction formation, in-
dicating normal epithelial differentiation. A notable finding in
some patients with LSCDwas a central corneal epithelial thickness
of only one to two cell layers formed of elongated spindle-shaped
CK19+vecells that appeared tobemigrating conjunctival epithelial
cells. To the best of our knowledge, this phenotype has not previ-
ously been described.

For studiesof refractiveeyesurgeryprocedures, thereareaset
of standardized outcomemeasures that should be adhered to and
reported [34]. No such standardized set of visual acuity outcome
measures exists for LSCD treatments, probably because it is a chal-
lenge to interpret the wide range of visual acuities seen as well as
the potential gain in vision following treatment. Also, pre-existing
comorbidity, such asmacular hypoplasia andnystagmus in aniridic
patients and stromal corneal scarring in patients with SJS, limit po-
tential visual improvement. We showed that pre- versus postop-
erative scatter plots are an effective method of evaluating this
outcome. To the best of our knowledge, this is the first time that
longitudinal long-term follow-up data on visual acuity has been
presented. Another measure, the percentage of patients gaining
five letters or more (one line of logMAR acuity) was also useful
in determining the percentage of patients who had a functionally
significant gain in acuity.

Having developed the COASTL tool and defined a set of out-
come measures including standardized visual acuity plots, we
applied this outcome tool to a series of allo-CLET procedures per-
formed for aniridiaor SJS. Theoutcomesclearly showan initial suc-
cessful reduction in the signs of LSCD. However, in both aniridia
and SJS, the signs of disease gradually returned and, by 24months,
reached pretreatment levels. The IVCM and confocal microscopy
findings suggest that this is due to the recurrence of partial LSCD
initially, as indicated by the CK3/19 mosaic and, in some cases, by
the recurrence of total LSCD, as indicated by the nonstratifying ep-
ithelial phenotype. The initial improvement in clinical signs and
cell phenotypewas associatedwith an improvement in visual acu-
ity,which slowly regressedover36months inboth conditions, but
it is notable thatdespite recurrenceof clinical signs thevisual ben-
efit persists in 30% of aniridic and 25% of SJS patients at 36
months. This suggests that the treatment can have beneficial
effects on visual function and, potentially, on quality of life, even
in the presence of a recurrence of the signs of LSCD. This raises
the issue of how a treatment “success” should be defined orwhat

the primary outcome measure for future trials of this therapy
should be.

There are awide variety of surgical treatments for transplant-
ing LESCs [9]. Published data suggest that the procedure of choice
for patients with long-standing unilateral alkali injuries is an ex
vivo cultivated limbal autograft (auto-CLET) [19]. Evidence to
guide decisions on the treatment of other disease groups is poor
[35]. There is still controversy as to whether transfer of ex vivo
expanded cells offers an advantage over direct tissue transfer
techniques for patients with bilateral disease. Until recently,
long-term outcome data for keratolimbal allografts (KLAL) showed
universally poor results [36], but a more potent immunosuppres-
sive regimen combining tacrolimus and mycophenolate with
a short course of oral steroids can significantly prolong KLAL
graft survival [37, 38]. Another novel way of improving outcomes
of these allogeneic direct tissue transfer techniques is to com-
bine living related conjunctival limbal autograft and KLAL (the
Cincinnatti Procedure) thus giving superior outcomes toKLALout-
comes alone [38]. The closest comparable data to our data on
patients with aniridia was reported by Biber et al. [38], who
reported that at a mean follow-up of 43.4 months, 33% had an
improved ocular surface and 75% of eyes had an improvement
in vision of at least one line at the last follow-up. This present
study found that 22% of aniridia eyes had a persistent improve-
ment in clinical signs and 30% had a persistent gain of one line
of logMAR acuity at 36 months. Apart from these data, it is diffi-
cult to compare the two sets of outcomes, highlighting the poten-
tial benefits of a standardized outcome reporting system.

The discrepancy between the outcomes reported by Biber
et al. [38] and the less favorable outcomes in the present study
may be accounted for by differences in immunosuppressive
regimes. In the former study, two immunosuppressive agents
(tacrolimus and mycophenolate) were administered indefinitely,
whereas in the present study, one agent (cyclosporin or mycophe-
nolate)wasadministered for6monthsonly.Thedecisiontousethis
regimenwasbasedonevidence thatdonorepithelial cells couldnot
bedetectedonthe surfaceof thecorneabeyond8months [39].We
hypothesized that for the 6 months following treatment, trans-
planted cells provide a suitable environment for innate cells to re-
store corneal epithelial homeostasis. We felt that beyond this
period there was unlikely to be a significant benefit from immuno-
suppression thatwould justify the riskofpotentially life-threatening
complications. The alternative hypothesis for themechanism of ac-
tion of this treatment is that transplanted cells do indeed survive in
the long term. There are data from animal models of the disease to
suggest thismaybe the case [40]. Theheterogeneous outcomesbe-
tween studies using a variety of differing immunosuppressive re-
gimes suggests that effective long-term immunosuppression could
potentially improve outcomes. It is possible, however, that the dif-
ference could also be accounted for by inherent differences in the
surgical procedures used.

Fromthepatients’perspective,quality-of-lifeassessments that
quantify the physical, emotional, and socioeconomic aspects of
treatment for LSCD are an important outcome measure [41]. The
quality of life for patients who have had conventional limbal trans-
plants has been reported by Miri et al. [42], and that for patients
who have received cultured LESCs has been reported by Di
Girolamo et al. [43] and Kolli et al. [25]. A limitation of the present
study is that these datawere not collected. Thiswas in part due to
the fact that there is no quality-of-life assessment tool specifically
designed for or validated for use in this condition. We are
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currently developing such a tool in collaboration with patients
and will use this tool in future studies.

CONCLUSION

The work of the Corneal Society in standardizing the nomencla-
ture for ocular surface reconstructive techniques is to be wel-
comed [9]. The data presented in this manuscript highlight how
asetof standardizedoutcomemeasures canbeused todocument
outcomes. The Corneal Society is currently facilitating a consulta-
tion among the LSCD research community on adopting such
a standardized system for reporting outcomes so that compari-
sons between studies and techniques can be made.
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