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The corneal surface is the principal refracting element of the 
eye; the air-to-tear film interface is responsible for the major-
ity of refraction of light entering the eye.1 Any change to this 
surface dramatically changes the refraction, which is what is 
accomplished in refractive surgery. Likewise, any irregularity 
in this surface dramatically affects the quality of vision. This 
may be the problem in eyes with decentered and/or small  
optical zone ablations; in these cases the cornea acts like a 
multifocal lens and causes uneven distribution of light. As a 
consequence, patients experience loss of BSCVA and contrast 
sensitivity and haloes and starbursts around objects. These 
symptoms are especially annoying during scotopic and/or 
mesopic conditions, when the pupil dilates and exposes more 
of the irregular cornea. 1,3,4,6,10-14 

Methods and Results 

 

We have previously presented and published our experience  
in utilizing wavefront1 as well as topography-guided2excimer 
ablations in order to treat highly irregular corneas such as  
eccentric previous ablations, keratoconus and post LASIK  
ectasias. To correct these irregularities, surgeons have gone to 
“customized” forms of ablation, which include wavefront-
guided ablations as well as techniques of topography-guided 
treatment.3-9 
     We have been working with the topography-guided plat-
form by Wavelight (Erlangen, Germany) over the last four 
years. This proprietary software utilizes topographic data  
from the linked topography device (Topolyzer-Wavelight, 
Erlagen, Germany). It by default permits the consideration of 
eight topographies (of predetermined threshold accuracy), 
averages the data, and enables the surgeon to adjust desired  

postoperative cornea asphericity, to include, or not, tilt cor-
rection, and to adjust sphere, cylinder, axis, and treatment 
zone. 
     The mechanism of topography-guided ablation is the fit-
ting of an ideal cornea shape (usually a sphere) under the 
present topography map with the ablation of tissue in  
between. The advantages of topography-guided treatments 
over wavefront-guided treatments include the following: 

1.  It can be used in highly irregular corneas that are 
 beyond the limits of wavefront measuring devices. 
2. It can be used in cases that have media opacity such as 

in eyes with corneal scars, since its measurements are 
based solely on the surface. 

3.   Since it is based on the corneal surface, it is theoreti-
cally possible to factor in the asphericity (Q value) and 
maintain the natural aspheric shape of the cornea. 

 
 

Recent studies have demonstrated that there is a shift in 
the pupillary center between normal (photopic) and dark-
adapted (mesopic, scotopic state). Therefore topography-
guided treatments would hold greater accuracy on delivery to 
the cornea since they are captured with the photopic pupil,  
the same as in the treatment. The major disadvantage of   
topography-guided ablation is that ignores the rest of the   
refractive media since it concentrates mainly on the corneal 
contour. This may induce some refractive “surprises” previ-
ously encountered when utilizing this technique. One example 
of this would be in the treatment to widen the optical zone of 
previously myopic patients. The treatment would require the 
laser to flatten a broader area of the cornea and therefore   
ablate tissue peripherally; this ablation pattern will resemble 
a hyperopic treatment and thus will cause some amount of 

Figure 1. This is the pre– and post– LASIK 
topography (1 and 2, respectively) of an 
irregular cornea having topography-guided 
LASIK with the TCAT Wavelight platform. 
The cornea irregularity was caused by an  
old contact lens-related bacterial ulcer. The 
difference map (“1 minus 2”) demonstrates 
the highly irregular flattening achived by  
the topography-guided treatment. 
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center, that matches through the central cornea irregularity in the pre-
vious topographies. (4) The cornea topography here is six months  
after topography-guided PRK. The central cornea appears more regu-
lar and much flatter. At this point BSCVA and UCVA is 20/20. (5) The 
lower row image on the left is a comparison map. This map depicts the 
difference of subtracting the cornea topography 4 (final result) from  
the cornea topography 1 (original state of this complication when  en-
countered by us). The difference resembles impressively the topogra-
phy-guided ablation pattern (next image to the right), demonstrating 
effectively the specificity of this treatment in reducing the pathogenic 
cornea irregularity, which we theorize contributed to the drastic 
improvement of BSCVA.   

Figure 2. This display of topographies depicts the following: (1) The 
cornea topography of this case when first seen by the authors with 
central cornea ectasia and midperiphery flattening as an effect of the 
Intacs that were present. At this point BSCVA was 20/200. (2) The 
cornea topography here is two months after the removal of Intacs and 
one month after UVA collagen crosslinking. The central steepening is 
still present and the effect of the Intacs removal is appreciated com-
pared to the previous image, mostly at the midperiphery, that appears 
steeper now. At this point BSCVA was 20/200. (3) The lower row 
image in the center is an estimated cornea topographic ablation pat-
tern as a laser treatment plan of the topography-guided procedure that 
took place in the case. It is notable that this ablation pattern is highly 
irregular with a “deeper” ablation plan just inferiory and right to the   

myopic shift. Some of these patients may later require an 
enchancement procedure with a “standard” treatment to cor-
rect for the remaining spherical refractive error. We made 
adjustments to the refractive targets (ie, putting in a myopic 
postop target) to our later cases to compensate for this shift in 
refraction. 

The Q value was targeted to the ideal endpoint of –0.46 in 
all cases, which is believed to be an ideal cornea asphericity 
for an average human eye using a Navarro eye model. A com-
mon flaw in the theoretical calculation of the ablation profile 
is its basis on a static-shape subtraction model, in which the 
postoperative cornea shape is determined only by the differ-
ence between the preoperative shape and the ablation profile. 
However, other factors may be responsible for explaining the 
discrepancy between the clinical findings and the theoretical 
predictions in cornea asphericity (ie, biological effects of  
healing and the variations of the applied fluence at the        
cornea). Epithelial hyperplasia is a more predominant factor 
after PRK, while flap-induced changes, together with indirect 
biomechanical shifts of the cornea, are present in LASIK eyes. 
This could explain the refractive inaccuracy, as well as the 
asphericity adjustments imprecision, of the topography-guided 
treatments, despite a notable improvement in the cornea sur-
face regularity. 

We have previously reported utilizing topography-guided 
treatments in keratectasias. 13-15 Both post-LASIK ectasias and 
keratoconus have been successfully treated with a topo- 

guided PRK following stabilization with collagen crosslinking   
(CCL). The first scale of this treatment was employed in order 
to stabilize the cornea ectasia, as reported in previous labora-
tory and clinical studies. The use of the riboflavin solution 
over the de-epithelialized cornea was employed in order to, 
first, protect the crystalline lens and possibly the retina from 
UVA radiance and, secondly, to enchance UVA absorption in 
the anterior stroma and facilitate the crosslinking process as 
described previously.10,11 We employed the subsequent topo-
guided PRK procedure in order to visually rehabilitate the 
irregular corneas. The visual rehabilitation had been very  
rewarding in a relatively moderate postop follow-up of one 
year. Representative corneal topographies are shown in Figure 
2.One can appreciate the difference map between pre– and 
post-UVA CCL (2C) as well as the difference map between 
pre– and post-topography guided treatments (2F) and, finally, 
the actual ablation profile that was used for the treatment 
(Figure 2D: “treatment plan”). It is quite interesting to appre-
ciate the qualitative changes on the cornea surface. Both in  
the treatment plan D as well as the difference map F there is 
strong evidence of “deeper” ablation over the steep cone area. 
Another important factor is the attempt in 1D and actual    
effect in 2F of a mid-peripheral “steepening” effect of the dia-
metrically opposite cornea to the cone center. This is achieved 
by flattening the outer of the mid-cornea that is             
planned to be “steepened.”   



2007 Subspecialty Day   /     Refractive Surgery                                                                           Section II: Ablation Strategies         15 

 

Therefore, normalization of the cornea is achieved by both  
flattening the cone apex and steepening its diametrical oppo-
site, preserving significant tissue thickness reduction that a 
similar wavefront-guided treatment would require. 

We employed topography-guided PRK on the crosslinked 
cornea in that case in order to obtain better visual rehabilita-
tion. This customized approach can in my opinion address the 
extreme corneal irregularity that these cases may have and 
enchance visual rehabilitation, leads us to believe that this 
combined approach may have a wider application in the near 
future. 

Conclusions 

 
 

All this work has complemented our customized approach to 
refractive surgery and addresses the most irregular corneas 
that a regular or wavefront-guided ablation cannot treat. 

The limitation of refractive outcome in regard to sphere 
can be refined by incorporating axial length measurements in 
the topography images. More studies and continuous treat-
ments algorithm evolution may enchance our treatment arma-
mentarium as refractive surgeons. 
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ABSTRACT

PURPOSE: To evaluate a series of patients with corneal 
ectasia after LASIK that underwent the Athens Protocol: 
combined topography-guided photorefractive keratec-
tomy (PRK) to reduce or eliminate induced myopia and 
astigmatism followed by sequential, same-day ultraviolet 
A (UVA) corneal collagen cross-linking (CXL).

METHODS: Thirty-two consecutive corneal ecta-
sia cases underwent transepithelial PRK (WaveLight 
ALLEGRETTO) immediately followed by CXL (3 mW/cm2) 
for 30 minutes using 0.1% topical ribofl avin sodium 
phosphate. Uncorrected distance visual acuity (UDVA), 
corrected distance visual acuity (CDVA), manifest refrac-
tion spherical equivalent, keratometry, central ultrasonic 
pachymetry, corneal tomography (Oculus Pentacam), 
and endothelial cell counts were analyzed. Mean follow-
up was 27 months (range: 6 to 59 months).

RESULTS: Twenty-seven of 32 eyes had an improvement 
in UDVA and CDVA of 20/45 or better (2.25 logMAR) 
at last follow-up. Four eyes showed some topographic 
improvement but no improvement in CDVA. One of the 
treated eyes required a subsequent penetrating kerato-
plasty. Corneal haze grade 2 was present in 2 eyes. 

CONCLUSIONS: Combined, same-day, topography-guided 
PRK and CXL appeared to offer tomographic stability, even 
after long-term follow-up. Only 2 of 32 eyes had corneal 
ectasia progression after the intervention. Seventeen of 
32 eyes appeared to have improvement in UDVA and 
CDVA with follow-up !1.5 years. This technique may of-
fer an alternative in the management of iatrogenic cor-
neal ectasia. [J Refract Surg. 2011;27(5):323-331.] 
doi:10.3928/1081597X-20101105-01

P rogressive, asymmetrical corneal steepening associ-
ated with an increase in myopic and astigmatic re-
fractive errors, combined with midperipheral and/or 

peripheral corneal thinning, represents a constellation of 
fi ndings in ectatic corneal disorders, such as keratoconus 
and pellucid marginal degeneration. Asymmetry in presen-
tation and unpredictability of progression associated with a 
myriad of abnormal topographic fi ndings describe these enti-
ties. Similar fi ndings following LASIK have been described 
as corneal ectasia.1-3 Analysis of different series of eyes de-
veloping corneal ectasia after LASIK has suggested that cer-
tain preoperative and/or operative features may be associated 
with this adverse outcome of LASIK or photorefractive kera-
tectomy (PRK).4 The fact that corneal ectasia can occur in the 
absence of these features, or that it does not occur despite the 
presence of these features,5 has confounded our understand-
ing of this entity. Nevertheless, corneal ectasia after LASIK is 
a visually disabling complication with an ultimate surgical 
treatment of penetrating keratoplasty when spectacles or con-
tact lenses can no longer provide patients with the quality of 
vision to permit activities of daily living.

Over the past 10 years, the use of topical ribofl avin com-
bined with ultraviolet A (UVA) irradiation to increase col-
lagen cross-linking (CXL) has demonstrated the potential for 
retarding or eliminating the progression of keratoconus and 
corneal ectasia after LASIK. The application of CXL in cor-
neal ectasia after LASIK has been reported previously.6 Once 
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the progression has stabilized, it is possible to treat the 
surface of the eye with customized PRK to normalize 
the corneal surface by reducing irregular astigmatism 
and potentially reducing the refractive error as well 
as providing improved visual outcomes in addition to 
stabilizing the disease process.7,8 We have subsequently 
introduced the combined, same-day use of these two 
intervention modalities in the management of kerato-
conus.9-11

We present a series of patients with corneal ectasia 
after LASIK who have undergone combined, same-day, 
topography-guided PRK and subsequent UVA colla-
gen CXL to achieve stabilization of corneal ectasia and 
enhance visual rehabilitation.

PATIENTS AND METHODS

PATIENT SELECTION
Patients entered into this study were seen by one 

of the authors (A.J.K.) in his private practice, either 
through individual patient referral, referral from other 
eye care practitioners, or were his own patients. Once a 
diagnosis of corneal ectasia after LASIK was confi rmed 
(see below), patients were presented with the options 
of contact lens fi tting, intracorneal ring segment im-
plantation, or, in advanced cases, penetrating kerato-
plasty. If these modalities did not serve the needs of 
the patient, he/she was then presented with the option 
of undergoing topography-guided PRK and UVA colla-
gen CXL as a possible technique to prolong or prevent 
the need for penetrating keratoplasty. Patients provided 
verbal and written consent prior to undergoing the 
combined topography-guided PRK/CXL procedure. 

A diagnosis of corneal ectasia was made when 
patients developed progressive corneal steepening 
associated with an increasing myopic and/or astig-
matic refractive error 2 or more months after LASIK 
surgery. These fi ndings were combined with increas-
ing inferior corneal steepening and thinning based on 
videokeratography and ultrasound pachymetry. Preop-
erative LASIK clinical data and topography were re-
quested from the referring physician or primary LASIK 
surgeon for analysis. Progression of the myopic refrac-
tive error with or without progression of the manifest 
astigmatism, decreasing uncorrected distance visual 
acuity (UDVA), loss of corrected distance visual acu-
ity (CDVA), progressive inferior corneal steepening on 
topography, and/or decreasing inferior corneal thick-
ness were fi ndings in all cases.

CLINICAL EXAMINATION
Each patient underwent manifest refraction as well 

as measurement of UDVA and CDVA, which was re-

corded in a 20-foot lane using high-contrast Snellen 
visual acuity testing. Cycloplegic refractions were 
performed using 1% tropicamide solution (Alcon 
Laboratories Inc, Ft Worth, Texas). Slit-lamp micros-
copy confi rmed the presence of a LASIK fl ap. Kera-
tometry readings were obtained by videokeratography 
(Topolyzer; WaveLight AG, Erlangen, Germany) and/or 
manual keratometry (model 71-21-35; Bausch & Lomb, 
Rochester, New York). Pachymetry was performed us-
ing at least one of the following devices/instruments: 
Pentacam (Oculus Optikgeräte GmbH, Wetzlar, Germany), 
Orbscan II (Bausch & Lomb), or EchoScan US-1800 
(NIDEK Co Ltd, Gamagori, Japan). Specular microscopy 
was performed using the Konan specular microscope 
(Konan Medical, Boston, Massachusetts). Topography 
was performed using the Orbscan II or Pentacam.

SURGICAL TECHNIQUE—THE ATHENS PROTOCOL
We have reported this technique in the management 

of keratoconus.9-11

Step 1. The (Partial, Spherically Corrected) 
Topography-guided Transepithelial PRK Technique. 
We devised this technique based on the proprietary 
WaveLight customized platform. As noted above, we 
previously described the use of the topography-guided 
platform with this device to normalize irregular cor-
neas as well as corneal ectasia. 

This customized excimer laser treatment is guided 
by topographic images and is different from wavefront-
guided treatments. It received CE mark for clinical use 
in the European Union in 2003; however, it has yet to 
receive US Food and Drug Administration approval.

This proprietary software utilizes topographic data 
from the linked topography device (Topolyzer). By 
default, it permits the consideration of eight topogra-
phies (of predetermined threshold accuracy), averages 
the data and enables the surgeon to adjust the desired 
postoperative cornea asphericity (chosen as zero in all 
cases), provides the option of including tilt correction 
(no tilt was chosen in all cases), as well as the adjust-
ment of sphere, cylinder, axis, and treatment zone (opti-
cal zone of 5.5 mm was chosen in all cases). The image of 
the planned surgery is generated by the laser software.

We used topography-guided PRK to normalize the 
cornea by reducing irregular astigmatism while treat-
ing part of the refractive error. To remove the minimum 
possible tissue, we decreased the effective optical zone 
diameter to 5.5 mm in all cases (compared to our usual 
treatment diameter of at least 6.5 mm in routine PRK 
and LASIK). We also planned ~70% treatment of cyl-
inder and sphere (up to 70%) so as not to exceed 50 µm
in planned stromal removal. We chose the value of 
50 µm as the maximum ablation depth effected, based 
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on our experience of treating irregular corneas with 
this platform.7-10

Following the placement of an aspirating lid specu-
lum (Rumex, St Petersburg, Florida), a 6.5-mm, 50-µm 
phototherapeutic keratectomy (PTK) was performed 
to remove the corneal epithelium. Partial topography-
guided PRK laser treatment was applied. A cellulose 
sponge soaked in mitomycin C (MMC) 0.02% solution 
was applied over the ablated tissue for 20 seconds fol-
lowed by irrigation with 10 mL of chilled balanced salt 
solution.

Step 2. Collagen CXL Procedure. For the next 10 
minutes, the proprietary 0.1% ribofl avin sodium phos-
phate ophthalmic solution (Priavision, Menlo Park, 
California) was applied topically every 2 minutes. The 
solution appeared to “soak” into the corneal stroma 
rapidly, as it was centrally devoid of Bowman layer. 
Following the initial ribofl avin administration, 4 di-
odes emitting UVA light of mean 370-nm wavelength 
(range: 365 to 375 nm) and 3 mW/cm2 radiance at 2.5 cm 
were projected onto the surface of the cornea for 30 
minutes (Keracure prototype device, Priavision). The 
Keracure device, which has a built-in beeper, alerts 
clinicians every 2 minutes during the 30-minute treat-
ment to install the ribofl avin solution in a timely fash-
ion. A bandage contact lens was placed on the cornea 
at the completion of the combined procedures.

Postoperatively, topical ofl oxacin (Ocufl ox 0.3%; 
Allergan Inc, Irvine, California) was used four times a 
day for the fi rst 10 days and prednisolone acetate 1% 
(Pred Forte, Allergan Inc) was used four times a day 
for 60 days. Protection from all natural light with sun-
glasses was encouraged, with administration of oral 
1000 mg vitamin C daily for 60 days postoperative. 
The bandage contact lens was removed at or around 
day 5 following complete re-epithelialization. 

