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Novel Placido-derived Topography-guided
Excimer Corneal Normalization With
Cyclorotation Adjustment: Enhanced Athens
Protocol for Keratoconus

Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To comparatively investigate the efficacy
of the enhanced Athens Protocol procedure guided by
novel Placido-derived topography with cyclorotation
compensation (the cyclorotation adjusted group) to
similar cases guided by Scheimpflug-derived tomogra-
phy without cyclorotation compensation (the non-cyclo-
rotation adjusted group).

METHODS: Two groups were evaluated: the cyclorota-
tion adjusted group (n = 110 eyes) and the non-cyclo-
rotation adjusted group (n = 110 eyes). Analysis was
based on digjtal processing of Scheimpflug imaging
derived curvature difference maps preoperatively and 3
months postoperatively. The vector (r, ¥) corresponding
to the steepest corneal point (cone) on the preopera-
tive surgical planning map (rp, ﬁp) and on the curvature
difference map (ry, 9,) were computed. The differences
between the peak topographic angular data (AY = |ﬁp
- 9,|) and weighted angular difference (WAY = A9 X
Ar) were calculated.

RESULTS: For the cyclorotation adjusted group, A9 was
7.18° = 7.53° (range: 0° to 34) and WAY was 3.43
+ 4.76 mm (range: 0.00 to 21.41 mm). For the non-
cyclorotation adjusted group, A9 was 14.50° = 12.65°
(range: 0° to 49°) and WAY was 10.23 = 15.15 mm
(range: 0.00 to 80.56 mm). The cyclorotation adjusted
group appeared superior to the non-cyclorotation ad-
justed group, in both the smaller average angular differ-
ence between attempted to achieved irregular curvature
normalization and in weighted angular difference, by a
statistically significant margin (A9: P = .0058; WA®D:
P = .015).

CONCLUSIONS: This study suggests that employment
of the novel Placido-derived topographic data of highly
irregular corneas, such as in keratoconus, treated with
topography-guided profile with cyclorotation compensa-
tion leads to markedly improved cornea normalization.

[J Refract Surg. 2015;31(11):768-773.]

orneal cross-linking (CXL) is considered a valid
option for progressive keratoconus/corneal ectasia
treatment.! By increasing corneal biomechanical

strength, CXL results in keratectasia arrest.? In addition, CXL
has also been shown to improve corneal irregularity and re-
duce central anterior corneal steepening.?

Combined with CXL, partial anterior surface normalization
via topography-guided customized partial excimer laser abla-
tion may offer, in addition to keratectasia arrest, improved
topographic and refractive outcomes.** The Athens Protocol
comprises phototherapeutic keratectomy (PTK) of 50 pm, a
partial photorefractive keratectomy (PRK) for the topography-
guided customized anterior surface normalization, and high-
fluence CXL for corneal stabilization.® Long-term results® and
anterior segment optical coherence tomography quantitative
findings” have demonstrated the stability of the procedure in
large cohorts of patients. Variations of this technique have
been applied and reported globally.?*

Because the topography-guided ablation step of the pro-
cedure bears a high degree of customization, the impact of
effective alignment between treatment planning based on the
topography-derived data and surgically applied ablation pat-
tern is pivotal for a successful outcome. Critical parameters
affecting alignment are horizontal and vertical eye move-
ments, eye pupil centroid shift, and possible cyclorotation.
The significance of these principles has been reported pre-
operatively and intraoperatively in refractive procedures.'®
High-speed active eye tracking along with cyclorotational
topographic adjustment (CTA) has been introduced during
the past 2 years in refractive lasers such as the EX500 ex-
cimer laser (Alcon Laboratories, Inc., Fort Worth, TX), which
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is employed for the excimer ablation step of the Ath-
ens Protocol studied herein.

The enhanced Athens Protocol incorporates the
above surgical device improvements and also intro-
duces surgical procedure changes, specifically the
choice of the Placido-derived topography data pro-
duced by a novel topographic device (Vario instead
of the Oculyzer II Scheimpflug-derived tomography
[Alcon Laboratories, Inc./WaveLight AG, Erlangen,
Germany]) and the reversal of the two excimer laser
ablation steps: PRK now precedes PTK.

