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ABSTRACT

INTRODUCTION: Our objective is to report topographic and refractive outcomes in the
first year following topography guided corneal crosslinking (TG-CXL) for keratoconus, with spe-
cial focus given to the morphological changes in the superior, non-treated, corneal stroma.

METHODS: Retrospective study. We included patients with progressive keratoconus who
underwent TG-CXL: The epithelium was removed using phototherapeutic keratectomy with a 50
um ablation within a 7.0 mm optic zone, followed by riboflavin application each 2 minutes for 10
minutes, and topography guided irradiation with ultraviolet-A, with treatment energies ranging
from 10 to 5.4 J/cm? and fluence of 10 mw/cm?. Patient data was collected at baseline, 3, 6 and 12
months postoperatively and included maximum keratometry (Kmax), mean anterior keratometry
values within 5 points of a 3 mm diameter circle centered at the pupil, in the superior (S index)
and inferior (I index) halves of the cornea, central corneal thickness, thinnest point pachymetry,
subjective refraction and best corrected visual acuity (BCVA).

RESULTS: Twenty-seven eyes from 24 patients were included. Kmax was significantly flat-
tened at 6 months (-0.92 + 1.58 D; p=0.011) and 1 year (-0.83 + 1.64 D; p=0.016) postoperatively. I in-
dex decreased significantly at 6 months (-0.81 +1.10 D; p=0.002) and 1 year (-0.83 = 1.11 D; p=0.001),
while the S index increased significantly at 6 months (0.93 + 1.70 D; p=0.016) and 1 year (0.81 + 1.42
D; p=0.008). There were no significant differences in Kmax (0.16 + 0.99 D; p=0.457), I index (-0.004
+0.60 D; p=0.978) and S index (-0.04 + 0.99 D; p=0.864) between 6 and 12 months postoperatively.
The BCVA improved significantly at 1 year (difference of -0.13 + 0.14 logMAR to baseline; p<0.001),
while there was a significant myopic increase in spherical refractive error (difference of -1.05 + 2.08
D to baseline; p=0.017).

CONCLUSION: TG-CXL leads to flattening of Kmax and superior corneal steepening at 1
year postoperatively. These keratometric changes seem to stabilize at 6 months. Spherical myopic
refractive error increased and BCVA improved during follow-up. These results support TG-CXL
as a valuable procedure in progressive keratoconus.

KEYWORDS: Corneal Cross-Linking; Corneal Topography; Cross-Linking Reagents; Kerato-
conus; Patient Outcome Assessment.
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RESUMO

INTRODUGCAO: O objetivo deste estudo ¢ avaliar os resultados refrativos e topogréficos
durante o primeiro ano apds a realizagao de crosslinking guiado pela topografia corneana (CXL-
-TG) no queratocone.

METODOS: Estudo retrospetivo. Foram incluidos pacientes com queratocone em progres-
sdo, submetidos a CXL-TG: O epitélio foi removido por queratectomia fototerapéutica, com abla-
¢ao de 50 pum e zona 6tica de 7,0 mm, seguido de aplicagdo de riboflavina a cada 2 minutos por
um periodo de 10 minutos e irradiagao topo-guiada com luz ultravioleta A (energias entre 10 e
5,4 J/cm?, fluéncia de 10 mw/cm?). Foram colhidos dados relativos ao baseline, 3, 6 e 12 meses
pos-operatdrio. Os parametros avaliados foram a queratometria maxima (Kmax), o valor médio
da queratometria anterior em 5 pontos de um circulo centrado na pupila com 3 mm de diametro,
medidos na metade superior (S index) e inferior (I index) da cornea, espessura central da cdrnea,
refragao subjetiva e melhor acuidade visual corrigida (MAVC).