EVALUATION
The following evaluations were completed before and 

after both treatments: age, sex, UDVA, CDVA, refrac-
tion, keratometry, tomography, pachymetry, endothe-
lial cell count, corneal haze on a scale of 0 to 4 (0=clear 
cornea, 1=mild haze, 2=moderate haze, 3=severe haze, 
and 4=reticular haze [obstructing iris anatomy]), and 
corneal ectasia stability as defi ned by stability in mean 
keratometry and tomography. 

CASE REPORTS 

CASE 1
A 39-year-old man had undergone LASIK in May 

2004 at another institution. At that time, according to 
patient history, UDVA was counting fi ngers in both 

eyes. Manifest refraction was "6.50 "0.50 # 020 
(20/20) in the right eye and "6.00 "0.50 # 165 (20/20) 
in the left eye. Preoperative keratometry and corneal 
thickness readings were not available. No surgical data 
were available. The patient achieved UDVA of 20/20 
in each eye, and reportedly plano refraction in both. In 
October 2005, he complained of progressively decreas-
ing vision in both eyes. At that time, UDVA was 20/50 
in the right eye and 20/40 in the left eye and he was 
told that “astigmatism was developing.”

The patient presented in March 2006, 26 months 
after LASIK, with a manifest refraction of $2.25 "1.75 
# 090 (20/20) in the right eye and "1.25 "0.75 # 010 
(20/20) in the left eye. Uncorrected distance visual acu-
ity was 20/40 in the right eye and 20/30 in the left eye. 
Keratometry was 38.75@90/35.62@180 in the right eye 
and 40.65@05/39.55@95 in the left eye. Central corneal 
thickness (measured with Pentacam and ultrasound) 
was 495 µm in the right eye and 505 µm in the left eye, 
respectively. A diagnosis of bilateral corneal ectasia 
was made. 

Because of the decrease in UDVA and the presence 
of corneal ectasia, the patient was informed of the risks, 
benefi ts, and alternatives of the combined topography-
guided PRK/CXL technique. This procedure was per-
formed on both eyes in January 2007, 32 months after 
LASIK. Based on the clinical manifest refraction of 
right ($2.25 "1.75 # 90 [20/20]) and left ("1.25 "0.50 
# 005 [20/20]) eyes, the attempted correction was re-
duced to $1.75 "1.50 # 90 and "0.75 "0.50 # 005 
for the right and left eyes, respectively. (The goal in 
the treatment was modifi ed to anticipate the possible 
long-term fl attening effect that CXL may have on these 
corneas.)

In February 2010, 37 months after topography-guided 
PRK/CXL, UDVA improved to 20/40 in the right eye and 
20/20 in the left eye with a manifest refraction of "0.75 
(20/20) in the right eye and $0.25 "0.25 # 95 (20/20) 
in the left eye. Keratometry was 37.50@85/36.62@175 
in the right eye and 37.75@79/37.87@169 in the left 
eye. Ultrasound pachymetry was 440 µm and 414 µm 
in the right and left eyes, respectively. Figure 1 demon-
strates the pre- and postoperative topographies of the 
right eye as well as the difference map after treatment 
with the Athens Protocol.

CASE 2
A 33-year-old woman reportedly had a manifest re-

fraction of "4.00 "2.50 # 90 (20/20) in the right eye 
and "1.50 "2.00 # 100 (20/20) in the left eye. No other 
preoperative data were available. The patient had a 
history of eye rubbing.

Sometime in 2002, the patient underwent bilateral 
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LASIK (the exact date is unknown and the surgical 
data were unavailable). Initially, the patient recov-
ered excellent UDVA, but in December 2005, approxi-
mately 3 years postoperatively, she presented with 
slowly decreasing vision in both eyes. At that time, 
UDVA was 20/800 in each eye. Manifest refraction 
was "10.50 "6.00 # 105 (20/40) in the right eye and 
"7.75 "2.50 # 110 (20/30) in the left eye. Central cor-
neal thickness measured by ultrasound was 395 µm
in the right eye and 410 µm in the left eye. Keratom-
etry was 52.87@103/46.12@13 in the right eye and 
47.12@111/45.00@021 in the left eye. Corneal topog-
raphy revealed bilateral corneal ectasia after LASIK, 
which was more pronounced in the right eye.

On December 19, 2005, !3 years after LASIK, the 
patient underwent topography-guided PRK/CXL in the 
right eye only, with no treatment in the left eye. At
this time, manifest refraction was "10.50 "6.00 # 105
(20/30) in the right eye and "7.75 "4.50 # 130 (20/40) 
in the left eye. In June 2007, 18 months after topog-
raphy-guided PRK/CXL, UDVA was 20/800 in each 
eye. Manifest refraction in the treated right eye had 

worsened to "12.00 "2.50 # 100 (20/40). Keratometry
was 48.00@29/47.30@119 in the right eye and 
47.87@20/46.20@110 in the left eye, and ultrasound 
pachymetry was 424 µm in the right eye and 388 µm in 
the left eye. Corneal topography revealed fl attening in 
the difference map in the right eye (Fig 2). The patient 
was unhappy with this result and is currently uncom-
fortable with her anisometropia. She decided not to 
proceed with treatment in the fellow eye because she 
was unconvinced she had benefi ted from the topogra-
phy-guided PRK/CXL procedure. She is currently wear-
ing rigid gas permeable contact lenses in both eyes.

CASE 3
A 26-year-old male helicopter pilot underwent 

LASIK in both eyes in June 2004. No operative data 
were available. The only data available from the initial 
LASIK procedure was that he had “about” "3.00 diop-
ters (D) of myopia in both eyes prior to LASIK. Uncor-
rected distance visual acuity during the initial 2 years 
after LASIK was “good” but then deteriorated in his 
right eye. He was subsequently diagnosed with corneal 

Figure 1. Case 1. Clinical course of the right eye. Topography on the left shows marked central inferior corneal steepening consistent with corneal 
ectasia. The center image shows the final topography 2 years after initial LASIK, which is flatter and normalized. The image on the right demonstrates 
the comparison between preoperative and postoperative.
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ectasia and was offered Intacs (Addition Technology 
Inc, Des Plaines, Illinois) or a corneal transplant.

He presented to our institution in September 2007, 
3 years after LASIK. Uncorrected distance visual acu-
ity was 20/40 in the right eye and 20/15 in the left eye. 
Manifest refraction was $1.50 "2.00 # 65 (20/20) in 

the right eye and plano (20/15) in the left eye. Kera-
tometry was 41.62@65/43.62@155 in the right eye and 
41.75/42.12@10 in the left eye. Central ultrasound 
pachymetry was 476 µm in the right eye and 490 µm 
in the left eye. 

On September 13, 2007, 39 months after LASIK, 

Figure 2. Case 2. Topography on the left 
shows marked inferior steepening before 
topography-guided PRK/CXL treatment. The 
topography on the right shows the same 
cornea 18 months after topography-guided 
PRK/CXL with marked flattening of the 
corneal ectasia and normalization of the 
cornea.

Figure 3. Case 3. Clinical course of the 
right eye. A) Topography 3 years after 
LASIK demonstrates irregular astigmatism 
and marked inferior corneal steepen-
ing. Uncorrected distance visual acu-
ity was 20/40 and corrected distance 
visual acuity was 20/20 with refraction 
of $1.50 "2.00 # 65. B) Topography 3 
months after topography-guided PRK/CXL 
procedure demonstrates a flatter and 
normalized cornea. Uncorrected distance 
visual acuity was 20/15. C) Topographic 
reproduction of the topography-guided 
PRK treatment plan with the WaveLight 
platform. This platform plans to remove 
tissue in an irregular fashion to normalize 
the corneal ectasia seen in Figure 3A. D) 
Comparison map, derived from subtract-
ing image B from A, represents the topo-
graphic difference in this case 3 months 
after the combined treatment. The para-
central flattening is self-explanatory, as 
the PRK and CXL have flattened the cone 
apex. The superior nasal arcuate flatten-
ing represents the actual part-hyperopic 
correction, which the topography-guided 
treatment has achieved, to accomplish 
steepening in the area central to this arc. 
Thus, the topography-guided treatment 
has normalized the ectatic cornea by flat-
tening the cone apex and at the same 
time by “steepening” the remainder of the 
central cornea.
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combined topography-guided PRK and immediate CXL 
was performed in the right eye for $0.50 "1.50 # 60.
The planned laser resection was 35 µm. Prior to treat-
ment, manifest refraction was $1.50 "2.00 # 65; we 
reduced the attempted sphere and cylinder, anticipat-
ing a subsequent fl attening effect of the sequential CXL 
procedure. Within 6 months, UDVA improved to 20/25 
and 24 months later in September 2009, UDVA im-
proved to 20/15 and the manifest refraction improved 
to plano "0.25 # 05 (20/10). Keratometry in the right 
eye was 43.00@97/43.25@07 and ultrasound pachym-
etry was 441 µm. The difference maps (Pentacam) 
before topography-guided PRK/CXL and 2 years post-
operative are shown in Figure 3. At 3-year follow-up, 
UDVA remains at 20/10.

As a result of the improvement and stability in 
visual function, this patient has joined the United 
States Air Force as a fi ghter pilot and is currently serv-
ing in active duty.

CASE 4
A 32-year-old woman underwent LASIK in both eyes 

in December 2006 for a refractive error of "3.75 D in 
the right eye and "4.00 D in the left eye. No other data 

were available in regard to the surgery. Her vision was 
good for 2 years and then started to deteriorate. The 
treating surgeon made the diagnosis of corneal ectasia 
after LASIK in December 2008.

The patient presented to our institution in January 
2009. Uncorrected distance visual acuity was 20/100 
in the right eye and 20/20-2 in the left eye. Corrected 
distance visual acuity was 20/30 with manifest refrac-
tion of "3.25 "3.25 # 45 in the right eye and 20/15 
with $0.50 "1.25 # 100 in the left eye. Keratometry 
was 46.70@156/44.10@66 and 39.75@155/41.75@65 
in the right and left eyes, respectively. Pachymetry 
readings were 419 µm and 460 µm in the right and 
left eyes, respectively. The diagnosis of corneal ectasia 
after LASIK was confi rmed by Pentacam in the right eye 
(Fig 4, left image). The patient was contact lens–intoler-
ant and opted to undergo topography-guided PRK/CXL 
despite the informed consent that the estimated residual 
corneal thickness would be 360 µm. This procedure was 
performed in February 2009 in the right eye.

The planned correction was "2.50 "2.50 # 45 after 
6-mm diameter, 50-µm depth PTK. After ablation, 
0.02% MMC in a moistened weck-cell sponge was 
used on the stroma for 20 seconds. In January 2010 

Figure 4. Case 4. Pentacam comparison of the right eye. The left column shows the data and topography before topography-guided PRK/CXL. The 
center column shows the postoperative data and topography. The right column shows the difference (pre- minus postoperative).
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(11 months following treatment), UDVA was 20/30, 
and CDVA was 20/20-1 with manifest refraction of 
"0.50 "0.75 # 141. Keratometry was 43.30 and 
42.70@103. Central corneal thickness was 330 µm. 
The pre- and postoperative difference map is shown in 
Figure 4. Endothelial cell count was unchanged at 20 
months (2600 cells/mm2 from 2650 cells/mm2 prior to 
application of the Athen’s protocol).

Optical coherence tomography (OCT) of the cen-
tral cornea in the right eye at 11 months postoperative 
shows hyper-refl ectivity of the anterior 2/3 of the cor-
nea (Fig 5) demonstrating the CXL effect, which we re-
ported previously when applying similar treatment in 
cases of keratoconus.10,11 The hyper-refl ective demar-
cation in the middle of the cornea in this case suggests 
a thick LASIK fl ap calculated to !200 µm by corneal 
OCT prior to application of the Athen’s protocol.

SUMMARY OF ALL CASES
A total of 32 eyes in 22 patients with corneal ectasia 

occurring 1 to 4 years after LASIK were treated. Preop-
erative LASIK data were not available in most cases. In 
the 5 patients who had available data, no irregularity 
on topography or tomography was noted and no other 
factor of the LASIK procedure was evaluated to be high 
risk (eg, thick fl ap, residual stromal bed %250 µm). 
All patients had documented progression of inferior 
steepening in topography and/or tomography maps. 
Patient age ranged from 23 to 66 years (mean: 32 years) 
with gender divided (women:men=11:11). The mean 
measurements representing values after corneal ecta-
sia were confi rmed and preoperative to our technique 
were as follows. Mean sphere was "7.50 D and mean 
preoperative astigmatism was "2.40 D in the 32 eyes. 
Mean preoperative to the original LASIK central corneal 
thickness was &525 µm in 25 of 32 eyes. The original 
LASIK laser resection data were unavailable in 27 
eyes, and fl ap thickness was assumed or calculated us-
ing corneal OCT (Optovue, Fremont, California). The 
mean residual stromal thickness was 285 µm (range: 
210 to 355 µm). Of all 32 ectasia cases, 15 were thought 

to have resulted from thicker than planned fl aps (mean 
residual stromal bed 230 µm), 10 showed signs of corneal 
irregularity on preoperative LASIK topography, and 7 
had no recognizable risk factor for the development of 
corneal ectasia. 

All topography-guided PRK procedures were planned 
to reduce corneal thickness by a maximum of 50 µm, de-
spite the existing refractive error, to avoid exacerbation 
of the ectasia. Most patients (19 patients, 25 eyes) com-
plained of signifi cant pain the fi rst postoperative night 
whereas others reported minimal discomfort. Mean 
follow-up after the procedure was 27 months. 

Uncorrected distance visual acuity improved in 27 
eyes, was unchanged in 4 eyes, and worsened in 1 eye; 
it was 20/30 or better ($0.18 logMAR) in 11 of 32 eyes 
and 20/60 or worse ($0.47 logMAR) in 2 eyes. Corrected 
distance visual acuity was 20/40 or better ($0.30 
logMAR) in 27 of 32 eyes and 20/25 or better ($0.10 
logMAR) in 14 eyes.

Mean refractive error decreased by more than 2.50 D 
in 27 of 32 eyes, appeared to increase by 0.75 D in 3 
eyes, and remained stable in 2 eyes. Mean fi nal spheri-
cal equivalent refraction was "1.75 D, indicating the 
reduction of cornea irregularity was the target and not 
emmetropia. 

DISCUSSION
Topography-guided PRK fl attens some of the cone 

apex (in a fashion similar to an eccentric partial myo-
pic PRK) but simultaneously fl attens an arcuate, broader 
area of the cornea away from the cone, usually in the 
superior nasal periphery; this ablation pattern (see Fig 
3C) resembles part of a hyperopic treatment and thus 
will cause some amount of steepening or elevation ad-
jacent to the cone, effectively normalizing the cornea. 
We have introduced this concept as an effective tissue-
sparing ablation pattern in highly irregular corneas 
such as ectasia in keratoconus.12 It is this core concept 
in the topography-guided PRK treatment that makes it, 
in our opinion, more therapeutic than refractive. We 
have reported7-10 that in theory, the new “fl atter” and 

Figure 5. Case 4. Optical coherence 
tomography of the central cornea in the 
right eye 11 months after topography-
guided PRK/CXL. The hyper-reflectivity of 
the anterior 2/3 of the cornea suggests (as 
reported previously10) the CXL effect (yellow 
arrows). The hyper-reflective demarcation 
in the middle of the cornea (white arrows) 
suggests a thick LASIK flap calculated to 
!200 µm.
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less irregular corneal shape may perform better biome-
chanically in eyes with corneal ectasia. Specifi cally, as 
the corneal apex becomes a fl atter and “broader” cone 
(see Figs 3A and 3B), this may redistribute the biome-
chanical strain from the eye’s intraocular pressure and 
other external factors (eg, eye rubbing, blinking, etc). 
This effect may be further enhanced with additional 
collagen CXL strengthening. 

Same-day simultaneous topography-guided PRK and 
CXL has several advantages: 1) the combination reduces 
the patient’s time away from work, 2) performing both 
procedures at the same time with topography-guided 
PRK appears to minimize the potential superfi cial stro-
mal scarring resulting from topography-guided PRK (un-
published observations, December 2005), and 3) when 
topography-guided PRK is performed following the CXL 
procedure, some of the cross-linked anterior cornea is 
removed, minimizing the potential benefi t of CXL (un-
published observations, December 2005). We believe it 
may be counterintuitive to remove the cross-linked tis-
sue with topography-guided PRK at a later time, as we 
are potentially removing a benefi cial layer of the stiffer, 
cross-linked cornea, which helps maintain the normal-
ized corneal shape. Lastly, 4) by removing the Bowman 
layer with topography-guided PRK, this may facilitate 
ribofl avin solution penetration in the corneal stroma 
and less “shielding” of UVA light in its passage through 
the cornea, resulting in more effective CXL.

Although a patient with corneal ectasia can have an 
improved visual result with the addition of the topogra-
phy-guided PRK, completely removing signifi cant refrac-
tive errors was not our goal. We have placed an arbitrary 
“ceiling” of 50 µm to the amount of tissue that we safely 
removed centrally, anticipating that further thinning 
might destabilize the cornea’s biomechanical integrity, 
even following the “stiffening” effect of CXL.

It should be noted that the proprietary ribofl avin 
solution used was a slightly hypotonic (340 mOsm) 
formulation, resulting in slight “swelling” of the cor-
nea intraoperatively (during CXL). This restored the 
corneal thickness to approximately 400 µm during 
CXL to protect the corneal endothelium; we did not 
encounter any corneal endothelial decompensation in 
any of the eyes studied herein despite treating cases 
with corneal thickness less than the theoretical limit 
of 400 µm13 prior to CXL (case 4).

In addition, the laser treatment was applied with 
caution, as the refractive effect of CXL (corneal fl atten-
ing) had to be anticipated. For this reason, we elected 
to always attempt a signifi cant undercorrection of both 
sphere and cylinder by at least 30%. At a later time, we 
hope to more accurately determine the new ablation 
rate of CXL stroma. 