The purpose of this study is to comparatively in-
vestigate the correlation between achieved and intend-
ed corneal topography changes when employing the
novel CTA procedure in comparison to the previously
developed technique (based on the available technol-
ogy at that time) in which no cyclorotational adjust-
ment was available.

PATIENTS AND METHODS

This retrospective comparative study received ap-
proval by the ethics committee of Laservision.gr Clini-
cal and Research Eye Institute, Athens, Greece, and
adhered to the tenets of the Declaration of Helsinki.
Signed informed consent was obtained from the pa-
tients at the time of the first clinical visit.

Two hundred twenty consecutive eyes of 220 differ-
ent patients who had the Athens Protocol were retro-
spectively investigated. Inclusion criteria were clinical
diagnosis of progressive keratoconus, minimum age of
17 years, and a minimum corneal thickness of approxi-
mately 300 pm measured by anterior segment optical
coherence tomography. All patients had completed
an uneventful Athens Protocol and were observed for
approximately 1 year. Exclusion criteria for the pro-
cedure were systemic disease, previous eye surgery,
ocular chemical injury, a history of delayed epithelial
healing, and pregnancy or lactation (female patients).

Two groups were evaluated: patients who had CTA
(the cyclorotation adjusted group [n = 110 eyes]) and
patients who did not have CTA (the non-cyclorotation
adjusted group [n = 110 eyes]).

Common to both groups, the design of the ablation
pattern (profile) was performed via the Aqua software of
the Alcon Refractive Suite, which is part of the EX500
excimer laser. The imported topography-derived data
(approximately four acquisitions usually selected from
10 to 30 actual individual acquisitions) were selected
to improve the default statistical data provided by the
planning software. Specifically, we tried to match im-
ages with consistent keratometries and cylinder axes,
as well as reproducibility that would minimize the
maximum deviation index to a value less than 0.1.

This methodology aimed to select a group of topogra-
phy images that were consistent and reproducible. In
all cases, the neuro-tracking option was on. No manual
marking was used in either group.

In both groups, the excimer laser ablation steps (em-
ploying the EX500 excimer laser) were applied with
the following sequence (Figure A, available in the on-
line version of this article):

1. Partial excimer laser PRK performed with the
EX500 laser’s topography-guided custom ablation
treatment mode. A typical optical zone was 5 to
5.50 mm with a limit of 50 pm to be removed over
the steepest/thinnest cornea point.

2. Excimer laser ablation (uniform 50 pm over a
7-mm zone) employing the PTK mode.

The enhanced Athens Protocol presented herein
also stems from recently reported’® optimized ablation
profiles. Previously, the procedure employed the se-
quence as follows: the PTK step was performed first,
followed by the PRK step.®

Following ablation, the cross-linking step of the
procedure involved ultraviolet-A irradiance of 6 mW/
cm?, applied for 15 minutes employing the KXL sys-
tem (Avedro Inc., Waltham, MA).

The differences between the two groups were the fol-
lowing. In the cyclorotation adjusted group, the surgical
planning corneal topography data were derived from
the novel Allegro Topolyzer Vario (Alcon Laboratories,
Inc.), a wide-cone Placido corneal topographer.’” CTA
was based on infrared iris imaging data comparison
between the Vario device and the EX500 imaging. On
the EX500 excimer laser, the previously imported iris
information data is compared to the live infrared image
of the eye tracking system, and any detected cyclotor-
tional change (detection threshold 0.5°) was statically
compensated. The angle sign is positive for clockwise
and negative for counter-clockwise rotation. The nota-
tion in this system was common for both eye lateralities
(ie, does not follow the positive for excyclotorsion, cor-
responding to the upper pole of the eye rotating to the
temporal side, and negative for incyclotorsion).

In the non-cyclorotation adjusted group, the surgi-
cal planning corneal imaging topography data were
derived from the Oculyzer II, a Scheimpflug imaging
device based on the Pentacam (Oculus Optikgerite
GmbH, Wetzlar, Germany). Cyclorotational topograph-
ic adjustment is not available with this system.