RESULTADOS: Foram incluidos 27 olhos de 24 doentes. Verificou-se uma redugao signifi-
cativa do Kmax aos 6 meses (-0,92 + 1,58 D; p=0,011) e 1 ano (-0,83 + 1,64 D; p=0,016) pds-operatorio.
O I index foi também reduzido aos 6 (-0,81 + 1,10 D; p=0,002) e 12 meses (-0,83 + 1,11 D; p=0,001),
enquanto o S index aumentou aos 6 (0,93 +1,70 D; p=0,016) e 12 meses (0,81 + 1,42 D; p=0,008). Entre
0s 6 e 12 meses nao se verificaram diferencas significativas no Kmax (0,16 + 0,99 D; p=0,457), I index
(-0,004 + 0,60 D; p=0,978) e S index (-0,04 + 0,99 D; p=0,864). A MAVC melhorou apds 1 ano (diferen-
¢ade-0,13 + 0,14 logMAR para o baseline; p<0,001), havendo também um aumento da miopia em 1
ano (diferenca de -1,05 + 2,08 D para o baseline; p=0,017).

CONCLUSAO: O CXL-TG leva a reducio do Kmax e aumento da curvatura anterior da
metade superior da cornea, apos 1 ano. As alteragdes queratométricas atingem a estabilidade aos
6 meses. Verificou-se melhoria da MAVC e aumento da miopia no primeiro ano pos-operatorio.
Os nossos resultados sugerem que o CXL-TG é um procedimento promissor no tratamento de
queratocone em progressao.

PALAVRAS-CHAVE: Avaliagao do Resultado no Doente; Crosslinking Corneano; Quera-

tocone; Reagentes de Ligagdes Cruzadas; Topografia Corneana.

INTRODUCTION

Keratoconus is a bilateral, although asymmetric corneal
ectasia characterized by progressive corneal thinning and
protrusion leading to irregular astigmatism and deteriora-
tion of visual acuity."” Corneal collagen crosslinking (CXL)
is an established therapeutic approach with proven effec-
tiveness in halting the progression of keratoconus.””

The popularity of CXL has fueled multiple lines of re-
search trying to improve on the original procedure. Nowa-
days, several different protocols have been published and
are used worldwide, expanding on the indications and ap-
plications of CXL.*” In conventional CXL, the epithelium is
removed from a central 9mm zone which is subsequently
uniformly irradiated with ultraviolet-A (UVA) light (fol-
lowing riboflavin impregnation).® Topography-guided
CXL (TG-CXL) is a recent innovation based on the principle
that more energy should be applied to the most ectatic area
for optimal results. The reasoning behind this approach is
that the structural weakness in keratoconus is focused on
the cone area, and not an homogenous reduction in cor-
neal stability.® Therefore, treatment effect should be aimed

at the weak cornea — usually inferiorly — and the superior,
stable cornea would need little or no crosslinking.

Following up with those assumptions, TG-CXL pro-
vides surgeons with a new treatment platform that allows
for irradiation to be tailored to each patient’s cornea instead
of uniformly applied to the whole cornea. In previous stud-
ies, this approach was found to have comparable safety to
conventional CXL and results in greater flattening of Kmax,
with better refractive and visual outcomes.”"

Although in TG-CXL most energy will be delivered to
the keratoconic cone, usually the central-inferior cornea, it
is not straightforward that the superior cornea is left un-
changed by this procedure. The subsequent redistribution
of biomechanical stress in the cornea may lead to changes
in the superior half of the cornea as well. Thus far, reports
have been conflicting, with previous studies reporting ei-
ther significant steepening of the superior cornea' or no
significant changes.” As such, this study aimed to deter-
mine refractive and topographic outcomes, focusing on the
changes in curvature for the superior and inferior halves of
the cornea, during the first year following TG-CXL.
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METHODS
STUDY DESIGN

Retrospective study. The inclusion criteria were pa-
tients with progressive keratoconus (progression defined
as an increase in maximum keratometry (Kmax) > 1.0D in
the previous year, pachymetry thinning >5 um, D-index in-
crease 20.42)'* as measured by corneal tomography [Wave-
light Oculyzer II, Alcon Laboratories Inc., Fort Worth, Tex-
as, USA]), that were subject to TG-CXL. Eyes with previous
ocular surgery, concomitant ocular diseases and pregnant
or breast-feeding patients were excluded.