Simultaneous topography-guided PRK and CXL ap-
pears to be effective in the rehabilitation of corneal 
ectasia after LASIK. The reality of the effi cacy of this 
treatment has been the reduction of penetrating kera-
toplasty cases performed for the indication of kerato-
conus and corneal ectasia after LASIK in our practice 
over the past 4 years. The same-day, simultaneous 
topography-guided PRK and CXL procedure was easy 
to perform, but in some cases, the central epithelial 
surface took up to 1 month to regularize and become 
lucent. It took from 1 to 4 weeks for us to detect stable 
changes in keratometry and topography, which seemed 
to match the visual and refractive changes. 

The main goal for all refractive surgeons is to try to 
eliminate or at least signifi cantly reduce the number of 
eyes developing corneal ectasia after PRK and LASIK. 
In some eyes, a preexisting condition that may lead to 
corneal ectasia with either PRK or LASIK may not be 
able to be detected, but by eliminating eyes with ab-
normal preoperative topography and leaving corneas 
with the maximum clinically acceptable residual stro-
mal thickness, we will be able to reduce the number of 
eyes that develop corneal ectasia. 

Our fi ndings suggest potentially promising results 
with same-day, simultaneous topography-guided PRK 
and collagen CXL as a therapeutic intervention in 
highly irregular corneas with progressive corneal ecta-
sia after LASIK. We have reported herein effective CXL 
treatment in cases with minimal corneal thickness 
%350 µm. Our study demonstrates that we now have 
another means of improving the visual and refractive 
results of a devastating complication while avoiding or 
delaying penetrating keratoplasty.
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O R I G I N A L  A R T I C L E

eratoconus is a degenerative bilateral, noninflam-
matory disorder characterized by ectasia, thinning, 
and irregular corneal topography.1 The disorder 

usually has onset at puberty and often progresses until the 
third decade of life, may manifest asymmetrically in the two 
eyes of the same patient, and can present with unpredictable 
visual acuity, particularly in relation to corneal irregularities.2 
One of the acceptable options3 for progressive keratoconus 
management is corneal collagen cross-linking (CXL) with ri-
boflavin and ultraviolet-A.4

To further improve the topographic and refractive out-
comes, CXL can be combined with customized anterior sur-
face normalization.5-7 Our team has developed a procedure8,9 
we have termed the Athens Protocol,10 involving sequentially 
excimer laser epithelial debridement (50 µm), partial topog-
raphy-guided excimer laser stromal ablation, and high-flu-
ence ultraviolet-A irradiation (10 mW/cm2), accelerated (10’, 
or minutes) CXL. Early results11 and anterior segment optical 
coherence tomography quantitative findings12 are indicative 
of the long-term stability of the procedure.

Detailed studies on postoperative visual rehabilitation and 
anterior surface topographic changes by such combined CXL 
procedures are rare,13-16 particularly those reporting results 
longer than 1 year. This study aims to investigate safety and 
efficacy of the Athens Protocol procedure by analysis of long-
term (3-year) refractive, topographic, pachymetric, and visual 
rehabilitation changes on clinical keratoconus management 
with the Athens Protocol in a large number of cases.

PATIENTS AND METHODS
This clinical study received approval by the Ethics Commit-

tee of our Institution and adhered to the tenets of the Declaration 

KABSTRACT

PURPOSE: To investigate refractive, topometric, pachy-
metric, and visual rehabilitation changes induced by an-
terior surface normalization for keratoconus by partial 
topography-guided excimer laser ablation in conjunction 
with accelerated, high-fluence cross-linking.

METHODS: Two hundred thirty-one keratoconic cases 
subjected to the Athens Protocol procedure were stud-
ied for visual acuity, keratometry, pachymetry, and an-
terior surface irregularity indices up to 3 years postop-
eratively by Scheimpflug imaging (Oculus Optikgeräte 
GmbH, Wetzlar, Germany). 

RESULTS: Mean visual acuity changes at 3 years 
postoperatively were +0.38 ± 0.31 (range: -0.34 
to +1.10) for uncorrected distance visual acuity and 
+0.20 ± 0.21 (range: -0.32 to +0.90) for corrected 
distance visual acuity. Mean K1 (flat meridian) kerato-
metric values were 46.56 ± 3.83 diopters (D) (range: 
39.75 to 58.30 D) preoperatively, 44.44 ± 3.97 D 
(range: 36.10 to 55.50 D) 1 month postoperatively, 
and 43.22 ± 3.80 D (range: 36.00 to 53.70 D) up to 
3 years postoperatively. The average Index of Surface 
Variance was 98.48 ± 43.47 (range: 17 to 208) pre-
operatively and 76.80 ± 38.41 (range: 7 to 190) up 
to 3 years postoperatively. The average Index of Height 
Decentration was 0.091 ± 0.053 µm (range: 0.006 
to 0.275 µm) preoperatively and 0.057 ± 0.040 µm 
(range: 0.001 to 0.208 µm) up to 3 years postopera-
tively. Mean thinnest corneal thickness was 451.91 
± 40.02 µm (range: 297 to 547 µm) preoperatively, 
353.95 ± 53.90 µm (range: 196 to 480 µm) 1 month 
postoperatively, and 370.52 ± 58.21 µm (range: 218 
to 500 µm) up to 3 years postoperatively. 

CONCLUSIONS: The Athens Protocol to arrest keratec-
tasia progression and improve corneal regularity dem-
onstrates safe and effective results as a keratoconus 
management option. Progressive potential for long-term 
flattening validates using caution in the surface normal-
ization to avoid overcorrection.

[J Refract Surg. 2014;30(2):88-92.]
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of Helsinki. Written informed consent was obtained from 
each participant at the time of the intervention or the first 
clinical visit.

PATIENT INCLUSION CRITERIA
Two hundred thirty-one consecutive keratoconic 

cases subjected to the Athens Protocol procedure be-
tween 2008 and 2010 were investigated. All proce-
dures were performed by the same surgeon (AJK) us-
ing the Alcon/WaveLight 400 Hz Eye-Q17 or the EX500 
excimer lasers.18 Inclusion criteria were clinical di-
agnosis of progressive keratoconus, minimum age of 
17 years, and corneal thickness of at least 300 µm. All 
participants completed an uneventful Athens Protocol 
procedure and all 231 eyes were observed for up to 3 
years. Exclusion criteria were systemic disease, previ-
ous eye surgery, chemical injury or delayed epithelial 
healing, and pregnancy or lactation (female patients).

MEASUREMENTS AND ANALYSIS
Postoperative evaluation included uncorrected dis-

tance visual acuity (UDVA), manifest refraction, cor-
rected distance visual acuity (CDVA) with this refrac-
tion, and slit-lamp biomicroscopy for clinical signs of 
CXL.12 For the quantitative assessment of the induced 
corneal changes, postoperative evaluation was per-
formed by a Pentacam Scheimpflug imaging device 
(Oculyzer II, WavLight AG, Erlangen, Germany)19 and 
processed via Examination Software (Version 1.17r47). 
Specific anterior surface irregularity indices provided 
by the Scheimpflug imaging analysis were evaluated 
in addition to keratometric and pachymetric values. 
These indices are employed in grading and classifica-
tion based on the Amsler and Krumeich criteria.20,21 
These are the Index of Surface Variance, an expression 
of anterior surface curvature irregularity, and the In-
dex of Height Decentration, calculated with Fourier 
analysis of corneal height (expressed in microns) to 

quantify the degree of cone decentration.22 Index of 
Surface Variance and Index of Height Decentration 
were computed for the 8-mm diameter zone.

Descriptive and comparative statistics, analysis of 
variance, and linear regression were performed by 
Minitab version 16.2.3 (MiniTab Ltd., Coventry, UK) 
and Origin Lab version 9 (OriginLab Corp., Northamp-
ton, MA). Paired analysis P values less than .05 were 
considered statistically significant. Visual acuity is re-
ported decimally and keratometry in diopters (D). Re-
sults are reported as mean ± standard deviation and 
range as minimum to maximum.

RESULTS
The 231 eyes enrolled belonged to 84 female and 147 

male participants. Mean participant age at the time of 
the operation was 30.1 ± 7.5 years (range: 17 to 57 years). 
All eyes were followed up to the 3-year follow-up.

VISUAL ACUITY CHANGES
Table 1 presents preoperative and postoperative 

UDVA and CDVA. UDVA increased by +0.38 ± 0.31 
(range: -0.34 to +1.10) and CDVA by +0.20 ± 0.21 (range: 
-0.32 to +0.90). Figure 1 illustrates, in the form of box 
plots, visual acuity gained or lost 3 years postopera-
tively. These graphs (the 95% median confidence range 
box) indicate that 95% of the cases had at least +0.1 in-
crease in UDVA and 95% had positive change in CDVA.

KERATOMETRIC AND ANTERIOR SURFACE INDICES 
PROGRESSION

Anterior keratometry continued to flatten over the 
3-year follow-up (Figure 2). Descriptive statistics for 
anterior keratometry, preoperatively and postopera-
tively, are presented in Table A (available in the online 
version of this article).

The values for the Index of Surface Variance 
and the Index of Height Decentration continued to 

TABLE 1
Visual Acuity Data (N = 231 Eyes)a 

Postoperative
Value Preop 1 Month 3 Months 6 Months 12 Months 24 Months 36 Months
UDVA
  Average 0.18 0.42 0.49 0.55 0.57 0.59 0.59
  SD (±) ±0.20 ±0.27 ±0.29 ±0.29 ±0.28 ±0.28 ±0.28
  Gain/loss n/a +0.23 +0.30 +0.36 +0.36 +0.39 +0.38
CDVA
  Average 0.62 0.69 0.76 0.80 0.81 0.82 0.82
  SD (±) ±0.23 ±0.22 ±0.20 ±0.20 ±0.19 ±0.19 ±0.19
  Gain/loss n/a +0.07 +0.14 +0.18 +0.18 +0.19 +0.20

preop = preoperative; UDVA = uncorrected distance visual acuity; SD = standard deviation; n/a = not applicable; CDVA = corrected distance visual acuity 

aExpressed as the difference of postoperative minus preoperative values (gain/loss). Units are decimal.
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decrease over time (Figure 3, Table B, available in 
the online version of this article).

PACHYMETRIC PROGRESSION
The thinnest corneal decreased as a result of ex-

cimer laser ablation but then stabilized over time with-
out additional thinning  (Table 2).

DISCUSSION
Many reports describe the effects of CXL with or 

without same-session excimer laser ablation corneal 
normalization.3 There is general consensus that the in-
tervention strengthens the cornea, helps arrest the ec-
tasia progression, and improves corneal keratometric 
values, refraction, and visual acuity.

The key question is the long-term stability of these in-
duced changes. For example, is the cornea ‘inactive’ after 

the intervention and, if not, is there steepening or flatten-
ing and/or thickening or thinning? These issues are even 
more applicable in the case of the Athens Protocol, due 
to the partial corneal surface ablation. Ablating a thin, 
ectatic cornea may sound unorthodox. However, the goal 
of the topography-guided ablation is to normalize the an-
terior cornea and thus help improve visual rehabilitation 
to a step beyond that a simple CXL would provide.

This study aims to address some of the above issues. 
The large sample and follow-up time permit sensitive 
analysis with confident conclusion of postoperative ef-
ficacy. We monitored visual acuity changes and for the 
quantitative assessment we chose to standardize on one 
Scheimpflug screening device and to focus on key pa-
rameters of visual acuity, keratometry, pachymetry, and 
anterior surface indices.23 All of these parameters reflect 
changes induced by the procedure and describe postoper-
ative progression. However, variations in the two anterior 
surface indices (Index of Surface Variance and Index of 
Height Decentration) may provide a more valid analysis 
than keratometry and visual function.24 Our results indi-
cate that the apparent disadvantage of thinning the cornea 
is balanced by a documented long-term rehabilitating im-
provement and synergy from the CXL component.

VISUAL ACUITY CHANGES
Based on our results, the Athens Protocol appears 

to result in postoperative improvement in both UDVA 
and CDVA. Average gain/loss in visual acuity was con-
sistently positive, starting from the first postoperative 
month, with gradual and continuous improvement to-
ward the 3-year visit. These visual rehabilitation im-
provements appear to be superior to those reported in 
cases of simple CXL treatment.25

However, it is noted that the visual acuity presented 
with large variations. The standard deviation of UDVA 

Figure 1. Change (gain/loss) in visual acuity, expressed as the differ-
ence of postoperative minus preoperative values (expressed decimally), 
showing median level (indicated by (+), average symbol (x), 95% median 
confidence range box (red borderline boxes), and interquartile intervals 
range box (black borderline boxes).

Figure 2. Anterior keratometry (K1 flat and K2 steep) as measured by the 
Scheimpflug device (Oculyzer II, WavLight AG, Erlangen, Germany) preop-
eratively up to 3 years postoperatively. All units in keratometric diopters (D).

Figure 3. Anterior surface topometric indices Index of Surface Variance 
(no units) and Index of Height Decentration (units µm) as measured by the 
Scheimpflug imaging device (Oculyzer II, WavLight AG, Erlangen, Germany) 
preoperatively, 1 month postoperatively, and up to 36 months postoperatively.
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was ±0.20 preoperatively and ±0.28 postoperatively. 
Likewise, the standard deviation of CDVA was ±0.23 
preoperatively and ±0.20 postoperatively. 

We theorize that the reason for visual acuity in kera-
toconic cases having such large fluctuations (and often 
being unexpectedly good) can be attributed to a ‘mul-
tifocal’ and ‘soft’ (ie, adaptable) cornea, in addition to 
advanced neural processing in the individual visual 
system. However, these ‘advantages’ are essentially ne-
gated with CXL treatment, which stiffens the cornea. 
Over time, possibly due to further topography improve-
ment and adaptation to the partially normalized cornea, 
a noteworthy improvement in visual acuity is observed.

KERATOMETRIC AND ANTERIOR SURFACE INDICES 
PROGRESSION

After the 1-month visit, keratometric values are re-
duced. This progressive potential for long-term flatten-
ing has been clinically observed in many cases over at 
least 10 years. Peer-reviewed reports on this matter have 
been rare and only recent.26,27

The two anterior surface indices, Index of Surface 
Variance and Index of Height Decentration, also dem-
onstrated postoperative improvement. A smaller value 
is indication of corneal normalization (lower Index 
of Surface Variance, less irregular surface, lower In-
dex of Height Decentration, cone less steep and more 
central). These changes are therefore suggestive of 
corneal topography improvement, in agreement with 
other smaller sample studies.13 Such changes in Index 
of Surface Variance and Index of Height Decentration 
have been reported only recently.28 

The initial more ‘drastic’ change of the Index of 
Height Decentration can be justified by the chief objec-
tive of surface normalization, cone centering,6 which is 
noted even by the first month. The subsequent surface 
normalization, as also indicated by keratometric flat-
tening, suggests further anterior surface improvement. 

PACHYMETRIC PROGRESSION
As expected by the fact that Athens Protocol in-

cludes a partial stromal excimer ablation, there is 

reduction of postoperative corneal thickness, mani-
fested by the thinnest corneal thickness. What seemed 
to be a ‘surprising’ result is that the cornea appears to 
rebound, by gradually thickening, up to 3 years post-
operatively. Postoperative corneal thickening after 
the 1-month ‘lowest thickness baseline’ has also been 
discussed recently.29,30 In another report,31 the lowest 
thinnest corneal thickness was noted at the 3-month 
interval. In that study of 82 eyes treated only with 
CXL, the average cornea thickened by +24 µm after 1 
year compared to the 3-month baseline. In our study of 
212 eyes treated with the Athens Protocol procedure, 
the cornea thickening rate after the baseline first post-
operative month was approximately half (+12 µm over 
the first year), in agreement with a recent publication.29

Therefore, it is possible that stromal changes ini-
tiated by the CXL procedure are not just effective in 
halting ectasia, but are prompting corneal surface 
flattening and thickening, which appears to be longer 
lasting than anticipated.

We note, however, that CXL alone results not just in 
corneal reshaping, but also in stromal density and refrac-
tive index, both possibly influencing the reported thick-
ness by the Scheimpflug device. Therefore, true corneal 
thickness differences may not be accurately explored by 
Scheimpflug imaging due to the principle of operation 
(densitometry), which has been our clinical experience 
with abnormal density corneas (ie, corneal scars or ar-
cus senilis corneas). Further studies of corneal thickness 
chances by modalities, such as anterior segment optical 
coherence tomography, which currently also measure 
epithelial thickness,32 may be warranted. In addition, cor-
neal biomechanical analysis and corneal volume studies 
may be necessary to further validate such findings.

Our study indicates a significant improvement in all 
parameters studied. The changes induced by the pro-
cedure indicate a consistent trend toward improved 
visual rehabilitation, corneal flattening (validating ec-
tasia arrest), and anterior surface improvement. The 
Athens Protocol procedure demonstrates impressive 
refractive, keratometric, and topometric results. Pro-
gressive potential for long-term flattening documented 

TABLE 2
Thinnest Corneal Thickness Measured by the Scheimpflug Device (N = 231 Eyes) (µm)

Postoperative
Value Preoperative 1 Month 3 Months 6 Months 12 Months 24 Months 36 Months
Average 451.91 353.95 356.67 364.92 367.15 370.52 370.52
SD ±40.02 ±53.90 ±56.41 ±53.64 ±55.70 ±57.84 ±58.21
Maximum 547 480 501 501 490 500 500
Minimum 297 196 179 220 216 218 218

SD = standard deviation
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in this study suggests employment of caution in the 
surface normalization process to avoid overcorrection.
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TABLE A
Anterior Keratometry (K) Measured by the Scheimpflug Device (N = 231 Eyes)a

Postoperative

Value Preop 1 Month 3 Months 6 Months 12 Months 24 Months 36 Months

K1 (flat)

  Average 46.56 44.44 43.99 43.73 43.54 43.35 43.22

  SD ±3.83 ±3.97 ±3.86 ±3.76 ±3.73 ±3.74 ±3.80

  Maximum 58.30 55.50 53.75 53.70 53.70 53.70 53.70

  Minimum 39.75 36.10 36.10 36.10 36.10 36.10 36.00

K2 (steep)

  Average 50.71 47.61 47.03 46.84 46.63 46.44 46.30

  SD ±5.14 ±5.15 ±4.99 ±4.92 ±4.91 ±4.88 ±4.91

  Maximum 66.62 62.75 61.25 60.25 60.00 60.00 60.00

  Minimum 42.60 38.00 37.90 37.90 37.90 37.90 37.20

preop = preoperative; SD = standard deviation 
aAll units in keratometric diopters (D).