DATA COLLECTION AND ANALYSIS
The public domain, Java-based image processing
software Image] (version 1.49; National Institutes of
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Figure 1. Measurement of axial and radi-
al coordinates of the steepest corneal
point with the ImageJ software (National
Institutes of Health, Bethesda, MD) cor-
responding to (left) the preoperative map
and (right) difference map. The preoperative
map vector had the coordinates r, = 1.69
mm, ﬁp = 270°. The difference map vector
had the coordinates, r, = 1.69 mm, ¥, =
225° There is evident difference between
the two maps, which may be attributed
to non-compensation of cyclorotation: the
difference between the peak topographic
angular data (A9) and weighted angular
difference (WAWY) corresponding to these
data were 45° and 58.30 mm, respectively.
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Health, Bethesda, MD)'® was used to digitally process
Scheimpflug-imaging data derived from the Pentacam
HR. Specifically, the ‘compare 2 exams’ output from the
Scheimpflug imaging device was analyzed. The output
consists of three sagittal curvature images (Figure B,
available in the online version of this article) consisting
of the preoperative map, the postoperative map, and the
difference (change) of the two maps. The first map cor-
responds to the planned ablation pattern, whereas the
third map corresponds to the achieved ablation pattern.

Scheimpflug screening, an integral step of the Ath-
ens Protocol, was chosen to analyze both groups for the
simple reason that the available software offers more data
output options. Standardizing on one analysis device
also helps eliminate potential bias in data evaluation.

Employing the straight line tool offered by Image],
we computed the vector (expressed in polar coordinates
radius r, reported in pixels; and angle 9, reported in de-
grees) corresponding to the steepest (peak topographic)
corneal point (cone) on the preoperative map (r,, ¥ )
and the difference map (r,, 9,) (Figure 1). The origin
of each vector (r = 0, ¥ = 0) was the center of the curva-
ture map. Pixels were converted to millimeters, based
on the measured correspondence of the 9-mm diameter
of the curvature maps to 254 pixels. Thus, the pixel data
were converted to millimeters using the 1 pixel to 0.035
mm ratio. Due to the terminology in Image], the lower
hemicycle angles were reported as negative (range: 0° to
-180°); to adjust for the Scheimpflug imaging terminol-
ogy, the value of 360° was added to all negative angle
data (lower hemicycle). Subsequently, we computed
and subjected to analysis the following metrics:

1. A?¥ is defined as the absolute angular difference be-
tween the peak topographic angular data: AY = |9
. . p
—9,l. A9 is expressed in degrees.
2. WA = A9 X Aris defined as the weighted angular dif-
ference between the peak topographic data, where dr

is the modulus of the difference between the two vec-
tors: Ar = |x; —r |. WA® is expressed in millimeters.

By virtue of their definition, an ideal treatment on
an eye with zero cyclorotation corresponds to a zero
A9 and a zero WASJ. Realistically, however, there are
always some deviations. In addition, due to the na-
ture of the treatment, the postoperative cone location
changes not only angularly, but also radially. This is
why we also introduced the weighted angular differ-
ence, which accounts for both deviations.

Additional data employed in the study include visu-
al acuity, thinnest corneal thickness, and topographic
keratoconus classification, both Scheimpflug-imaging
derived. Descriptive statistics and analysis were per-
formed by Minitab (version 16.2.3; MiniTab Ltd., Cov-
entry, United Kingdom). A P value less than .05 was
considered statistically significant. Data are presented
by mean + standard deviation (minimum to maximum).