SURGICAL PROCEDURE

The epithelium was removed using phototherapeutic
keratectomy (PTK) (Wavelight Allegretto, Alcon Laboratories
Inc., Fort Worth, Texas, USA): a 50 um ablation within a 7.0
mm optic zone was performed in every patient. Riboflavin
0.1% with hydroxypropyl methylcellulose (HPMC) (VibeX
Rapid, Avedro Inc., Waltham, Massachusetts, USA) was then
instilled on the cornea every 2 minutes, for a total period of 10
minutes, prior to irradiation. A UVA irradiation pattern was
designed for each individual patient (Mosaic System, Avedro
Inc., Waltham, Massachusetts, USA) based on 3 concentric
circular areas centered on the point of thinnest corneal pa-
chymetry. Transitions between zones occurred at the regions
of greatest change in anterior axial corneal curvature. The ra-
diance exposure was 10 J/cm2 in the innermost circle, 7.2 J/cm?
in the intermediate and 5.4 J/cm? on the outermost circle (Fig.
1). The fluence was set to 10 mw/cm?.

Figure 1. Topography guided crosslinking treatment planification. The radi-
ance exposure is 10 J/cm? in the innermost circle (a), 7.2 J/cm? in the inter-
mediate (b) and 5.4 J/cm? on the outermost circle (c). The diameter of these
circles are 2.5, 4.5 and 6.5 mm respectively.

The postoperative medication regimen included topi-
cal fluoroquinolone drops (moxifloxacin 0.5%, 5 times per
day) for one-week, artificial tear drops for one month and
an oral non-steroid anti-inflammatory drug (clonixin 300
mg, up to 3 times a day) for 3 days. The operated eye was
patched to facilitate re-epithelialization, after which a topi-
cal corticosteroid drop regimen (fluorometholone acetate
0.1%, 4 times per day for a week, followed by a 3-week ta-
per) was started.

DATA COLLECTION

Data was collected from patient’s clinical records from
baseline, 3, 6 and 12 months postoperatively. Collected vari-
ables included best corrected visual acuity (BCVA), subjec-
tive refraction sphere and cylinder, Kmax, central corneal
thickness (CCT) and pachymetry of the thinnest point. Ad-
ditionally, and accordingly to the methodology previously
described by Cassagne et al (2017),° data was collected on the
anterior keratometry values from 5 points in the superior
half of the cornea corresponding to the intersection of a 3mm
diameter circle centered at the pupil and the 30°, 602, 90°, 120°
and 150° axes. The mean value from these 5 points is referred
to as the superior (S) index. The mean value is also calculated
for the 5 points corresponding to the intersection of the infe-
rior part of the circle with the 210°, 2402, 270°, 3002, and 330°
axes which is referred to as the inferior (I) index (Fig. 2).

90°

Figure 2. Schematic representation of superior (S) and inferior (I) indexes on
a corneal topography image. Points constituting the S index are pictured in
red and points constituting the I index are pictured in blue.

STATISTICAL ANALYSIS

Statistical analysis was performed using the software
IBM SPSS Statistics version 26 (Armonk, New York, USA).
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Descriptive statistics were computed for all variables. Nor-
mality was assessed using the Shapiro-Wilk test. Paired sam-
ples T-test was used to compare variables at different time
points. Correlations were tested using Pearson correlation
test. A p value <0.05 was considered statistically significant.

RESULTS

Twenty-seven eyes from 24 patients were included.
Most patients were male (62.5%), with a mean age of 23.6 +
8.5 years (median of 22.8 years).

Since 9 patients (33% of the sample) did not repeat corneal
imaging at 3 months postoperatively, this data was excluded,
and only baseline, 6 and 12 month data was analyzed. The
baseline Kmax was 56.66 + 4.19 D, with a significant flatten-
ing being observed at both 6 months (-0.92 + 1.58 D; p=0.011)
and 1 year (-0.83 + 1.64 D; p=0.016) postoperatively. I index de-
creased significantly at both 6 months (-0.81 + 1.10 D; p=0.002)
and 1 year (-0.83 + 1.11 D; p=0.001) of follow-up. On the other

hand, S index increased significantly at 6 months (0.93 + 1.70
D; p=0.016) and 1 year (0.81 + 1.42 D; p=0.008). Comparing
topography data between 6 and 12 months postoperatively,
there was no significant difference found for Kmax (0.16 +0.99
D; p=0.457), Iindex (-0.004 + 0.60 D; p=0.978) and S index (-0.04
+0.99 D; p=0.864). All corneal tomography related outcomes
can be found in Table 1. A typical example for topographic
changes following TG-CXL is presented in Fig. 3.