TABLE B
Anterior Surface Topometric Indices and Postoperative Progression (N = 231 Eyes)

Postoperative

Value Preoperative 1 Month 3 Months 6 Months 12 Months 24 Months 36 Months

Index of Surface Variance

  Average 98.48 83.08 81.08 79.51 78.19 77.22 76.80

  SD ±43.47 ±38.73 ±38.13 ±37.79 ±38.04 ±38.28 ±38.41

  Maximum 208 190 190 190 190 190 190

  Minimum 17 18 17 16 15 14 7

Index of Height Decentration (µm)

  Average 0.091 0.063 0.061 0.059 0.058 0.058 0.057

  SD ±0.053 ±0.041 ±0.040 ±0.040 ±0.040 ±0.040 ±0.040

  Maximum 0.275 0.208 0.208 0.208 0.208 0.208 0.208

  Minimum 0.006 0.001 0.001 0.001 0.001 0.001 0.001

SD = standard deviation
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O R I G I N A L  A R T I C L E

Corneal Refractive Power and Symmetry Changes 
Following Normalization of Ectasias Treated With 
Partial Topography-Guided PTK Combined With 
Higher-Fluence CXL (The Athens Protocol)
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To investigate preoperative and postopera-
tive anterior and posterior keratometry and simulated 
corneal astigmatism in keratoconic eyes treated with 
collagen cross-linking combined with anterior surface 
normalization by partial topography-guided excimer ab-
lation (the Athens Protocol).

METHODS: Anterior and posterior corneal keratom-
etry were measured by Scheimpflug imaging for 267 
untreated keratoconic eyes. Following treatment, they 
were assessed 1 year postoperatively.

RESULTS: Before treatment, average anterior kerato-
metric value was 47.06 ± 6.02 diopters (D) for flat 
and 51.24 ± 6.75 D for steep. The posterior kerato-
metric values were -6.70 ± 0.99 D (flat) and -7.67 
± 1.15 D (steep). Anterior astigmatism was on aver-
age with-the-rule (-1.97 ± 6.21 D), whereas posterior 
astigmatism was against-the-rule (+0.53 ± 1.02 D). 
The posterior and anterior astigmatism were highly cor-
related (r2 = 0.839). After treatment, anterior kerato-
metric values were 43.97 ± 5.81 D (flat) and 46.55 
± 6.82 D (steep). Posterior keratometric values were 
-6.58 ± 1.05 D (flat) and -7.69 ± 1.22 D (steep). An-
terior astigmatism was on average with-the-rule (-1.56 
± 3.80 D), whereas posterior astigmatism was against-
the-rule (+0.45 ± 1.29 D). The statistically significant 
(P < .05) keratometric changes indicated anterior sur-
face flattening -3.09 ± 2.67 D (flat) and -4.19 ± 2.96 
D (steep). The posterior keratometric changes were not 
statistically significant (P > .05).

CONCLUSIONS: Before treatment, there was a strong 
correlation between posterior and anterior corneal astig-
matism. After treatment, statistically significant anterior 
keratometric values flattened. The posterior surface 
keratometric values did not demonstrate statistically 
significant postoperative change: there was minimal 
posterior change, despite the significant anterior sur-
face normalization.

[J Refract Surg. 2014;30(5):342-346.]

eratoconus assessment employs indicators such as 
keratometric values, inferior-superior index, skew 
percentage, astigmatism, and the KISA% index.1 

Acceptable quantitative keratometric criteria include cen-
tral corneal refractive power larger than 47.2 diopters (D), 
inferior-superior dioptric asymmetry larger than 1.2 D, and 
simulated astigmatism, expressed as the difference between 
steep and flat keratometric values greater than 1.5 D.2 The 
steep and flat meridian keratometric values correspond to 
the smaller and larger anterior corneal curvature radius, 
respectively.

Corneal cross-linking (CXL) is an in vivo intrastromal pho-
to-oxidative technique with riboflavin and ultraviolet-A light 
aiming to address the advancing corneal ectasia and, conse-
quently, the keratoconus progression. With CXL, additional 
covalent bonding between stromal collagen can be achieved, 
which stabilizes the collagen framework structure.3 The re-
modeling effects of CXL on the cornea can be described by 
the reduction of mean anterior surface keratometric values.4 
Few studies have been published on the quantitative link be-
tween anterior and posterior keratometric values in kerato-
conic eyes or particularly on the postoperative effects of CXL 
on either corneal surface.

This study aims to investigate the distribution of and rela-
tionship between anterior and posterior corneal keratometric 
values and simulated anterior and posterior astigmatism on 
a large group of clinically diagnosed, untreated keratoconic 
eyes, and the 1-year postoperative effects on both anterior 
and posterior keratometric values and astigmatism induced 
by a combined procedure known as the Athens Protocol,5,6 
which intends to arrest the keratoconus progression and nor-
malize the anterior corneal surface.

From Laservision.gr Eye Institute, Athens, Greece (AJK, GA); and New York 
University School of Medicine, New York, New York (AJK).

Submitted: July 22, 2013; Accepted: January 16, 2014; Posted online: May 2, 
2014

The authors have no financial or proprietary interest in the materials pre-
sented herein.

Correspondence: Anastasios John Kanellopoulos, MD, Laservision.gr Eye 
Institute, 17 Tsocha str, Athens 11521, Greece. E-mail: ajk@brilliantvision.com

doi:10.3928/1081597X-20140416-03

K



343Journal of Refractive Surgery

Corneal Refractive Power and Symmetry Changes/Kanellopoulos & Asimellis

PATIENTS AND METHODS
This study was performed in patients visiting our 

clinical practice and which received approval by the 
ethics committee of our institution and adhered to the 
tenets of the Declaration of Helsinki. Informed written 
consent was obtained from all patients at the time of 
the first clinical visit.

INCLUSION CRITERIA AND SURGICAL TECHNIQUE
The study group consisted of 267 eyes. Patients’ ages 

at the time of the screening ranged from 19 to 57 years. 
Each patient received a complete ocular examination, 
including subjective refraction, visual acuity, and slit-
lamp biomicroscopy for clinical signs of keratoconus. 
Inclusion criteria included definite findings consistent 
with keratoconus, described by the Collaborative Lon-
gitudinal Evaluation of Keratoconus group.7 Exclusion 
criteria included systemic disease, previous corneal 
surgery, history of chemical injury or delayed epitheli-
al healing, and pregnancy or lactation (female patients) 
during the study.

The same cases received treatment with the Athens 
Protocol,8 which involved excimer laser epithelial de-
bridement (50 µm), partial (maximum ablation 80 µm) 
topography-guided excimer laser stromal ablation, and 
high-fluence ultraviolet-A irradiation (10 mW/cm2), 
accelerated (10’) CXL performed with the Avedro KXL 
System (Avedro, Inc., Waltham, MA). The Athens Pro-
tocol treatments employed the Oculyzer II (WaveLight 
AG, Erlagen, Germany)9,10 for corneal topography im-
aging. The Oculyzer II is a high-resolution Pentacam 
Scheimpflug imaging rotating camera (Oculus Optik-
geräte GmbH, Wetzlar, Germany) incorporated by a 
proprietary network in the WaveLight Refractive Suite 
(WaveLight AG)11 to provide corneal elevation data to 
the excimer laser, namely the EX500 (Alcon Laborato-
ries, Fort Worth, TX).

For a patient to be considered for the Athens Proto-
col procedure, the criteria included clinical diagnosis 
of progressive keratoconus, minimum age of 18 years, 
and 300-µm minimum corneal thickness. Further de-
tails of the Athens Protocol procedure have been pub-
lished.12,13 All patients were observed at 1 week and 1, 
3, 6, and 12 months postoperatively, and on an annual 
basis thereafter. The corneal data reported in this study 
after treatment comprised measurements obtained at 
the 12-month postoperative visit. 

IMAGING, MEASUREMENT, AND ANALYSIS
The Scheimpflug camera (Oculyzer II) was regularly 

calibrated according to manufacturer recommenda-
tions. The measurements were obtained and processed 
via the Examination Software (Version 1.17r47; Wave-

Light AG). The default settings and 25 images per sin-
gle acquisition were implemented. Keratometric and 
simulated astigmatism data were obtained with the 
best fit toric ellipsoid reference surface.

Linear regression analysis was performed to seek 
possible correlations. Descriptive and comparative sta-
tistics and analysis of variance were performed with 
statistics tools provided by Minitab version 16.2.3. 
(MiniTab Ltd., Coventry, UK) and Origin Lab version 
9 (OriginLab Corp, Northampton, MA). A P value less 
than .05 was considered statistically significant.

RESULTS
The sample consisted of 267 eyes (82 female and 

185 male). There was preponderance toward male gen-
der, consistent with our clinical experience in male-
to-female incidence in keratoconic patients14 and 
keratoconus incidence studies.15 Of the 267 eyes, 140 
were right eyes and 127 were left eyes. The average 
age for all patients at the time of the procedure was 
30.80 ± 7.25 years (range: 19 to 57 years). The aver-
age preoperative corrected distance visual acuity was 
20/32, ranging from 20/200 to 20/20 (0.628 ± 0.241). 
One year postoperatively, average corrected distance 
visual acuity was 20/25, ranging from 20/100 to 20/16 
(0.762 ± 0.225).

ANTERIOR AND POSTERIOR KERATOMETRY AND CORNEAL 
ASTIGMATISM BEFORE TREATMENT

Average, standard deviation, and maximum and 
minimum anterior and posterior central corneal sur-
face keratometric values before and after treatment 
with the Athens Protocol are reported in Table 1.

The astigmatism sign is dependent on the flat me-
ridian horizontal or vertical orientation: the sign is 
considered positive if the flat meridian orientation is 
between +45° and +135°, which is called “against-the-
rule,” whereas it is considered negative if between -45° 
and +45°, which is called “with-the-rule.”

After treatment, the resulting anterior astigmatism 
was on average with-the-rule, whereas the posterior 
astigmatism was against-the-rule (Figure 1). Paired 
analysis of the differences regarding astigmatism 
change indicated a P value of .067 for the anterior sur-
face and .358 for the posterior surface.

KERATOMETRIC CHANGES AND ANALYSIS
Figure 1 illustrates the correlation between poste-

rior versus anterior astigmatism in the form of scat-
ter and fitted line plots with 95% confidence intervals 
and 95% prediction intervals before and after treat-
ment. Before treatment, the coefficient of determina-
tion (r2) was 0.839 with a P value less than .001. After 



344 Copyright © SLACK Incorporated

Corneal Refractive Power and Symmetry Changes/Kanellopoulos & Asimellis

treatment, r2 was 0.407 and P value less than .001 
(Table 2).

Data analysis indicates that the mean of the paired 
differences regarding the flat anterior keratometric val-

ues was reduced (flattened) postoperatively by -3.09 
± 2.69 D, or -6.56%, and was statistically significant 
(P < .05) (Table 2). The uncertainty associated with esti-
mating the difference from sample data indicated, with 
a 95% confidence interval, that the true difference was 
between -2.76 and -3.41 D. The steep anterior keratomet-
ric values showed a postoperative flattening by -4.19 ± 
2.96 D, or -8.19%, again statistically significant (P < .05). 
The true 95% difference was between -3.84 and -4.55 D.

The mean of the paired differences regarding the 
flat posterior keratometric values showed an increase 
of +0.12 ± 0.61 D, or -1.76% (considering the negative 
sign of the posterior keratometric values). The 95% 
true difference was between -0.191 and -0.0449 D. 
The analysis for the steep posterior keratometric val-
ues showed a postoperative change of -0.02 ± 0.55 D 
or +0.04% (95% true difference between -0.0485 and 
+0.0829 D). These differences were not statistically 
significant (flat P = .135, steep P = .606). 

DISCUSSION
In this study, a rotating Scheimpflug camera was 

employed to measure both the anterior and posterior 
corneal curvature in a large number (267) of kerato-
conic cases, before and after (1 year postoperatively) a 
combined CXL and anterior surface excimer laser nor-
malization. In the case of keratoconus, highly irregu-
lar keratometric values were present. For example, the 
simultaneous investigation of anterior and posterior 
corneal keratometric values has indicated statistically 
significant differences between normal and keratoco-
nus-suspect eyes.16 In a study evaluating keratometric 
values in keratoconic compared to normal eyes, the 

TABLE 1
Anterior and Posterior Corneal Surface Keratometry and Astigmatism  
as Measured in the 8-mm Diameter Zone Before and After Treatment

Before Treatment After Treatment

Parameter Average (D) SD (D) Max (D) Min (D) Average (D) SD (D) Max (D) Min (D)

Anterior cornea

  Flat 47.06 ±6.02 78.50 33.70 43.97 ±5.81 73.2 30.1

  Steep 51.24 ±6.75 80.70 39.50 47.04 ±6.86 81.3 33.9

  Mean 49.03 ±6.21 78.80 38.80 46.37 ±6.73 80.9 31.9

  Astigmatism -1.97 ±6.21 11.30 -12.40 -1.56 ±3.80 12.4 -11.5

Posterior cornea

  Flat -6.70 ±0.99 -4.60 -9.90 -6.58 ±1.05 -3.3 -10.4

  Steep -7.67 ±1.15 -5.60 -11.00 -7.69 ±1.22 -5.2 -13.2

  Mean -7.08 ±1.40 8.50 -10.20 -7.08 ±1.06 -4.2 -11.5

  Astigmatism +0.53 ±1.02 +4.00 -2.60 +0.45 ±1.29 +4.3 -5.3

SD = standard deviation; D = diopters; Max = maximum; Min = minimum

Figure 1. Scatter and fitted line plots of posterior astigmatism expressed 
in diopters (D) versus anterior astigmatism (also expressed in D) with 95% 
confidence intervals (CI) and 95% prediction intervals (PI). (Top) Before 
and (bottom) after treatment.
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mean value was 43.28 ± 1.17 D (range: 41.53 to 45.40 
D) for normal eyes and 49.29 ± 4.37 D (range: 42.97 to 
60.33 D) for keratoconic eyes.17

In our study, the average keratometric values be-
fore treatment were 47.06 ± 6.02 D (range: 33.7 to 78.5 
D) for flat and 51.24 ± 6.75 D (range: 39.5 to 80.7 D) 
for steep. As shown in the corresponding box plots 
in Figures A-C (available in the online version of this 
article), 95% of the sample population had a steep 
keratometric value greater than 46.025 D, consistent 
with the Collaborative Longitudinal Evaluation of Ker-
atoconus group standards.7

In the current study, before treatment the results 
were characterized by a pattern of linear correlation 
between anterior and posterior astigmatism, as shown 
in the fitted line plot of Figure 1. The anterior astig-
matism before treatment is generally with-the-rule and 
the posterior astigmatism is against-the-rule, with a 
linear fit coefficient ratio of -0.2067 and a robust coef-
ficient of determination (r2) of 0.839. Thus, posterior 
corneal keratometric values appeared in this large ker-
atoconic population to be associated with the anterior 
keratometric values.

However, this pattern does not seem to be consistent 
after treatment (Figure 1). Although the ratio was simi-
lar (-0.26), the coefficient of determination was con-
sidered poor (r2 = 0.405). Our results indicate that this 
was due to the induced changes in the anterior surface. 
Specifically, there was a statistically significant reduc-
tion in the anterior keratometric values after the Ath-
ens Protocol procedure demonstrated by a flattening 
of -3.09 D for the flat and -4.19 D for the steep merid-
ians, in agreement with other studies of keratoconic 
cases receiving CXL treatment.18 The observed changes 
in the posterior keratometric values were not statisti-
cally significant, and thus no measurable change in the 
posterior corneal surface could be established in our 
study.

The issue of posterior surface change following 
CXL,19 surface ablation,20 or a combination of both pro-
cedures has to be viewed with skepticism. We present 
these data with the reservation that measurements of 
the posterior surface might be influenced by the al-
gorithm involving corneal thickness measurements, 
which, in the case of the densitometry principle-based 
imaging, might be influenced in the CXL-treated cor-
neas.21,22 Scheimpflug imaging in its current form can 
only provide data for the posterior surface on clear, 
normal corneas. Any significant cornea irregularity or 
light conduction interference may bias the findings. 
Also possible is that the denser CXL effect observed 
with application of the Athens Protocol may mask pos-
terior surface changes. Therefore, although we observed 

some posterior surface changes, as expected, due to the 
dramatic alteration of the anterior surface and cornea 
stromal changes, these appear to be non-significant in 
comparison to the anterior surface changes.

There is an obvious clinical dilemma in deciding to 
ablate thin corneas with ectasia. Traditional clinical 
experience in the pro-CXL era may consider this dan-
gerous for the ectasia progression. We investigated the 
principle of posterior curvature stability in these eyes 
because of a critical factor of establishing the safety of 
ablating these corneas. As expected, the posterior sur-
face keratometric values did not show statistically sig-
nificant postoperative change. Various data suggest that 
there is minimal change in the biomechanical behavior 
of the ectatic cornea after the Athens Protocol, despite 
the dramatic change in the anterior surface cone.

Before treatment the elevated anterior and posterior 
keratometric values were highly correlated. After treat-
ment showed statistically significant anterior surface 
flattening, consistent with our previous studies. The 
posterior surface did not show a statistically signifi-
cant change, validating the accomplished cornea sta-
bility despite the interventional thinning.

AUTHOR CONTRIBUTIONS
Conception and design (AJK); data collection (AJK); analysis and 

interpretation of data (AJK, GA); writing the manuscript (GA); criti-
cal revision of the manuscript (AJK, GA)

REFERENCES
 1. Rabinowitz YS, Rasheed K. KISA% index: a quantitative vid-

eokeratography algorithm embodying minimal topographic 
criteria for diagnosing keratoconus. J Cataract Refract Surg. 
1999;25:1327-1335.