RESULTS

The 110 eyes (37 women and 73 men) included in
the cyclorotation adjusted group included 53 right
eyes and 57 left eyes. Mean patient age at the time
of the operation was 25.7 + 6.9 years (range: 18 to 44
years). Follow-up was 15.7 + 10.5 months (range: 12
to 24 months). Preoperative uncorrected distance vi-
sual acuity was 0.19 + 0.22 decimal (range: 0.001 to 0.7
decimal) and corrected distance visual acuity was 0.62
+ 0.24 decimal (range: 0.10 to 1.00 decimal). Preopera-
tive thinnest corneal thickness was 441.87 + 45.29 pm
(range: 325 to 541 pm). One year postoperatively, un-
corrected distance visual acuity was 0.53 + 0.28 (range:
0.01 to 1.0), corrected distance visual acuity was 0.78
+ 0.25 (range: 0.25 to 1.00), and thinnest corneal thick-
ness was 375.98 + 63.12 pm (range: 302 to 498 pm).

The 110 eyes (41 females and 69 males) in the non-
cyclorotation adjusted group included 60 right eyes and
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50 left eyes. Mean patient age at the time of the operation
was 25.2 + 6.5 years (range: 18 to 38 years). Follow-up
was 19.9 + 12.1 months (range: 12 to 36 months). Pre-
operative uncorrected distance visual acuity was 0.18 =
0.23 (range: 0.001 to 1.0) and corrected distance visual
acuity was 0.63 + 0.33 (range: 0.10 to 1.00). Preopera-
tive thinnest corneal thickness was 448.11 + 48.65 pm
(range: 315 to 539 pm). One year postoperatively, un-
corrected distance visual acuity was 0.59 + 0.28 (range:
0.01 to 1.20), corrected distance visual acuity was 0.82 +
0.19 (range: 0.20 to 1.25), and thinnest corneal thickness
was 363.13 = 55.43 pm (range: 298 to 487 pm).

Both groups were matched for age, gender laterality,
follow-up time, visual acuity, and corneal thickness
(in all cases P > .05). In addition, both groups had pre-
operative average topographic keratoconus classifica-
tion (KC) between KC2 and KC2-3.

DIGITAL ANALYSIS DATA

The distributions of the vectors corresponding to
the steepest (peak topographic) corneal point on the
preoperative map (r , ¥ ) and the change map (r,, 9,)
are illustrated in Figure 2. In the majority of the cases
(more than 90%) the location of the steepest corneal
point was inferior in either group.

Average radial displacement of the cone location in
the cyclorotation adjusted group was 1.60 = 0.69 mm
(range: 0.57 to 3.12 mm) preoperatively; the difference
maps corresponded to an average cone location at 1.39
+ 0.56 mm (range: 0.50 to 2.91 mm). The difference
between preoperative and achieved change was not
statistically significant (P = .074).

The cyclorotation adjusted group had an average
value of 0.89° + 3.28° (range: -7.5° to 9.0°); consider-
ing the absolute value of cyclorotation, the average was
2.42° + 2.36° (range: 0.0° to 9.0)°. We were able to en-
gage CTA in 100% of the Vario-driven cases studied. It
has to be underscored that in some cases more than 30
images with the Vario were necessary to obtain reliable
and feasible CTA data, a laborious process. Of the 110
eyes, 35 (32%) eyes had 0° cyclorotation (ie, below the
detection limit of 0.5°), 33 (30%) eyes had between 0°
and 2°, and only 8 (8%) had greater than 8°.

Average radial displacement of the cone location in
the non-cyclorotation adjusted group was 1.47 + 0.49
mm (range: 0.76 to 2.83 mm) preoperatively; the differ-
ence maps corresponded to an average cone location
of 1.28 + 0.51 mm (range: 0.46 to 2.88 mm). The dif-
ference between preoperative and achieved change in
the non-cyclorotation adjusted group was also not sta-
tistically significant (P = .067). In addition, the preop-
erative cone location radial displacement between the
two groups was not statistically significant (P = .097).
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Figure 2. The distribution of the vectors corresponding to the steepest (peak
topographic) corneal point on the preoperative map (rp, ﬁp) and the change
(achieved difference) map (r,, ¥,). (A) Cyclorotation adjusted and (B) non-
cyclorotation adjusted groups. CTA = cyclorotational topographic adjustment

Table 1 summarizes the statistical analysis results for
A% = |9 — 9,1, the absolute angular difference between
the peak topographic angular data, and WAY = A9 X Ar, the
weighted angular difference between the peak topograph-
ic data. The cyclorotation adjusted group had on average
smaller angular difference and weighted angular difference
by a statistically significant margin (A9: P = .0058; WAY: P
=.015) compared to the non-cyclorotation adjusted group.