Significant improvements in BCVA were seen starting at 3
months postoperatively (difference of -0.065 +0.13 logMAR to
baseline; p=0.016), and up to 1 year (difference of -0.127 + 0.14
logMAR to baseline; p<0.001). Subjective refraction revealed a
significant myopic increase in refraction at the 1-year visit for
both sphere (difference of -1.05 + 2.08 D to baseline; p=0.017)
and spherical equivalent (difference of -1.05 + 1.99 D to base-
line; p=0.012), while the cylinder did not significantly change
in the same time frame (difference of -0.01 + 1.01 D to baseline;
p=0.962). Visual acuity and subjective refraction related out-
comes are presented in Table 2. No significant correlation was

Table 1. Corneal tomography changes following topography guided corneal crosslinking (TG-CXL).

Baseline 6 months (difference) 1 year (difference) G(Eiléel:::il;s
Mean + SD 56.66 +4.19 -0.92 +1.58 -0.83+1.64 0.16 £ 0.99
Kmax (D) 95% CI 55.00 to 58.31 -1.60 to -0.24 -1.49 to -0.17 -0.27 to 0.59
p value 0.011 0.016 0.457
Mean + SD 43.79 +2.93 0.93 £1.70 0.81 +£1.42 -0.04 + 0.99
S Index (D) 95% CI 42.63 to 44.95 0.19 to 1.67 0.24 to 1.38 -0.46 to 0.39
p value 0.016 0.008 0.864
Mean+SD 52.87 +3.29 -0.81+1.10 -0.83+1.11 -0.004 £+ 0.60
I Index (D) 95% CI 51.57 to 54.17 -1.28 to -0.34 -1.27 to -0.38 -0.26 to 0.26
p value 0.002 0.001 0.978
Mean + SD 473.2 £36.9 -74+8.7 22+119 43+88
CCT (um) 95% CI 458.6 to 487.8 -11.2to -3.7 -7.0to0 2.6 0.5to 8.1
p value <0.001 0.355 0.029
. Mean + SD 446.6 £ 38.5 -13.0+14.6 -8.0+12.8 4.0+12.0
E‘C‘l‘:;,‘r‘;s:t () 95% CI 431.4 t0 461.9 -19.3 t0 -6.8 -13.2t0-2.9 -12t09.2
p value <0.001 0.004 0.128

Bold text highlights statistically significant p values (<0.05); SD — standard deviation; CI — confidence interval; CCT — central corneal thickness

0"

Figure 3. Axial curvature maps of a patient’s right eye treated with topography guided crosslinking. Imaging from baseline (A), 12 months after the procedure

(B) and 12 month-baseline difference map (C) is presented.
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Table 2. Visual acuity and refractive changes following topography guided corneal crosslinking (TG-CXL).
Baseline 3 months (difference) | 6 months (difference) | 1 year (difference) G(Eilé ;:::Etel)ls
Mean + SD 0.32+0.21 -0.07 £0.13 -0.11+0.15 -0.13+0.14 -0.02 £0.06
BCVA (LogMAR) 95% CI 0.24 to 0.40 -0.12 to -0.01 -0.17 to -0.05 -0.19 to -0.07 -0.04 to 0.01
p value 0.016 0.001 <0.001 0.119
Mean+SD | -1.46+2.22 -1.29 £1.85 -1.25+2.32 -1.05 £2.08 0.16 +1.25
Sphere (D) 95% CI -2.34 to -0.58 -2.04 to -0.54 -2.21 to -0.29 -1.89 to-0.21 -0.36 to 0.68
p value 0.002 0.013 0.017 0.529
Mean+SD | -2.62+1.27 0.45+1.01 0.09 +1.39 -0.01 £1.01 -0.10+1.01
Cylinder (D) 95% CI -3.12 to -2.12 0.05 to 0.86 -0.48 to 0.66 -0.42 to 0.40 -0.52 t0 0.32
p value 0.031 0.749 0.962 0.624
. Mean+SD | -2.77+2.33 -1.06 £ 1.74 -1.21+2.14 -1.05+1.99 0.11 +0.85
ggﬂf‘gﬁzht D) 95%CI | -3.70to-1.85 -1.76 to -0.36 -2.09 to -0.32 -1.86 to -0.25 -0.24 to 0.46
p value .005 .009 0.012 0.525

Bold text highlights statistically significant p values (<0.05); BCVA — best corrected visual acuity; SD — standard deviation; CI — confidence interval

found between the change in refractive sphere and: Kmax (r=-
0.116, p=0.565), S index (r=-0.267, p=0.188) or I index (r=-0.121,
p=0.573), from baseline to 1 year postoperatively.