TABLE 2

Anterior and Posterior Corneal Surface 
Keratometry Changes Before  

and After Treatmenta

Parameter
K1 Anterior 

(D)
K2 Anterior 

(D)
K1 Posterior 

(D)
K2 Posterior 

(D)

Relative change (%) -6.56 -8.19 -1.76 -0.04

Average change -3.09 -4.19 0.12 -0.02

SD 2.67 2.96 0.61 0.55

Max 4.95 1.70 3.60 2.00

Min -17.30 -17.30 -1.50 -2.90

Pb < .01 < .01 .135 .606

K = keratometry; K1 = flat; K2 = steep; D = diopters; SD = standard deviation; 
Max = maximum; Min = minimum 
aAverage change is defined as the postoperative (after treatment) minus the preop-
erative value (before treatment), computed on each individual. Relative change is 
defined as the percent of the average change of the parameter with regard to the 
respective preoperative value. 
bTwo sample t test.



346 Copyright © SLACK Incorporated

Corneal Refractive Power and Symmetry Changes/Kanellopoulos & Asimellis

 2. Rabinowitz YS. Videokeratographic indices to aid in screening 
for keratoconus. J Refract Surg. 1995;11:371-379.

 3. Wollensak G. Crosslinking treatment of progressive keratoco-
nus: a new hope. Curr Opin Ophthalmol. 2006;17:356-360.

 4. Raiskup-Wolf F, Hoyer A, Spoerl E, Pillunat LE. Collagen cross-
linking with riboflavin and ultraviolet-A light in keratoconus: 
long-term results. J Cataract Refract Surg. 2008;34:796-801.

 5. Kanellopoulos AJ, Binder PS. Management of corneal ectasia 
after LASIK with combined, same-day, topography-guided par-
tial transepithelial PRK and collagen cross-linking: the Athens 
Protocol. J Refract Surg. 2011;27:323-331.

 6. Kanellopoulos AJ, Asimellis G. Comparison of Placido disc and 
Scheimpflug image-derived topography-guided excimer laser 
surface normalization combined with higher fluence CXL: the 
Athens Protocol, in progressive keratoconus. Clin Ophthalmol. 
2013;7:1385-1396.

 7. Zadnik K, Barr JT, Edrington TB, et al. Baseline findings in the 
Collaborative Longitudinal Evaluation of Keratoconus (CLEK) 
Study. Invest Ophthalmol Vis Sci. 1998;39:2537-2546.

 8. Kanellopoulos AJ. Long term results of a prospective random-
ized bilateral eye comparison trial of higher fluence, short-
er duration ultraviolet A radiation, and riboflavin collagen 
cross linking for progressive keratoconus. Clin Ophthalmol. 
2012;6:97-101.

 9. Kanellopoulos AJ, Asimellis G. Correlation between central 
corneal thickness, anterior chamber depth, and corneal kera-
tometric values as measured by Oculyzer II and WaveLight 
OB820 in preoperative cataract surgery patients. J Refract Surg. 
2012;28:895-900.

 10. McAlinden C, Khadka J, Pesudovs K. A comprehensive evalu-
ation of the precision (repeatability and reproducibility) of the 
Oculus Pentacam HR. Invest Ophthalmol Vis Sci. 2011;52:7731-
7737.

 11. Kanellopoulos AJ, Asimellis G. Long-term bladeless LASIK out-
comes with the FS200 femtosecond and EX500 Excimer Laser 
workstation: the Refractive Suite. Clin Ophthalmol. 2013;7:261-
269.

 12. Kanellopoulos AJ. Comparison of sequential vs same-day simul-
taneous collagen cross-linking and topography-guided PRK for 
treatment of keratoconus. J Refract Surg. 2009;25:S812-S818.

 13. Kanellopoulos AJ. Long term results of a prospective random-
ized bilateral eye comparison trial of higher fluence, short-
er duration ultraviolet A radiation, and riboflavin collagen 
cross linking for progressive keratoconus. Clin Ophthalmol. 
2012;6:97-101.

 14. Kanellopoulos AJ, Asimellis G. Introduction of quantitative 
and qualitative cornea optical coherence tomography findings 
induced by collagen cross-linking for keratoconus: a novel ef-
fect measurement benchmark. Clin Ophthalmol. 2013;7:329-
335.

 15. Gordon-Shaag A, Millodot M, Shneor E. The epidemiology 
and etiology of keratoconus. Int J Keratoco Ectatic Corneal Dis. 
2012;1:7-15.

 16. Schlegel Z, Hoang-Xuan T, Gatinel D. Comparison of and cor-
relation between anterior and posterior corneal elevation maps 
in normal eyes and keratoconus-suspect eyes. J Cataract Refract 
Surg. 2008;34:789-795.

 17. Alió JL, Shabayek MH. Corneal higher order aberrations: a 
method to grade keratoconus. J Refract Surg. 2006;22:539-545.

 18. Mazzotta C, Caporossi T, Denaro R, et al. Morphological and 
functional correlations in riboflavin UV A corneal collagen 
cross-linking for keratoconus. Acta Ophthalmol. 2012;90:259-
265.

 19. Kránitz K, Kovács I, Miháltz K, et al. Corneal changes in pro-
gressive keratoconus after cross-linking assessed by Scheimp-
flug camera. J Refract Surg. 2012;28:645-649.

 20. Sy ME, Ramirez-Miranda A, Zarei-Ghanavati S, Engle J, Danesh 
J, Hamilton DR. Comparison of posterior corneal imaging be-
fore and after LASIK using dual rotating scheimpflug and scan-
ning slit-beam corneal tomography systems. J Refract Surg. 
2013;29:96-101.

 21. Kanellopoulos AJ, Asimellis G. Keratoconus management: 
long-term stability of topography-guided normalization com-
bined with high-fluence CXL stabilization (The Athens Proto-
col). J Refract Surg. 2014;30:88-92.

 22. Nakagawa T, Maeda N, Kosaki R, et al. Higher-order aberrations 
due to the posterior corneal surface in patients with keratoco-
nus. Invest Ophthalmol Vis Sci. 2009;50:2660-2665.



Figure A. Anterior and posterior surface keratometric values (K1 [flat], K2 [steep], and Km [mean]) before treatment. (A, B) Box plots showing median 
level (indicated by ⊗, average symbol ⊕), 95% median confidence range box (black line boxes), and interquartile intervals range box (red line boxes). 
(C, D) The corresponding histogram plots )for K1 and K2. All units in keratometric diopters (D).
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Figure B. Corneal astigmatism for the (left) before and (right) after treatment. (A, B) Box plots showing anterior and posterior astigmatism median level 
(indicated by ⊗, average symbol ⊕), 95% median confidence range box (black line boxes), and interquartile intervals range box (red line boxes). (C, D) 
The corresponding histogram plots for anterior and posterior astigmatism. All units in diopters (D).

A B

C D



Figure C. Anterior and posterior surface keratometric values (K1 [flat], K2 [steep], and Km [mean]) after treatment. (A, B) Box plots showing median 
level (indicated by ⊗, average symbol ⊕), 95% median confidence range box (black line boxes), and interquartile intervals range box (red line boxes). 
(C, D) The corresponding histogram plots for K1 and K2. All units in keratometric diopters (D).
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Epithelial remodeling after partial
topography-guided normalization

and high-fluence short-duration crosslinking
(Athens protocol): Results up to 1 year

Anastasios John Kanellopoulos, MD, George Asimellis, PhD

PURPOSE: To compare epithelial remodeling in keratoconic eyes that had photorefractive keratec-
tomy and corneal collagen crosslinking (Athens protocol) with that in untreated keratoconic eyes
and healthy eyes.

SETTING: Private clinical practice, Athens, Greece.

DESIGN: Comparative case series.

METHODS: Fourier-domain anterior segment optical coherence tomography (AS-OCT) was used to
obtain in vivo 3-dimensional epithelial thickness maps and center, superior, inferior, maximum,
minimum, mean, midperipheral, and variability data.

RESULTS: Group A comprised 175 treated keratoconic eyes (Athens protocol); Group B, 193 un-
treated keratoconic eyes; and Group C, 160 healthy eyes. The 1-year mean center epithelial
thickness in Group A was 47.78 mm G 7.36 (SD) (range 33 to 64 mm). At the first clinical visit,
it was 52.09 G 6.80 mm (range 36 to 72 mm) in Group B and 52.54 G 3.23 mm (range 45 to
59 mm) in Group C. The mean thickness range in Group A at 1 year was !19.94 G 7.21 mm
(range !6 to !34 mm). It was !21.83 G 12.07 mm (range !4 to !66 mm) in Group B and
!6.86 G 3.33 mm (range !3 to !29 mm) in Group C. The mean topographic thickness variability
in Group A at 1 year was 4.64 G 1.63 mm (range 1.6 to 8.1 mm) (P<.05). It was 5.77 G 3.39 mm
(range 1.3 to 17.8 mm) in Group B and 1.59 G 0.79 mm (range 0.6 to 5.6 mm) in Group C.

CONCLUSION: Anterior segment OCT indicated a thinner and more homogeneous remodeled
epithelium in the keratoconic eyes treated using the Athens protocol.

Financial Disclosure: Dr. Kanellopoulos is a consultant to Alcon Surgical, Inc.; Wavelight Laser
Technologie AG; Avedro, Inc.; and i-Optics Optikger€ate GmbH. Dr. Asimellis has no financial or pro-
prietary interest in any material or method mentioned.
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We previously reported overall reduced corneal
epithelial thickness in keratoconic eyes that were
treated with (1) excimer laser debridement of the top
50 mm of the epithelium, (2) partial topography-
guided excimer ablation, and (3) immediate high-
fluence ultraviolet-A radiation (10 mW/cm2) and
short-duration (10minutes) corneal collagen crosslink-
ing (CXL) with riboflavin in a procedure known as the
Athens protocol.1–3 Our goal was to arrest the keratec-
tasia progression4 and provide a less irregular anterior
corneal surface. In l study,1 whichwas performed using
high-frequency scanning ultrasound biomicroscopy

(UBM), the epithelial thickness in a group of untreated
keratoconic eyes was compared with that in a
group of keratoconic eyes treated using the Athens
protocol.

Epithelial thickness assessment has been facilitated
by the development of anterior segment optical coher-
ence tomography (AS-OCT).5 Although there are
studies of AS-OCT epithelium measurement in the
peer-reviewed literature, until recently and to our
knowledge, the methodology and instrumentation
mainly used an on-screen caliper tool6; thus, only local
point–thickness measurements were reported. The
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recent availability of in vivo, 3-dimensional (3-D)
corneal epithelial mapping byAS-OCT in clinical prac-
tice7 allows easy capture of optical images and high-
speed measurements conferred by Fourier-domain
signal processing.8,9

This study used this new clinical modality to eval-
uate the longitudinal postoperative changes in epithe-
lial thickness distribution as well as the epithelial layer
topographic variability in a large group of keratoconic
cases treated using the Athens protocol. The results in
these eyes were compared with those in untreated ker-
atoconic eyes and in healthy control eyes.

PATIENTS AND METHODS

This observational comparative prospective study received
approval by the Ethics Committee, LaserVision.gr Institute,
and adhered to the tenets of the Declaration of Helsinki.
All patients provided informed written consent at the time
of the first clinical visit. Exclusion criteria were systemic
disease, previous corneal surgery, history of chemical injury
or delayed epithelial healing, and pregnancy or lactation.

Patient Enrollment and Surgical Technique

Group A In Group A, eyes were treated for keratoconus
with the Athens protocol. All procedures were performed
by the same surgeon (A.J.K.) using an EX500 excimer laser10
(Alcon Surgical, Inc.) with topography-guided custom
partial ablation. Figure 1 shows an example of treatment
planning, the distribution of the ablation depth, a preopera-
tive axial curvature map, a postoperative axial curvature
map, and the difference in axial curvature map between
preoperatively and postoperatively. Immediately after sur-
face normalization, accelerated CXL was applied using the
KXL System (Avedro, Inc.). The patients were followed for
up to 1 year.

Group B Group B comprised eyes with keratoconus that
had not received surgical treatment. Inclusion criteria were
a clinical diagnosis of progressive keratoconus (confirmed
by a complete ophthalmologic evaluation), minimum age
17 years, and corneal thickness of at least 300 mm. The kera-
toconus diagnosis was further confirmed using the Wave-
light Oculyzer II (Alcon Surgical, Inc.) and the Pentacam
high-resolution Scheimpflug imaging camera11 (Oculus
Optikger€ate GmbH).

Group C Group C, the control group, comprised unoper-
ated normal eyes with no current or past ocular pathology
other than refractive error and no present irritation or dry-
eye disorder, all of which were confirmed during a complete
ophthalmologic evaluation. Contact lens wearers were
excluded from this group.

Imaging Instrumentation

The RTVue-100 Fourier-domain AS-OCT system (Opto-
vue, Inc.), running on analysis and report software version
A6 (9.0.27), was used in the study. Data output included total
corneal and epithelial thickness maps corresponding to a
6.0 mmdiameter area. In all cases, to avoid potential artifacts
(eg, due to eyedrop instillation), OCT imaging preceded the
ocular clinical examination and was performed by the same
trained investigator. The settings were as follows: L-Cam
lens and 8 radial meridional B-scans per acquisition consist-
ing of 1024 A-scans eachwith a 5 mmaxial resolution. These 8
radial meridional scans, all acquired in less than 0.5 second,
were used by the system software to produce by interpola-
tion 3-D thickness maps. Images with quality greater than
30, determined using the signal strength index parameter,
were considered in the study. The signal strength index
parameter measures the average signal strength across the
scan. Two consecutive individual acquisitions were obtained
in each case (eye) to ensure data validity; the mean value of 2
was used in this study.

Data Collection and Statistical Analysis

In Group A, the postoperative measurements were per-
formed at 1 and 6 months as well as at 1 year. Imaging in

Figure 1. A: Preoperative tomographic (anterior corneal instanta-
neous [tangential]) map obtained via Scheimpflug imaging. Kerato-
metric power reported in diopters. B: Corresponding postoperative
map. C: Treatment planning showing ablation depth (in mm) and
topographic distribution obtained via the refractive platform soft-
ware. D: Difference between postoperative sagittal curvature map
(B) and preoperative sagittal curvature map (A) (N Z nasal; T Z
temporal).
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Group B andGroupCwas performed during the first clinical
visit.

Themain analysis report produced by the AS-OCT system
displayed total corneal (reported as pachymetry) and epithe-
lial 3-D thickness maps covering the 6.0 mm diameter area.
Corneal pachymetry was assessed by the central corneal
thickness (CCT) and minimum corneal thickness. Epithelial
thickness assessment comprised the following measure-
ments: pupil center, superior, inferior, minimum, maximum,
mean, peripheral, topographic thickness variability, and
epithelial thickness range. These data were collected as fol-
lows (Figure 2): Each thickness map was divided into 17 sec-
tions (2.0mmdiameter pupil center disk of 12.56mm2 area; 8
sectors [octants] within the annulus between the 2.0 mm and
5.0 mm zones, each of 8.24 mm2 areas; and 8 sectors [octants]
within the annulus of the 5.0 to 6.0 mm zones, each of
4.32 mm2 areas). For each of these sections, the mean epithe-
lial thicknesswas displayed numerically in integer formwith
a minimum difference of 1 mm over the corresponding area.

In this study, the reported center epithelium thickness was
taken from the integer indication over the center 2.0 mm
disk. The mean epithelial thickness was computed by the
mean of all segments, and the peripheral epithelial thickness
was computed by the mean of the thickness corresponding
to 18 equispaced points along the 5.0 mm radius (data har-
vested by mouse-over indication over the epithelial thick-
ness map). The superior, inferior, minimum, maximum,
and topographic epithelial thickness variability (computed
by the standard deviation [SD] of the 17 thickness values)
were provided in tabular form by the software of the
AS-OCT device (Figure 2). The thickness rangewas computed
as follows: minimum epithelial thickness –maximum epithe-
lial thickness.

Descriptive statistics, linear regression analysis to look for
possible correlations, paired analysis t tests, and analysis of
variance were performed using Minitab software (version
16.2.3, Minitab, Ltd.) and Origin Lab software (version 9,
Originlab Corp.). Paired-analysis P values less than 0.05
were considered an indication of statistically significant
results.

RESULTS

Table 1 shows the CCT, minimum corneal thickness,
epithelial thicknesses, topographic thickness variability,

and epithelial thickness rangemeasured byAS-OCT in
the 3 groups.

Group A (Athens protocol) comprised 175 eyes, 74
of women and 101 of men. The mean patient age at
the time of surgery was 26.8 years G 7.2 (SD) (range
18 to 48 years). There were 87 right eyes and 88 left
eyes. The Athens protocol treatment was uneventful
in all cases.

Group B (untreated keratoconic) comprised 193
eyes, 92 of women and 101 of men. The mean patient
age at the time of examination was 31.1 G 9.9 years
(range 18.0 to 51.0 years). There were 91 right eyes
and 102 left eyes.

Group C (control) comprised 160 eyes, 67 of women
and 93 of men. The mean patient age at the time of ex-
amination was 35.45 G 9.55 years (range 18.0 to 52.0
years). There were 74 right eyes and 86 left eyes.

Epithelial Thickness

In Group A, the difference in the center epithelial
thickness between each postoperative timepoint was
statistically significant (all P!.05). The difference in
the mean center epithelial thickness (!4.31 mm; 95%
confidence interval [CI], !6.31 to !2.30) between
Group A 1 year after treatment and Group B at the
time of examination was statistically significant
(P!.05, 2-sample t test). The difference in the mean
center epithelial thickness (!4.75 mm, 95% CI, !6.59
to !2.92) between Group A 1 year after treatment
and Group C at the time of examination was also sta-
tistically significant (P!.05) (Figure 3).

In Group A, the difference in topographic thickness
variability between each postoperative timepoint was
statistically significant (all P!.05). Figure 4 shows the
epithelial thickness variability and range by group.