DISCUSSION
This study provides additional evidence for the po-
tential of incorporating cyclorotation compensation in
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TABLE 1

Statistical Analysis of Absolute Angular Difference Between the
Peak Topographic Angular Data A9V and Weighted Angular Difference WAD

Cyclorotation Adjusted Group

Non-cyclorotation Adjusted Group

Parameter AY () WAY (mm) P AY (°) WA®Y (mm) P
Average 7.18 3.43 .0058 14.50 10.23 .0015
Standard deviation +7.53 +4.76 +12.65 +15.15
Minimum 0 0.00 0] 0.00
Maximum 34 21.41 49 80.56
Confidence intervals

0.95 +1.77 +1.12 +2.64 +3.21

0.99 +2.35 +1.49 +3.49 +4.25

such highly customized topography-guided treatments.
We studied two large groups, which were matched pre-
operatively in all aspects of vision, corneal thickness,
keratoconus stage, and cone location (displacement).

The Athens Protocol screening protocol involves pre-
operative imaging by both the Scheimpflug topometry
and Placido topography devices. Either device can be
synced to the operational laser planning computer on
the EX500 excimer laser via a closed ethernet circuit
to provide the necessary topography data. Surgeons
may choose data from either device based on their own
criteria. We have made it standard to review both to-
pographies as a potential treatment and compare the
treatment patterns that invariably are similar. The main
difference, as far as the implementation of either treat-
ment, is that only the Placido topography-guided treat-
ment can employ adjunct cyclorotation adjustment,
whereas the Scheimpflug-derived treatment cannot. Pri-
or to the availability of the cyclotortional compensation
option with the new Placido-imaging device (Vario),
the majority of the procedures by our team adopted the
Scheimpflug option, due to the improved sensitivity at
the center section, when compared to the older version
of Placido-produced topography employed by a pre-
decessor device to the current Vario topographer (the
Topolyzer). We have previously studied the efficacy of
the Placido-derived treatments to Scheimpflug-derived
treatments and with that older technology on both the
topography devices (Oculyzer I vs Topolyzer) evaluated
both with the 400-Hz EyeQQ WaveLight excimer laser
(Alcon Laboratories, Inc.) and found that the Scheimp-
flug-driven treatments were superior.’®

Herein, we introduce a digital analysis technique to
objectively evaluate the possible cyclotorsion effect,
which may be applicable to analysis of outcomes in
topography-guided treatments.

In addition to adopting cyclotortional compensa-

tion, the enhanced Athens Protocol incorporates a
change in the ablation pattern sequences, by the par-
tial PRK step preceding the PTK step. The rationale
for this has been that the topography-guided ablation
pattern bears the customized part, for which the active
eye tracking should be performing with minimal inter-
ference. Thus, the partial-PRK step is performed first
to interfere with less ablated debris and with intact
epithelium for the most part providing a better image
for the EX500 active tracker camera, and therefore pro-
viding the best possible pupil, iris architecture, cen-
troid shift, and limbal anatomy imaging. The PTK step,
which was initially designed to debride a uniform 50-
pm thickness of epithelium over a 7-mm zone, may be
performed subsequently. This rotationally symmetric
PTK step does not necessitate cyclorotation compensa-
tion and is not dependent on saccadic motions to the
extent of the partial PRK step.

In addition to ocular movement, there is also vari-
able ocular rotation, known as cyclorotation or cyclo-
torsion. Cyclorotation affects ocular imaging and toric
corrections. Cyclorotation may vary from +7.7° (ex-
cyclotorsion) to -11.0° (incyclotorsion), with a mean
absolute value of 2.74° + 2.30°.2° Our data for cyclotor-
sion had an average absolute value of 2.42° + 2.36°.