The most frequent post-operative adverse event was the
development of transient corneal haze, reported in 14.8% of
eyes. One eye developed sterile infiltrates. There were no
cases of infection.

DISCUSSION

Previous studies have demonstrated significant im-
provements in keratometry and visual acuity following
TG-CXL for keratoconus.” " The current study shows simi-
lar results with a significant flattening of Kmax being found
at both 6 months and 1 year, as well significant improve-
ments in BCVA over this time period.

One of the rationales provided by authors to explain the
improvement in BCVA after TG-CXL is the regularization of
anterior keratometry. Conventional CXL aims for a global
strengthening of the stroma by applying the same effect uni-
formly across the central cornea. This effect is seen in the re-
sults of most conventional CXL series: there is uniform central
flattening but whatever asymmetry exists before treatment
is maintained afterwards.””"" With TG-CXL, an asymmetric
treatment plan is utilized to obtain an asymmetric flattening
effect, one that globally favors a more normal anterior surface.

In our series, anterior keratometry changes in the supe-
rior and inferior halves of the cornea were assessed utiliz-
ing the S and I indexes.”” A significant reduction in the I
index and a significant increase in the S index was found
(1 year change in I and S indexes respectively: -0.83 D and
+0.81D). This combination of inferior flattening and superi-
or steepening was observed by other authors,'’'! albeit not
by all describing this technique.’ In fact, Seiler et al (2016)"°
purposefully introduced an index, named “Regularization
Index”, to measure this surface normalization effect.

We attribute this superior steepening to a more advan-
tageous redistribution of biomechanical forces in the stro-
ma. Nevertheless, a reasonable objection could be made

that this steepening is due to continued progression in the
non-crosslinked superior cornea. Our analysis, however,
also demonstrated that this superior steepening ceases by 6
months postoperatively since there was no significant dif-
ference between 6 and 12 months for the S index (differ-
ence of -0.04 + 0.99 D; p=0.864). Additionally, no significant
changes were found for I index or Kmax during the same
period (Table 1). As such, our data suggests more of an im-
mediate rebalance of the corneal structure, followed by ker-
atometric stability 6 months after the procedure.

Central corneal thickness did not significantly vary at
the 1 year time point (p=0.355), although an initial significant
decrease in thickness was noted 6 months postoperatively.
A similar tendency, also using Scheimpflug tomography
measurements, has been previously reported in a conven-
tional CXL study (although statistical significance was not as-
sessed).” Thinnest pachymetry was significantly reduced at 1
year (mean change of -8.0um; p=0.004), as previously reported
by Seiler, et al (2016)."° Again, thinning was not observed be-
tween 6 and 12 months, suggesting stability beyond 6 months
of follow-up. Noticeably, Scheimpflug pachymetric measure-
ments after CXL are prone to error due to haze-induced back-
scatter,"* making these changes difficult to interpret.

There was no significant correlation between the chang-
es in spherical refractive error and S index (no correlation
found with for Kmax or I index either). This suggests that
the myopic increase in subjective refraction cannot be sole-
ly attributable to the steepening of the superior half of the
cornea, and other factors must contribute towards this re-
fractive change. Nevertheless, such a refractive change is
not inherent to TG-CXL, as Nordstrom et al (2016) reported
a significant myopic decrease at 1 year of follow-up."

Limitations to this study include its retrospective na-
ture and a follow-up limited to one year.

In conclusion, this study showed that a customized topog-
raphy-guided crosslinking procedure regularizes the anterior
corneal keratometry in keratoconus, as superior corneal steep-
ening and inferior flattening were observed, making both cor-
neal halves more similar to each other. It also reduces Kmax
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and leads to significant improvements in BCVA. Hence, TG-
CXL should be seen as a valuable therapeutic approach in the
context of progressive keratoconus.
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