DISCUSSIONS

Until recently, high-frequency UBM had been the gold
standard for in vivo corneal epithelial 3-D imaging.12

The recent, rapid development and current high-
speed imaging capabilities of AS-OCT13–15 have
made acquisition of in vivo 3-D pachymetry corneal
maps reliable and fast.16–19 Software refinement also
enables clinical assessment of corneal asymmetry
and focal thinning parameters for keratoconus classifi-
cation.20 In addition, the higher axial resolution,
increased accuracy, and finer image-processing capa-
bilities of the current AS-OCT imaging systems have
enabled, among other things, 3-D imaging of epithelial
thickness.7

Epithelial thickness and irregularity indices (eg,
center and mean epithelial thickness, epithelial thick-
ness topographic irregularity, and thickness range)

Figure 2. Comparative AS-OCT epithelial thickness (mm) 3-D maps
shows an image from Group A taken 1 year postoperatively and
an image fromGroup B (IZ inferior; INZ inferior–nasal; ITZ infe-
rior–temporal; NZ nasal; SZ superior; SNZ superior–nasal; STZ
superior–temporal; T Z temporal).

1599EPITHELIAL REMODELING IN KERATOCONIC EYES

J CATARACT REFRACT SURG - VOL 40, OCTOBER 2014



measured quantitatively with AS-OCT can serve as
possible indicators of cornea instability, including ec-
tasia and keratoconus.14 In this study, we evaluated
these parameters with a Fourier-domain AS-OCT sys-
tem in a large group of keratoconic patients who had
combined treatment of excimer laser anterior surface
normalization and simultaneous high-fluence acceler-
ated CXL. This study adds new information based on
its large group of treated keratoconic eyes and its com-
parison with untreated keratoconic eyes and healthy
eyes. In addition, our study was performed with a
commercially available AS-OCT system whose use
may become more widespread in clinical settings.

Our findings confirm compensatory epithelial thick-
ness changes previously described after various refrac-
tive corneal ablation procedures.21,22,A

The epithelial thickness and irregularity assess-
ment in the Athens protocol–treated Group A
suggests short-term variability in corneal thickness
distribution between the third month and the sixth

month.3 Specifically, in our study, the corneal and
epithelial thickness distributions were characterized
by large deviations that gradually became less irreg-
ular. The mean SD at the center epithelial thickness of
7.36 mm at 1 month gradually decreased to 6.80 at
3 months and to 4.57 mm at 1 year. The SD in Group
B (untreated keratoconic) and in Group C (control)
was 6.79 mm and 3.23 mm, respectively. In addition
to fluctuating less between different eyes, the epithe-
lial thickness in Group A progressed toward a
reduced mean topographic variability and mean
thickness range (from 5.43 mm and !24.69 mm to
4.64 mm and !19.94 mm, respectively). Both metrics
were more regular than in Group B (5.77 mm and
!21.83 mm, respectively). These results indicate that
the epithelial thickness distribution was more uniform
in the Athens protocol–treated group than in the
untreated group of keratoconic eyes and had less over-
all thickness, as suggested by the reduced mean and
center thickness values.

Table 1. Central corneal thickness (CCT), minimum corneal thickness, epithelial thicknesses, topographic thickness variability, and epithe-
lial thickness range measured by the AS-OCT in the 3 groups. All units are in microns.

Group CCT MinCT

Epithelial Thickness

Center Superior Inferior Minimum Maximum Mean Mid
Topographic
Variability Range

Group A (AP treated)
1 month

Mean 382.7 330.5 42.6 43.2 44.5 33.3 58.0 43.9 44.2 5.4 !24.7
SD 32.8 34.5 7.3 5.3 6.0 7.8 7.2 6.0 6.0 3.0 12.8
Max 444 432 52 51 53 45 74 52.1 52.1 13.5 !10.0
Min 336 248 36 36 39 18 49 38.7 38.9 2.7 !54.0

6 months
Mean 397.7 341.8 46.38 47.3 47.9 36.7 58.5 47.4 47.6 5.1 !21.8
SD 36.9 42.2 6.80 7.0 5.7 5.9 10.0 5.6 5.4 1.9 8.5
Max 481 412 58 61 57 46 78 56.9 58.3 9.3 !9.0
Min 300 242 34 33 38 22 44 38.0 38.8 2.1 !39.0

1 year
Mean 435.8 365.9 47.8 49.7 48.9 38.5 59.0 48.9 49.2 4.6 !19.9
SD 42.0 50.0 4.6 6.0 3.9 8.4 6.0 5.3 5.2 1.6 7.2
Max 550 500 64 61 62 55 75 60.6 59.9 8.1 !6.0
Min 351 252 33 36 38 18 44 37.3 38.2 1.6 !34.0

Group B (KCN)
Mean 482.7 439.1 52.1 55.4 50.0 41.3 63.1 52.5 52.6 5.8 !21.8
SD 41.7 62.8 6.8 6.5 5.3 8.1 8.5 5.2 5.1 3.4 12.1
Max 570 548 72 76 69 60 94 70.3 70.0 17.8 !4.0
Min 356 193 36 42 33 19 49 43.5 43.6 1.3 !66.0

Group C (healthy)
Mean 532.4 525.1 52.5 51.4 53.1 48.5 55.3 52.2 52.2 1.6 !6.9
SD 28.5 27.9 3.2 3.4 3.3 4.0 3.7 3.2 3.2 0.8 3.3
Max 592 580 59 60 59 57 64 59 60 5.6 !3.0
Min 462 455 45 44 45 28 46 45 45 0.6 !29.0

AT Z Athens Protocol; CCT Z central corneal thickness; KCN Z keratoconus, no treatment; Mid Z midperipheral; MinCT Z minimum corneal thickness
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The findings in the current study agree with those in
our previous study1; that is, although an overall thicker
epithelium with large variations can be observed clini-
cally and topographically in eyes with keratoconus, in
eyes treated with CXL the variability in epithelium
thickness and topographic thickness decreased by a
statistically significant margin and was more uniform.
We have theorized that epithelial hyperplasia in biome-
chanically unstable corneas (ie, increased epithelial
regrowth activity) might be associated with a more
elastic cornea.1 The laboratory and clinical findings of
increased corneal rigidity after CXL are widely
accepted,23–25 including in studies of accelerated high-
fluence CXL.26

In conclusion, we present the results in a compre-
hensive study of the postoperative development of
corneal epithelial thickness distribution after keratoco-
nus management using combined anterior corneal
normalization by topography-guided excimer abla-
tion and accelerated CXL. The epithelial healing pro-
cesses can be monitored by AS-OCT with ease in a
clinical setting, expanding the clinical application of
this technology. Our findings suggest less topographic
variability and overall reduced epithelial thickness
distribution in keratoconus eyes treated with CXL us-
ing the Athens protocol.

WHAT WAS KNOWN

" Postoperative epithelial remodeling after partial anterior
surface normalization with an excimer laser and high-
fluence CXL, assessed with high-frequency scanning
UBM, results in reduced overall epithelial thickness and
topographic variability.

WHAT THIS PAPER ADDS

" Detailed follow-up of Athens protocol–treated eyes up to 1
year confirmed previous ultrasound findings of the overall
thinner and smoother epithelial thickness profiles
compared with the profiles of untreated keratoconic eyes.
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O R I G I N A L  A R T I C L E

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 digital 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, !p) and on the curvature 
difference map (rd, !d) were computed. The differences 
between the peak topographic angular data ("! = |!p 
– !d|) and weighted angular difference (W"! = "! # 
"r) were calculated.

RESULTS: For the cyclorotation adjusted group, "! was 
7.18° ± 7.53° (range: 0° to 34) and W"! was 3.43 
± 4.76 mm (range: 0.00 to 21.41 mm). For the non-
cyclorotation adjusted group, "! was 14.50° ± 12.65° 
(range: 0° to 49°) and W"! 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 ("!: P = .0058; W"!: 
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.1 By increasing corneal biomechanical 

strength, CXL results in keratectasia arrest.2 In addition, CXL 
has also been shown to improve corneal irregularity and re-
duce central anterior corneal steepening.3

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.3,4 The Athens Protocol 
comprises phototherapeutic keratectomy (PTK) of 50 µm, a 
partial photorefractive keratectomy (PRK) for the topography-
guided customized anterior surface normalization, and high-
fluence CXL for corneal stabilization.5 Long-term results6 and 
anterior segment optical coherence tomography quantitative 
findings7 have demonstrated the stability of the procedure in 
large cohorts of patients. Variations of this technique have 
been applied and reported globally.8-14

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.15 
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 µm 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 µm to be removed over 
the steepest/thinnest cornea point.

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

The enhanced Athens Protocol presented herein 
also stems from recently reported16 optimized ablation 
profiles. Previously, the procedure employed the se-
quence as follows: the PTK step was performed first, 
followed by the PRK step.6

Following ablation, the cross-linking step of the 
procedure involved ultraviolet-A irradiance of 6 mW/
cm2, 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.17 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 Optikgeräte 
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 ImageJ (version 1.49; National Institutes of 
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Health, Bethesda, MD)18 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 ImageJ, 
we computed the vector (expressed in polar coordinates 
radius r, reported in pixels; and angle !, reported in de-
grees) corresponding to the steepest (peak topographic) 
corneal point (cone) on the preoperative map (rp, !p) 
and the difference map (rd, !d) (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 ImageJ, 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. "! is defined as the absolute angular difference be-
tween the peak topographic angular data: "! = |!p 
– !d|. "! is expressed in degrees.

2. W"! = "! # "r is defined as the weighted angular dif-
ference between the peak topographic data, where !r 

is the modulus of the difference between the two vec-
tors: "r = |rd – rp|. W"! is expressed in millimeters.

By virtue of their definition, an ideal treatment on 
an eye with zero cyclorotation corresponds to a zero 
"! and a zero W"!. 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 µm 
(range: 325 to 541 µm). 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 µm (range: 302 to 498 µm).

The 110 eyes (41 females and 69 males) in the non-
cyclorotation adjusted group included 60 right eyes and 

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 rp = 1.69 
mm, !p = 270°. The difference map vector 
had the coordinates, rd = 1.69 mm, !d = 
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 ("!) and weighted angular 
difference (W"!) corresponding to these 
data were 45° and 58.30 mm, respectively.
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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 µm 
(range: 315 to 539 µm). 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 µm (range: 298 to 487 µm). 

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 (rp, !p) and the change map (rd, !d) 
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).

Table 1 summarizes the statistical analysis results for 
"! = |!p – !d|, the absolute angular difference between 
the peak topographic angular data, and W"! = "! # "r, 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 ("!: P = .0058; W"!: P 
= .015) compared to the non-cyclorotation adjusted group.

DISCUSSION
This study provides additional evidence for the po-

tential of incorporating cyclorotation compensation in 

Figure 2. The distribution of the vectors corresponding to the steepest (peak 
topographic) corneal point on the preoperative map (rp, !p) and the change 
(achieved difference) map (rd, !d). (A) Cyclorotation adjusted and (B) non-
cyclorotation adjusted groups. CTA = cyclorotational topographic adjustment

A

B
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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 EyeQ WaveLight excimer laser 
(Alcon Laboratories, Inc.) and found that the Scheimp-
flug-driven treatments were superior.19

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-
µm 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°.20 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,21,22 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,23 

TABLE 1

Statistical Analysis of Absolute Angular Difference Between the  
Peak Topographic Angular Data "! and Weighted Angular Difference W"!

Cyclorotation Adjusted Group Non-cyclorotation Adjusted Group

Parameter "! (°) W"! (mm) P "! (°) W"! (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
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with limited cyclorotation compensation.24 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.25,26

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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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-µm 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/cm2 applied for 15 minutes.



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.
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Purpose: To evaluate the safety, efficacy, and contralateral eye comparison of topography-guided 
myopic LASIK with two different refraction treatment strategies.
Setting: Private clinical ophthalmology practice.
Patients and methods: A total of 100 eyes (50 patients) in consecutive cases of myopic 
topography-guided LASIK procedures with the same refractive platform (FS200 femtosecond 
and EX500 excimer lasers) were randomized for treatment as follows: one eye with the standard 
clinical refraction (group A) and the contralateral eye with the topographic astigmatic power 
and axis (topography-modified treatment refraction; group B). All cases were evaluated pre- and 
post-operatively for the following parameters: refractive error, best corrected distance visual 
acuity (CDVA), uncorrected distance visual acuity (UDVA), topography (Placido-disk based) 
and tomography (Scheimpflug-image based), wavefront analysis, pupillometry, and contrast 
sensitivity. Follow-up visits were conducted for at least 12 months.
Results: Mean refractive error was 5.5 D of myopia and 1.75 D of astigmatism. In group A 
versus group B, respectively, the average UDVA improved from 20/200 to 20/20 versus 20/16; 
post-operative CDVA was 20/20 and 20/13.5; 1 line of vision gained was 27.8% and 55.6%; and 
2 lines of vision gained was 5.6% and 11.1%. In group A, 27.8% of eyes had over 0.50 diopters 
of residual refractive astigmatism, in comparison to 11.7% in group B (P 0.01). The residual per-
centages in both groups were measured with refractive astigmatism of more than –0.5 diopters.
Conclusion: Topography-modified refraction (TMR): topographic adjustment of the amount 
and axis of astigmatism treated, when different from the clinical refraction, may offer superior 
outcomes in topography-guided myopic LASIK. These findings may change the current clinical 
paradigm of the optimal subjective refraction utilized in laser vision correction.
Keywords: TMR, topography-modified refraction, myopic LASIK, femtosecond laser, 
FS200, EX500 excimer laser, long-term stability, regression, astigmatism correction, post-LASIK 
refraction

Introduction
Laser vision correction has been established over the last 2 decades as a safe and 
effective intervention, with Laser-assisted in situ keratomileusis (LASIK) being one 
of the main techniques practiced globally.1,2

Femtosecond laser-assisted LASIK has become a popularized modification 
over the last decade and over the standard LASIK technique utilizing mechanical 
microkeratomes.3,4
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Excimer lasers, used in the second step of a LASIK pro-
cedure to correct refractive error (RE), have been evolving 
as well, with most platforms currently utilizing flying spot 
technology of very high repetition rates and advanced track-
ing mechanisms to track intra-operatively the pupillary aper-
ture and some even to provide cyclorotation adjustment.5–7 
Aspherical ablation profiles have been employed to reduce 
spherical aberration associated with myopic corrections, 
so most LASIK procedures are performed currently as 
“wavefront optimized”.8 Further customization of the ablation 
pattern has been practiced by pairing wavefront eye data to the 
refractive data chosen to be corrected, as wavefront-guided 
treatments in pursue of improving visual function in aber-
rated eyes, or pre-empting wavefront aberrations created by 
the standard procedures.9,10 Since most inherent and acquired 
eye aberrations lie in the cornea – the premiere refractive 
medium of the eye – topography-guided treatments have been 
additionally employed as a means of ablation customization 
in pursue of additionally correcting corneal irregularities 
affecting visual function and/or for angle kappa.11,12

LASIK outcomes appear to have improved in safety and 
efficacy with the evolutions described earlier1,13 in both refrac-
tive outcomes and induced high-order aberrations.5,14,15

Further customization of the ablation pattern by utiliz-
ing topography data has been reported to provide excellent 
refractive data with regard to uncorrected distance visual 
acuity (UDVA) and corrected distance visual acuity (CDVA; 
WaveLight Allegretto Wave® Eye-Q Excimer Laser16).

The clinical refraction utilized in most laser vision correc-
tion treatments has been based on the subjective interaction of 
clinician and patient and ranging from the dry manifest to the 
wet manifest or a clinician-preferred medium of the two.

The author has had extensive experience in treating very 
irregular corneas, learning that refractive data sometimes are 
different from topographic data with regard to the amount 
and axis of the astigmatism. Thus, the adjustment of the clini-
cal refraction with topographic data: topography-modified 
refraction (TMR) was introduced. The purpose of this study 
was to validate this novel measurement by comparing the 
visual outcomes when the TMR was used in myopic LASIK 
to using the standard clinical refraction.

Patients and methods
This prospective, randomized, interventional study received 
approval from the ethics committee of the LaserVision Clinical 
and Research Institute, adherent to the tenets of the Declaration 
of Helsinki. Written informed consent was obtained from 
each subject at the time of the intervention. The study was 

conducted in the author’s clinical practice on patients during 
scheduled pre- and post-operative procedure visits.

The 50 consecutive patients enrolled in the study under-
went uncomplicated primary bilateral topography-guided 
LASIK by the same surgeon (AJK) on the same refrac-
tive surgery platform (FS200 femtosecond and EX500 
excimer lasers).

Pre-operative spherical equivalent was between 0.00 
and 8.00 D and up to 6 D of cylinder RE (expressed in 
minus value).

Exclusion criteria for the LASIK operation were systemic 
or ocular diseases, eyes with a history of corneal dystrophy 
or herpetic eye disease, topographic evidence of keratoco-
nus (as evidenced by Placido topography) or warpage from 
contact lenses, corneal scaring, glaucoma, severe dry eye, 
and collagen vascular diseases. Programmed planned flap 
thickness was 110 m and diameter was 8 mm.

All eyes were evaluated pre-operatively for distance 
best CDVA and post-operatively for UDVA. Pre-operative 
evaluations included wavefront analysis, pupillometry, and 
contrast sensitivity utilizing the functional vision analyzer 
(Stereo Optical, Chicago, IL, USA). Post-operative exami-
nation included manifest and dilated refraction, slit-lamp 
microscopy, tonometry, and keratometry, by means of cor-
neal topography utilizing the Vario (WaveLight, Erlagen, 
Germany) and Scheimpflug tomography assessment utilizing 
a Pentacam-based device, the Oculyzer II (WaveLight).

The treatment used for the eyes randomized in group A 
was the subjective clinical refraction, entered into the 
topography-guided software as the surgeon override data, 
and is the standard operation in these treatments.