Because the majority of laser vision correction plat-
forms incorporate custom ablation patterns, such as
topography-guided or corneal wavefront ablation pro-
files,?*?2 accurate compensation for both movement
and rotation has a major part in achieving optimal re-
sults. It would be interesting to evaluate some of these
platforms with the novel methodology described here-
in to objectively assess perhaps equivalent, superior,
or inferior accuracy.

Until recently, eye tracking with the topography-
guided profile by the EX500 platform only addressed
horizontal (x), vertical (y), and depth (z) movements,*
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with limited cyclorotation compensation.?* Even in the
current configuration employed in the EX500 excimer
laser, the cyclorotation compensation is static, meaning
that one initial value is recorded. Thus, active cyclorota-
tion compensation perhaps remains the last piece of the
puzzle that had not been addressed until recently.?526

This study indicates that incorporation of novel
topography imaging technology coupled with novel
excimer laser tracking technology (to include cycloro-
tation compensation) leads to markedly improved cor-
relation between targeted and achieved topographic
changes in the management of severely irregular cor-
neas such as in progressive clinical keratoconus.
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Cross-section of a keratoconic cornea
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2-step Excimer Laser Ablation:
Custom, topo-guided partial PRK with cyclorotation control
50pm 8-mm zone PTK |
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Figure A. Basic steps of the enhanced Athens Protocol procedure. (A) Import of topography-guided data to the surgical platform, (B) a two-step excimer
laser ablation comprising custom topography-guided partial photorefractive keratectomy (PRK) with cyclorotation control, followed by a 50-um deep,
8-mm optical zone diameter phototherapeutic keratectomy (PTK), (C) application of mytomicin C, (D) instillation of riboflavin, (E) stromal soaking for
80 seconds, and (F) ultraviolet-A (UV-A) irradiance of 6 mW/cm? applied for 15 minutes.



Thinnest Locat.:  © |4?3um |+EI.59 I-U.SB

A
Thinnest Locat: &

Pachy:
I 407 pm
I 3T um

|+U.99 I-U.53

Thinnest Locat: © |+95 [Ty]

I A |03122013 124104 Left (25)30-5can 7 _v| [| B: [14.032014 10:2350 Left (25 30-5can 7 | Difference A- B
K1: [456D  Astig: [-0.4D 90®  KI: [463D  Astig [+0ED o® Kl [04D Astig [1.0D
= . BCC = “‘ A i BCC: - il BCCI [
K2 [47.0D Fronm 1074 & e,w > K2 [475D oo 1103 & 2 K2 |-06D oo 10:29
- [ieta es [0k O FIT R - [T - O R as: |
[flat] 3 Z70% [Hlat] : ; N ET] : :
Fachy: w[mm]  y[mm] s[mm]  y[mm] Pachy: «[mm]  w[mm]
Pupil Center: i IdSS P I-D.D2 |+D.05 Pupil Center: |+D.D2 +0.04 Pupil Center: + |+92 prmn I-D.D-’l |+D.D1

I-D.4U I-U.4E

Chamber Wolume: |18? mm* Angle: |38.3 *

& C.Depth(Ext):  [381mm  Pupil Dia: |317 mm

0P cor): I Lenz Th.: I

|195 mm* Angle: |45.5 *
|3.?-'-1 mm Pupil Dia: |2.8? mm
I Lenz Th.: I

Chamnber Yolurme:

A C. Depth [Ext):

0P cor):

S agittal Curvature [Front]

Sagittal Curvature [Front]

2™

Chamber % olume: I-B i Aingle: I-?.‘I *
A, C. Depth [Ext.): |+D.D? mm  Pupil Dia: |+D.2D mrm
0P [cor): I Lenz Th.: I

ISagittaI Curvature [Front)

il |=|

00 — 8 O
i} 025D

Curvature Curvatul
& A T S e G (U S SRR T L O T Rl

Figure B. The ‘compare 2 exams’ output from the Scheimpflug imaging device. (Left) The preoperative sagittal curvature map, (middle) the postopera-
tive map, and (right) the difference of the two maps.