The clinical refraction data are the first line of data on 
the treatment planning software window shown in Figure 1, 
both top and bottom. The specific patient example shows the 
clinical refraction on the top, of 6.50 D of sphere and 0.50 D 
of cylinder at 45 . The middle line of refraction in both top 
and bottom windows of Figure 1 shows the topography 
software-recommended cylindrical refraction. In this particu-
lar case, the sphere is 0.45 D (the topography software has 
no axial length data and cannot calculate myopia), and the 
cylinder that derives from several consistent Vario, topolyzer 
(Alcon, Fort Worth, TX, USA) topographies shows 1.11 D  
at 0 . The lower third refraction in both top and bottom 
images in Figure 1 is modified by the surgeon. In the top, 
all refraction data are set on purpose to 0 . In this way,  
the topography-guided software reveals the correction it 
will attempt in order to normalize this cornea with regard to 
the corneal vertex. Thus, the trefoil-like ablation image on  
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Figure 1 Image A shows the topography-guided treatment when refractive error is adjusted by the user to zero sphere and zero cylinder. This image allows the user to 

visualize the corrections made by the software and added to the excimer correction in order to normalize the anterior cornea curvature to the cornea vertex. Image B 
illustrates the topography treatment pattern after the refraction has been adjusted by the user to the desired sphere and cylinder and includes the changes noted in image A.
Notes: “Clinical” is the clinical refraction dialed by the user into the system; the “measured” refraction is the cylindrical amount and axis calculated by the topography 

software, to be corrected so the anterior cornea can me maximally normalized in regard to the cornea vertex; “modified” represents the surgeon/user adjusted data.

Abbreviations: 3D, three-dimensional; max, maximum, cen, center; trans, transition zone; res, residual; VD, vertex distance.

the right of the top image in Figure 1. The trefoil-like image 
is also presented here in correlation with the pupillary aper-
ture, also captured by the Vario topographer, and in this 
top window it shows clearly decentration to the trefoil-like 

normalization ablation, revealing angle-kappa compensation 
by the topography software. This ablation pattern will induce 
some myopia and it was calculated that in order to keep it 
neutral there is a need to add 0.25 D of myopia to the clinical 
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refraction sphere, so the total sphere should be 6.75 D. The 
cylinder suggested by the software (middle refraction) is much 
higher than the clinical by 0.5 D and of different axis: 0  instead 
of 45 . The topography suggested cylinder is then entered into 
the third lower “modified” refraction to read 1.0 D at 0  or 
180  in the bottom version of Figure 1. This would further 
increase the spherical equivalent by 0.25 D of sphere; hence 
the final adjustment made to the modified refraction on the 
bottom window of this same treatment image is to reduce 
the sphere from 6.75 D, as noted earlier, to 6.50 D so as to 
keep the same spherical equivalent. Therefore, the TMR in 
this case is 6.50 D to 1.00 D at 180 , instead of the 6.50 D 
to 0.50 D at 45  of the standard clinical refraction.

The treatment used in the contralateral eyes of group B was 
modified, as noted earlier, to reflect the topography-guided 
suggested cylinder power and axis calculated by the software 
based on the Vario topographies uploaded, as seen in the 
middle “measured” refraction of both top and bottom images 
of Figure 1. In most cases, the cylinder was increased and the 
sphere decreased accordingly, but there were some cases that 
the actual clinical refraction cylinder was reduced and the 
sphere increased accordingly. In the TMR cases of group B, 
the cylinder axis was always that suggested by the topography 
processing as noted in the middle measured refraction line.

Post-operative follow-up examinations were conducted 
at 1 week, 1, 3, and 6 months, and at 1 year. Data processed 
in this study represent the 3-, 6-, and 12-month visits.

Data were loaded in and processed by the web-based 
ophthalmic outcome analysis software application known as 
“Internet-based refractive analysis” (IBRA; Zubisoft GmbH, 
Oberhasli, Switzerland).17

Results
Of the 50 patients, 32 were female and 18 were male. Mean 
age at the time of the operation was 29.6 7.8 years, range 
18–52 years.

The mean pre-operative UDVA for group A eyes were: 
UDVA mean in decimal scale and standard deviation (SD): 
0.04 0.007, UDVA range: 0.001–0.8; spherical equiva-
lent (SE) mean and SD: 5.19 2.15 D, SE range 8.00 D 
to 0.50 D; cylinder mean: 1.15 1.15 D and cylinder 
range: 4.25 D to 0 D.

The respective pre-operative data for the randomized 
group B contralateral eyes were: UDVA: 0.04 0.05, UDVA 
range: 0.002–0.8, SE mean: 4.75 2.49 D, SE range: 7.50 D 
to 0.75 D, cylinder mean: 1.12 D 0.95 D, and cylinder 
range: 3.75 D to 0.50 D. These data are also shown in 
Table 1.

Post-operative average RE for the standard group A 
was 0.27 0.39 D and for the topography adjusted group B 
was 0.15 0.19 D at 3 months. At the 12-month visit, the residual 
refractive error for group A was 0.47 0.55 D and for group B 
(the topography modified refraction group) 0.19 0.08 D. 
These data were statistically significantly different by P 0.02. 
This compares to the pre-operative average RE of 5.29 2.39 D 
(range 8.00 D to 0.50 D) for all eyes.

Post-operative refractive astigmatism was 0.54 0.24 D 
for the standard group A and 0.15 0.14 for the topography 
adjusted group B at 3 months and 0.76 0.44 and 0.18 0.24 
for the 1-year visit, respectively. This compares to the 
pre-operative refractive astigmatism of 1.07 0.91 D 
(range 4.25 D to 0 D) as an average for all eyes.

Corrected and uncorrected visual acuity 
outcome and stability

The corrected visual acuity (distance monocular; CDVA) 
outcome at 3 months (Figure 2) shows that 88.9% of the 
eyes in group A had post-operatively CDVA better than 
1.0 (decimal) after 3 months, which was maintained at the 
1 year visit. Figure 2 also depicts the best-corrected pre-
operative distance visual acuity (CDVA) for group B: 94.4%. 
CDVA of 20/16 or better was measured for 33.3% of group 
A eyes, compared to 61.1% of group B eyes (statistically 
significant at P 0.001).

UDVA of 20/20 or better was measured at 3 months 
(Figure 3) in 61.1% of eyes in group A and 83.3% of eyes in 
group B (P 0.002). UDVA of 20/16 or better was measured 
in 22.2% of eyes in group A and 50% of eyes in group B, a 
difference that was also statistically significant (P 0.001).

Safety of corrected visual acuity

As shown in Figure 4, the safety distance visual acuity 
graph at 3-month visit comparison of pre-operative best 
CDVA and post-operative UDVA indicates that 66.7% of 

Table 1 Pre-operative parameters

Pre-operative parameters Group A Group B

UDVA mean/SD 0.04 0.07 0.04 0.05
UDVA range 0.001–0.8 0.002–0.8
SE mean/SD 5.19 2.15 4.75 2.49
SE range 8.00 to 0.50 7.50 to 0.75
Cyl mean/SD 1.15 1.15 1.12 0.95

Cyl range 4.25 to 0 3.75 to 0.50

Notes: Group A: one eye with the standard clinical refraction; Group B: the 

contralateral eye with the topographic astigmatic power and axis (topography-

modified treatment refraction). Units of measure: SE units  diopters; UDVA units  
decimal scale; Cyl  cylinder in diopter units.
Abbreviations: UDVA, uncorrected distance visual acuity; SD, standard deviation; 

SE, spherical equivalent; Cyl, cylinder.
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treatment refraction).
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refraction; Group B: the contralateral eye with the topographic astigmatic power and axis (topography-modified treatment refraction).

excimer laser, and a series of diagnostic networked devices 
that constitute the Refractive Suite® (including Vario Placido 
topography, Oculyzer II Scheimpflug topometry imaging, and 
Tscherning Wavefront system) were used clinically.19

Clinical results and features of the previous generations of 
the WaveLight excimer series (200 Hz Allegretto and 400 Hz 
Eye Q) have been reported by the author’s team.12,20

The EX500 laser, the latest evolution of the aforemen-
tioned excimer lasers, employs a 1,050 Hz multidimensional 
active tracker with estimated response time (latency) of 2 ms, 
able to track pupil size from 1.5 mm to 8 mm.21

The Refractive Suite operates on its own ethernet network 
and allows the import of diagnostic data from networked 
screening devices into the planning software tools of both 
lasers. The platform offers the ability to import into the laser 
treatment planning mode the topographic data from the Plac-
ido-disk topographer (Vario, WaveLight) and topometry data 
from a Scheimpflug-based device (Oculyzer II-WaveLight), 
and accordingly customize the excimer treatment to the cor-
nea (eg, for topography-guided treatment).12 This study and 
previous studies have reported extensively the applications 
of topography-guided treatments with these platforms in 
irregular and normal eyes.22–29

The long-term clinical results with the systems described 
in the “Patients and methods” section show impressive 
refractive outcome, predictability, and stability with both 
refraction treatments. The modification of the clinical 
refraction with topography-guided data with regard to the 
amount and axis of astigmatism appears to offer superior 
visual function with regard to UDVA, CDVA, residual RE 
in terms of spherical equivalent and residual astigmatism, 
total high-order aberrations, coma, and functional contrast 
sensitivity. Specifically, the percentage of eyes achieving a 
post-operative spherical equivalent refraction within 0.5 D 
of the target and the total range of RE, which are considered 
the best markers of the quality of a refractive procedure. The 
better refractive results obtained in terms of spherical equiva-
lent refraction were also confirmed by the defocus equivalent 
results achieved from the first 3 months with the refraction 
adjusted with topography data (group B). This parameter 
gives a better understanding of the accuracy of a procedure 
for correcting the entire RE.

It was theorized that this treatment adjustment pre-
emptively bypasses the bias of lenticular astigmatism that 
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Figure 8 Contrast sensitivity comparison at 3-month visit.
Notes: As pre-operative data were not statistically significant in groups A and B, 

they are noted together as “Pre-op ALL”. The average contrast sensitivity data is 
indicated with the green, red, and blue lines. Group A: one eye with the standard 

clinical refraction; Group B: the contralateral eye with the topographic astigmatic 

power and axis (topography-modified treatment refraction).
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is probably active in young myopic eyes in their physiologi-
cal state and may compensate for some amount of cornea 
astigmatism and cornea coma generated by angle kappa. This 
theoretical lenticular astigmatism appears to be the factor 
that distorts the objective cylindrical refractive data, resulting 
in wavefront refractive data similar to the subjective refrac-
tion, which appears to subside within months following the 
refractive surgery intervention. The author has adopted this 
concept in modern refractive cataract surgery, assuming that 
the post-operative cylindrical refraction will depend mainly 
on the cornea astigmatism, but have not adopted this concept 
yet in laser vision correction techniques applied on the cor-
nea. The data in this contralateral eye study are compelling 
in studying further this novel principle that may increase 
accuracy in refractions used for laser vision correction.

Conclusion
Topographic adjustment of the amount and axis of astigma-
tism treated: TMR when different from the clinical refraction 
may offer superior outcomes in topography-guided myopic 
LASIK. These findings may change the current clinical 
paradigm of the optimal subjective refraction utilized in laser 
vision correction. Further studies by additional investigators 
may further validate this data.

Disclosure
The author reports no conflicts of interest in this work.

References
1. Kugler LJ, Wang MX. Lasers in refractive surgery: history, present, and 

future. Appl Opt. 2010;49(25):F1–F9.
2. Lukenda A, Martinović ZK, Kalauz M. Excimer laser correction of 

hyperopia, hyperopic and mixed astigmatism: past, present, and future. 
Acta Clin Croat. 2012;51(2):299–304.

3. Reggiani-Mello G, Krueger RR. Comparison of commercially available 
femtosecond lasers in refractive surgery. Expert Rev Opthalmol. 2011; 
6(1):55–56.

4. Salomão MQ, Wilson SE. Femtosecond laser in laser in situ 
keratomileusis. J Cataract Refract Surg. 2010;36(6):1024–1032.

5. Vega-Estrada A, Alió JL, Arba Mosquera S, Moreno LJ. Corneal higher 
order aberrations after LASIK for high myopia with a fast repetition rate 
excimer laser, optimized ablation profile, and femtosecond laser-assisted 
flap. J Refract Surg. 2012;28(10):689–696.

6. Winkler von Mohrenfels C, Khoramnia R, Lohmann CP. Comparison 
of different excimer laser ablation frequencies (50, 200, and 500 Hz). 
Graefes Arch Clin Exp Ophthalmol. 2009;247(11):1539–1545.

7. Iseli HP, Mrochen M, Hafezi F, Seller T. Clinical photoablation with a 500-Hz 
scanning spot excimer laser. J Refract Surg. 2004;20(6):831–834.

8. de Ortueta D, Magnago T, Triefenbach N, Arba Mosquera S, Sauer U,  
Brunsmann U. In vivo measurements of thermal load during ablation in 
high-speed laser corneal refractive surgery. J Refract Surg. 2012;28(1): 
53–58.

9. Aslanides IM, Kolli S, Padron S, Arba Mosquera S. Stability of 
therapeutic retreatment of corneal wavefront customized ablation 
with the SCHWIND CAM: 4-year data. J Refract Surg. 2012;28(5): 
347–352.

 10. Smadja D, Reggiani-Mello G, Santhiago MR, Krueger RR. Wavefront 
ablation profiles in refractive surgery: description, results, and limita-
tions. J Refract Surg. 2012;28(3):224–232.

 11. Kanellopoulos AJ. Topography-guided custom retreatments in 27 
symptomatic eyes. J Refract Surg. 2005;21(5):S513–S518.

 12. Kanellopoulos AJ. Topography-guided hyperopic and hyperopic astigma-
tism femtosecond laser-assisted LASIK: long-term experience with the 
400 Hz eye-Q excimer platform. Clin Ophthalmol. 2012;6:895–901.

 13. Zheng H, Song LW. Visual quality of Q-value-guided LASIK in the 
treatment of high myopia. Yan Ke Xue Bao. 2011;26(4):208–210.

 14. Alio JL, Vega-Estrada A, Piñero DP. Laser-assisted in situ keratomile-
usis in high levels of myopia with the amaris excimer laser using opti-
mized aspherical profiles. Am J Ophthalmol. 2011;152(6):954–963.

 15. El Awady HE, Ghanem AA, Saleh SM. Wavefront-optimized ablation 
versus topography-guided customized ablation in myopic LASIK: 
comparative study of higher order aberrations. Ophthalmic Surg Lasers 
Imaging. 2011;42(4):314–320.

16. WaveLight Allegretto Wave® Eye-Q Excimer Laser – P020050/S012. 
Summary of Safety and Effectiveness Data [SSED]. Available from: 
http://www.accessdata.fda.gov/cdrh_docs/pdf2/P020050S012b.pdf. 
Accessed August 27, 2016.

 17. Zuberbühler B, Galloway P, Reddy A, Saldana M, Gale R. A web-
based information system for management and analysis of patient 
data after refractive eye surgery. Comput Methods Programs Biomed. 
2007;88(3):210–216.

 18. Mrochen M, Wüllner C, Krause J, Klafke M, Donitzky C, Seiler T. 
Technical aspects of the WaveLight FS200 femtosecond laser. J Refract 
Surg. 2010;26(10):S833–S840.

 19. Kanellopoulos AJ, Asimellis G. Correlation between central corneal 
thickness, anterior chamber depth, and corneal keratometry as measured 
by oculyzer II and WaveLight OB820 in preoperative cataract surgery 
patients. J Refract Surg. 2012;22:1–6.

 20. Kanellopoulos AJ. Long term results of a prospective randomized 
bilateral eye comparison trial of higher fluence, shorter duration ultra-
violet A radiation, and riboflavin collagen cross linking for progressive 
keratoconus. Clin Ophthalmol. 2012;6:97–101.

 21. Matsuura T, Ikeda H, Idota N, Motokawa R, Hara Y, Annaka M. 
Anisotropic swelling behavior of the cornea. J Phys Chem B. 2009; 
113(51):16314–16322.

 22. Han DC, Chen J, Htoon HM, Tan DT, Mehta JS. Comparison of 
outcomes of conventional WaveLight(®) Allegretto Wave(®) and 
Technolas(®) excimer lasers in myopic laser in situ keratomileusis. 
Clin Ophthalmol. 2012;6:1159–1168.

 23. Celik HU, Alagöz N, Yildirim Y, et al. Accelerated corneal crosslinking 
concurrent with laser in situ keratomileusis. J Cataract Refract Surg. 
2012;38(8):1424–1431.

 24. Kanellopoulos AJ. Long-term safety and efficacy follow-up of prophy-
lactic higher fluence collagen cross-linking in high myopic laser-assisted 
in situ keratomileusis. Clin Ophthalmol. 2012;6:1125–1130.

 25. Kanellopoulos AJ, Asimellis G. Refractive and keratometric stability 
in high myopia LASIK with high-frequency femtosecond and excimer 
lasers. J Refract Surg. 2013;29(12):832–837.

 26. Kanellopoulos AJ, Asimellis G. Keratoconus management: long-term 
stability of topography-guided normalization combined with high-fluence 
CXL stabilization (the Athens Protocol). J Refract Surg. 2014;30(2): 
88–92.

 27. Kanellopoulos AJ, Asimellis G. Corneal refractive power and symmetry 
changes following normalization of ectasias treated with partial topog-
raphy-guided PTK combined with higher-fluence CXL (the Athens 
Protocol). J Refract Surg. 2014;30(5):342–346.

 28. Kanellopoulos AJ, Asimellis G. LASIK ablation centration: an objec-
tive digitized assessment and comparison between two generations of 
an excimer laser. J Refract Surg. 2015;31(3):164–169.

 29. Kanellopoulos AJ, Asimellis G. Novel placido-derived topography-
guided excimer corneal normalization with cyclorotation adjustment: 
enhanced athens protocol for keratoconus. J Refract Surg. 2015;31(11): 
768–773.



Clinical Ophthalmology

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/clinical-ophthalmology-journal

Clinical Ophthalmology is an international, peer-reviewed journal 
covering all subspecialties within ophthalmology. Key topics include: 
Optometry; Visual science; Pharmacology and drug therapy in eye 
diseases; Basic Sciences; Primary and Secondary eye care; Patient 
Safety and Quality of Care Improvements. This journal is indexed on 

PubMed Central and CAS, and is the official journal of The Society of 
Clinical Ophthalmology (SCO). The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Clinical Ophthalmology 2016:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

2221

Comparison of topography cylinder adjustment in LASIK vs standard refraction



306 Copyright © SLACK Incorporated

O R I G I N A L  A R T I C L E

ASIK is a widely accepted method for correcting the 
refractive error, as evidenced by the number of pub-
lications in the peer-reviewed literature.1,2 We previ-

ously reported, in agreement with many others, on the safety 
and accuracy of flap making with mechanical keratomes for cor-
rection of myopia and myopic astigmatism3 and hyperopia.4

In recent years, bladeless LASIK using a femtosecond la-
ser for lamellar flap creation as an alternative option to the 
mechanical microkeratome has been studied.5,6 Greater pre-
dictability of flap depth and higher precision in planar flap 
thickness creation in long-term follow-up have already been 
reported.7-13 Meanwhile, current excimer laser platforms for 
LASIK have evolved to offer significantly more accurate cen-
tration, eye tracking, and cornea customization, which seems 
to increase the overall safety and efficacy of the procedure.14-17

Small incision lenticule extraction (SMILE) is a new meth-
od of intrastromal keratomileusis that involves the creation 
of an intrastromal lenticule between two photodisruption 
planes that is mechanically removed through a small corneal 
incision tunnel without the use of an excimer laser. It was 
clinically introduced in 2006,18-24 and has recently received 
approval from the U.S. Food and Drug Administration for re-
fractive correction of myopia and myopic astigmatism.

This single laser “flapless” refractive procedure seems to be 
a viable alternative for refractive correction because numer-
ous recent studies validate its safety and efficacy, even when 
compared to LASIK. This prospective, randomized study was 
designed to compare the safety and efficacy of topography-
guided femtosecond laser–assisted LASIK to SMILE in the 
contralateral eyes.

LABSTRACT 

PURPOSE: To compare safety and efficacy of topogra-
phy-guided LASIK and contralateral eye SMILE for myo-
pia and myopic astigmatism correction.

METHODS: This prospective, randomized contralateral 
eye study included 44 eyes of 22 patients with bilateral 
myopia or myopic astigmatism. Treated eyes were di-
vided into two groups: 22 eyes were treated with topog-
raphy-guided LASIK and the fellow eye of each patient 
was treated with SMILE. The following parameters were 
evaluated preoperatively and up to 3 months postop-
eratively: uncorrected distance vision acuity (UDVA), 
corrected distance vision acuity (CDVA), refractive error, 
corneal keratometry, contrast sensitivity, and Objective 
Scatter Index.

RESULTS: At 3 months, 86.4% of the LASIK group and 
68.2% of the SMILE group had UDVA of 20/20 (P < .002) 
and 59.1% and 31.8%, respectively, had UDVA of 20/16 
(P < .002). Spherical equivalent refraction (± 0.50 D) 
was 95.5% for the LASIK group and 77.3% for the SMILE 
group (P < .002). Residual refraction cylinder (≤ 0.25 D) 
was 81.8% for the LASIK group and 50% for the SMILE 
group (P < .001). Contrast sensitivity (6 cycles/degree) 
was 7.2 ± 1.01 in the LASIK group and 6.20 ± 1.52 in 
the SMILE group. Objective Scatter Index measurements 
at 3 months were 1.35 in the LASIK group and 1.42 in 
the SMILE group.

CONCLUSIONS: Topography-guided LASIK was superior 
in all visual performance parameters studied, both sub-
jective and objective. The main difference between the 
two techniques likely derives from the eye tracking, cy-
clorotation compensation, and active centration control 
in the LASIK technology studied in contrast to the current 
technology available with SMILE-like procedures. This dif-
ference appears to affect refractive and visual aberration 
performance outcomes. 

[J Refract Surg. 2017;33(5):306-312.]
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PATIENTS AND METHODS
This prospective, randomized clinical study received 

approval from the Ethics Committee of our institution 
and adhered to the tenets of the Declaration of Helsinki. 
Informed consent was provided and documented in writ-
ing from each patient prior to the time of the interven-
tion. The study was conducted on patients in our clinical 
practice, during scheduled preoperative and postopera-
tive procedure visits and unscheduled visits when neces-
sary. The inclusion criteria were: age between 18 and 65 
years, no previous ocular surgery, documented refractive 
stability for at least 3 years, and discontinuation of con-
tact lens use for at least 2 weeks. Prior to intervention, 
a complete preoperative ophthalmologic evaluation en-
sured there was no current or past ocular pathology other 
than refractive error. Preoperative myopia was between 
-3.00 and -10.00 diopters (D), and up to -6.00 D of cylin-
der refractive error. According to the available and rec-
ommended treatment range of the SMILE technique, at 
that time within the European Union the sum of myopic 
plus astigmatic absolute numbers was up to -10.00 D. Fi-
nally, preoperative CDVA was least 20/30 in 22 patients 
studied. Exclusion criteria comprised history of corneal 
dystrophy and/or herpetic eye disease, topographic evi-
dence of keratoconus as evidenced by Placido topogra-
phy or Scheimpflug-based tomography, epithelial warp-
age from contact lens use, corneal scarring, glaucoma, 
severe dry eye, and collagen vascular disease. 

Twenty-two patients with bilateral myopia or myo-
pic astigmatism were enrolled in this study. One eye of 
each patient was randomly assigned (coin flip) to the 
topography-guided femtosecond laser–assisted LASIK 
group (LASIK group) and the fellow eye was then as-
signed to the SMILE group. Each patient was not aware 
which eye received LASIK or SMILE until the comple-
tion of the study. All surgeries were performed by the 
same surgeon (AJK).

The Alcon WaveLight Refractive Suite, specifically 
the FS200 femtosecond and EX500 excimer lasers (Al-
con Laboratories, Inc., Fort Worth, TX), was employed 
for all femtosecond laser-assisted LASIK procedures. 
All cases had planned flap thickness of 110 µm and 
planned flap diameter of 8.5 mm. The 110-µm flap thick-
ness was chosen in all LASIK cases because this has 
been optimal in our practice and has been used as the 
clinical standard during the past 10 years. Topographic 
data were imported by the Vario topolyzer (WaveLight, 
Erlagen, Germany) and corneal pachymetric data were 
imported by the Oculyzer II (WaveLight), a Scheimp-
flug-based tomography device associated with the Re-
fractive Suite, a diagnostic device that is essentially 
based on the Pentacam HD (Oculus Optikgeräte GmbH, 
Wetzlar, Germany). The cylindrical refraction was ad-

justed by the surgeon to match the amount and axis of 
the topographically measured cylinder and appropriate 
sphere adjustments were made to keep the same spheri-
cal equivalent (topography modified refraction).25

All SMILE procedures were performed prior to the 
topography-guided LASIK procedure on a same-day 
basis using the VisuMax femtosecond laser (Carl Zeiss 
Meditec, Jena, Germany). The reason for this was the 
potential need for an excimer ablation in case the 
SMILE procedure ran into intraoperative complications 
that allowed conversion to LASIK (by converting the ac-
tual SMILE cap into a LASIK flap, and using an excimer 
laser to correct the refractive error). The intended thick-
ness of the cap tissue was 130 µm because this was the 
optimal recommended by the Zeiss surgical application 
consultant and planned lenticule diameter was 6.5 mm.

All eyes were evaluated preoperatively and on each 
postoperative visit for corrected distance visual acuity 
(CDVA), uncorrected distance visual acuity (UDVA), 
and manifest spherical equivalent before and after cy-
cloplegia with two drops of 1% tropicamide topical 
solution, autorefraction/keratometry with the Speedy-
i-K model (Righton, Tokyo, Japan), slit-lamp biomi-
croscopy, dilated fundus examination including reti-
nal periphery, and applanation tonometry.

Additionally, several tests were completed at each 
preoperative and postoperative visit: Vario Placido-
based topography, described above; Scheimpflug cor-
neal tomography with the Oculyzer II, noted above; an-
terior segment optical coherence tomography (Avanti; 
Optovue, Fremont, CA); Objective Scatter Index using 
the HD analyzer model OQAS-HDA (Visiometrics, Bar-
celona, Spain); contrast sensitivity using the Functional 
Vision Analyzer (Stereo Optical Company, Inc., Chi-
cago, IL) with the Eye View functional vision analysis 
software (Vision Sciences Research Corporation, Wal-
nut Creek, CA); photopic, mesopic, and scotopic bin-
ocular pupillometry with the Pupillometer P3000 SA 
(Procyon Instruments limited, London, United King-
dom); and wavefront analysis with the Allegro II Tsern-
ing-type Wavefront analyzer (WaveLight), a device also 
part of the Refractive Suite operative network. Preop-
erative evaluations included wavefront analysis, pupil-
lometry, keratometry and contrast sensitivity (Stereo 
Vision, Chicago, IL), and Objective Scatter Index (HD 
analyzer device; Visiometrics). Postoperative examina-
tion included manifest and dilated refraction, slit-lamp 
microscopy, tonometry, and keratometry by means of 
corneal topography and tomography assessment.

Postoperative follow-up examinations were con-
ducted at 1 day, 1 week, 1 month, and 3 months. All 
patients were postoperatively treated with moxifloxa-
cin (Vigamox; Alcon Laboratories, Inc.) and 0.1% 
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dexamethasone/chloramphenicol solution (Dispersa-
dron C; Alcon Laboratories, Inc.) four times a day for 
both eye drops for 1 week in each eye and preserva-
tive-free artificial tears as needed. The frequency of 
artificial tear use was not monitored in this study, nor 
was corneal sensitivity.

All possible adverse effects or patient complaints 
were closely monitored. Preoperative refractive mea-
surements were masked by default because eye allo-
cation had not been held at the time. At each follow-
up visit, the outcome assessors (eg, optometrists and 
research assistants) and the patients themselves re-
mained masked to the assigned treatment to improve 
objectivity and minimize potential bias. 

RESULTS
Of the 22 patients enrolled in this study, 13 were 

women and 9 men. The patient ages at the time of 
surgery ranged from 21 to 45 years (average: 29.5 

years). Preoperative patient demographics are listed 
in Table 1.

Most patients responded that they found SMILE 
(95.4%; 21 of 22) more comfortable than LASIK (4.6%, 
1 of 22). Preoperatively, UDVA was 0.02 ± 0.07 (range: 
0.01 to 0.25) (there was no statistical difference be-
tween the preoperative UDVA for the LASIK group 
compared to the SMILE group), manifest spherical 
equivalent range was -3.125 to -10.00 D, and mean cyl-
inder was -1.12 ± 0.99 D (range: 0.00 to -4.25 D). 

UDVA OUTCOMES AND STABILITY
At 3 months of follow-up, 86.4% of the LASIK 

group had UDVA of 20/20 (1.0 decimal) and 59.1% 
had UDVA of 20/16. In the SMILE group, 68.2% of 
the eyes had UDVA of 20/20 and 31.8% had UDVA of 
20/16. The differences between the two groups at the 
20/20 and the 20/16 levels were statistically significant 
(P < .002 for both comparisons) (Figure 1).

TABLE 1
Preoperative Data

LASIK SMILE

Variable Mean ± SD Range Mean ± SD Range P

UDVA (logMAR) 0.04 ± 0.09 -0.2 to 0.2 -0.02 ± 0.1 -0.3 to 0.1 .0592

CDVA (logMAR) 0.07 ± 0.07 -0.1 to 0.2 0.03 ± 0.07 -0.1 to 0.2 .1047

MRSE (D) -5.02 ± 1.74 -1.25 to -8 -5.17 ± 2.30 -0.75 to -9.5 .9127

Corneal thickness (µm) 541.72 ± 28.90 502 to 610 541.81 ± 28.82 500 to 605 .9919

Objective Scatter Index 1.57 ± 2.20 0.2 to 9 1.58 ± 2.07 0.2 to 8.6 .9870

Low contrast sensitivity 
(6 cpd)

6.50 ± 1.78 2 to 9 6.35 ± 2.06 1 to 9 .8460

SMILE = small incision lenticule extraction; SD = standard deviation; UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; MRSE 
= manifest refraction spherical equivalent; D = diopters; cpd = cycles per degree

Figure 1. Visual outcomes for the (A) topography-guided LASIK and (B) small incision lenticule extraction (SMILE) groups at the end of 3 months, 
showing the change in postoperative uncorrected distance visual acuity (blue) preoperative corrected distance visual acuity (red).
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EFFICACY OF CDVA
The gain–loss data (preoperative CDVA versus post-

operative UDVA, Figure 2) indicated that 9.1% of the 
eyes in the LASIK group and 4.5% of the eyes in the 
SMILE group gained two lines. These data were also sta-
tistically significant in comparison (P < .02). 

REFRACTIVE PREDICTABILITY AND ACCURACY
The residual manifest spherical equivalent between 

0.00 and +0.50 D was achieved in 95.5% of the eyes 
in the LASIK group compared to 77.3% in the SMILE 
group (P < .002). Residual manifest refraction cylinder 
of less than 0.25 D representing the accuracy of cylin-
der correction was achieved in 81.8% of the eyes in the 
LASIK group and 50% of the eyes in the SMILE group 
(P < .001) (Figures 4-5 and Figure A, available in the 
online version of this article).

OBJECTIVE SCATTER INDEX AND LOW CONTRAST 
SENSITIVITY MEASUREMENTS

The average postoperative Objective Scatter Index 
(Figure B, available in the online version of this ar-
ticle) was 1.35 in the LASIK group (statistically better 
than preoperative mean value) and 1.42 in the SMILE 
group (not statistically different to preoperative val-
ues, but also not worse). 

The average low contrast sensitivity at 6 cycles/de-
gree postoperatively was in 7.2 ± 1.01 in the LASIK 
group, which constitutes an improvement in compari-
son to the preoperative measurements, and 6.20 ± 1.52 
in the SMILE group (not statistically significantly dif-
ferent to preoperative measurements, but also not re-
duced at all). Figure C (available in the online version 
of this article) demonstrates the 1-month and 3-month 
data.

Figure 3. Spherical equivalent refraction (SEQ) correction in diopters for the (A) topography-guided LASIK and (B) small incision lenticule extraction 
(SMILE) groups.

Figure 2. Percentage of eyes with unchanged/gain in Snellen lines of corrected distance visual acuity (CDVA) at 3 months for the (A) topography-guided 
LASIK and (B) small incision lenticule extraction (SMILE) groups.
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DISCUSSION
Both topography-guided LASIK and SMILE per-

formed in contralateral eyes exhibited adequate sta-
bility and efficacy in terms of myopia and myopic 
astigmatic correction evaluated through the 3-month 
postoperative period. However, virtually all parame-
ters studied rendered a statistical significance in favor 
of the topography-guided LASIK group.

The reason for this statistical difference of the topog-
raphy-guided LASIK procedure’s efficacy should prob-
ably be attributed to its topography customization with 
additional centration and cyclorotation intraoperative 
compensation by the excimer laser. When comparing 
this well-established technique to an evolving proce-
dure such as the current form of SMILE, in which cen-
tration is manually held by the surgeon, and where no 
tracking and/or cyclorotation adjustment is currently of-

fered by the only femtosecond laser platform currently 
able to offer this procedure, these data should probably 
be anticipated. Admittedly initial studies report SMILE 
efficacy comparable to standard (wavefront-optimized) 
LASIK showing essentially “equal” postoperative re-
sults.15-22 Investigators recently reported comparable 
visual outcomes when comparing wavefront-optimized 
to topography-guided profiles in a contralateral eye 
study.26 However, this study did did not use topogra-
phy-guided modification (TMR) of the clinical refrac-
tion in the respective treatments, something that was 
the backbone of the refractions used in our study herein 
and may explain the difference in outcomes.25

To limit possible intersubject bias such as different 
healing properties, environmental, psychological, and 
compliance issues, we decided to use a contralateral 
eye study protocol.

Figure 5. Predictability graph with red dots showing overcorrection and blue dots showing undercorrection, with green dots within ±0.50 diopters for 
(A) topography-guided LASIK and (B) small incision lenticule extraction (SMILE) groups.

Figure 4. Preoperatively (red) and 3 months postoperatively (blue) cylinder distribution for the (A) topography-guided LASIK and (B) small incision 
lenticule extraction (SMILE) groups
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We theorize that this treatment adjustment pre-
emptively bypasses the bias of lenticular astigmatism, 
which is probably an issue in young myopic eyes and 
may compensate for some amount of corneal astigma-
tism and corneal coma generated by angle kappa. This 
theoretical lenticular astigmatism appears to be the 
factor that distorts the objective cylindrical refractive 
data, resulting in wavefront refractive data similar to 
the subjective refraction, and which seems to subside 
within days or months at the latest following the re-
fractive surgery intervention.27 This concept has been 
adopted in modern refractive cataract surgery, with ex-
perience that the postoperative cylindrical refraction 
will depend mainly on the corneal astigmatism, but it 
is yet to be established in laser vision correction tech-
niques applied on the cornea. The data provided by 
this contralateral eye study are compelling enough to 
encourage further study of this novel principle, which 
may ultimately increase our accuracy in refractions 
used for laser vision correction.

SMILE has undoubtedly constituted a promising 
method in our early clinical experience and possible 
future technological evolution enabling cyclorota-
tion tracking and adjustment may offer improvement 
in refractive and quality of vision results. Addition-
ally, possible future topographic data customization of 
SMILE-like procedures may also improve visual out-
comes. 

CONCLUSIONS
Topography-guided LASIK appears to offer im-

proved outcomes in all parameters studied herein 
compared to the early clinical practice of SMILE for 
myopia and myopic astigmatism correction. The dif-
ference noted between the two techniques is likely to 
derive from the customization topography-guided ex-
cimer platform, offering automatic eye tracking with 
active centration control and cyclorotation compensa-
tion, aspects that may decisively affect refractive and 
visual performance outcomes. 
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Figure A. Time course of manifest spherical equivalent refraction (SEQ) after (A) topography-guided LASIK and (B) 
small incision lenticule extraction (SMILE).

Figure B. Objective Scatter index (OSI) boxplots showing topography-
guided LASIK versus small incision lenticule extraction (SMILE): the first 
boxplot represents the average for all, the second represents SMILE at 1 
month, the third represents the LASIK at 1 month, the fourth the SMILE at 
3 months and the fifth the LASIK at 3 months, respectively.

Figure C. Contrast sensitivity for postoperative month 1. The blue line represents the preoperative average for all, the red line the average small incision 
lenticule extraction (SMILE) data at 1 month, in all special frequencies, and the green line the respective topography-guided LASIK data at 1 month.


