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K
eratoconus is characterized by two structural
changes: progressive increase in corneal curva-
ture (ie, ectasia) and corneal thinning.
Generally manifested between the ages of 20

and 30 years, this refractive error causes a progressive
deterioration of vision in the affected cornea. In more
advanced cases of keratoconus, poor corneal optical
quality also results.

Penetrating keratoplasty (PKP) is one option for the
treatment of keratoconus, but many authors1,2 consider
it as the last resort because of the risks of graft rejec-
tion, unpredictable visual outcomes, and development
of high astigmatism. The advantages of postponing PKP
are many; even following a successful procedure, the
mean survival rate of the corneal graft is 16.88 years.3 As
a consequence, young patients undergoing PKP may
have to repeat the procedure. 

ORIGINAL SURGICAL TECHNIQUE S
Recently, alternative and novel surgical and medical

treatments for keratoconus have allowed us to further
avoid, or at least delay, PKP. Conservative surgical tech-
niques include asymmetric radial keratotomy (ARK),
mini asymmetric radial keratotomy (MARK), circular
keratotomy, and intrastromal corneal ring segments
(ICRS).4,5 These techniques address the refractive prob-
lems of keratoconus by reducing corneal curvature and
effectively improving visual performance. 

Another original technique recently developed is
corneal collagen crosslinking (CXL).1,6-8 This treatment
directly addresses the intrinsic structural weakness
responsible for the progressive deformation of the
cornea in keratoconus patients. CXL combines local
application of riboflavin solution with UV-A light, a
technique initially described by surgeons at the Dresden
Clinic.1 Keratoconus progression was stopped in all

treated eyes, with a slight reversal and flattening of ker-
atoconus observed in 42% of eyes.

Laboratory tests in the Dresden study revealed that
the maximum effect of the treatment occurs in the
anterior 300 µm of the cornea. The level of energy that
is cytotoxic for the corneal endothelium is reached only
in human corneas with a stromal thickness of less than
400 µm. It was concluded that treatment is safe and
effective in corneas with thickness measurements above
that value. 

VISUAL IMPROVE MENTS NOTED
The primary intention behind CXL is to reinforce

corneal structural properties and halt keratoconus pro-
gression; however, this treatment also conveys a signifi-
cant visual improvement. The enhancement of vision
was quantified, for example, in the Dresden study1 as
1.4 Snellen lines. UCVA and BCVA frequently improve

Refractive Changes
Following CXL

An evaluation of higher-order aberrations and 
corneal curvature after crosslinking. 

BY MARCO ABBONDANZA, MD; BARMAK ABDOLRAHIMZADEH, MD; 

AND MAURO ZUPPARDO, OD, PHD

Figure 1. Scheimpflug measurement of corneal optical density.
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following CXL, although the quantity of improvement is
not entirely predictable. Patients often report sharper,
less distorted, and clearer vision.

In keratoconus patients, diminished visual perform-
ance, including BCVA, is partly caused by abnormal

higher-order aberrations associated with other optical
defects. These aberrations (eg, coma, trefoil, astigma-
tism) are significantly higher in patients with kerato-
conus compared with normal eyes.9 Reduction of
corneal curvature and topography changes following
CXL may reduce these aberrations. We can measure
corneal wavefront aberrations using Zernike polynomial
analysis, based on computerized corneal topography.
These measurements allow us to study the refractive
profile of eyes with corneal abnormalities. 

We recently conducted a study to investigate refrac-
tive changes following CXL by analyzing higher-order
corneal wavefront aberrations and corneal curvature
indices. We also asked patients to complete a question-
naire to assess the subjective characteristics of improve-
ment. Subjective and quantitative measurements were
then compared, along with corneal curvature readings.

M ATERIAL S AND METHODS
We recruited 40 eyes (40 patients) for CXL treat-

ment. UCVA and BCVA, computerized corneal topog-
raphy, axial biometry, pachymetry, endothelial cell
count, keratometry, and slit-lamp examination were
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Figure 2. Pre- and postoperative data from the corneal density

measurement were used to evaluate changes induced by CXL.

Figure 3. Visual performance questionnaire.
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performed on all patients. We used computerized
corneal topography equipment and specific software
(EyeTop Software; Costruzione Strumenti Oftalmici,
Scandicci, Italy) to measure refractive aberrations
preoperatively and at 1, 3, and 6 months following
treatment. This software also allows elaborate analy-
sis of higher-order aberrations at three pupil diame-
ters (3, 5, and 7 mm). We chose 5 mm as the value
for our study.

We used the Galilei Double Scheimpflug Analyzer
(Ziemer Group, Port, Switzerland) to measure corneal opti-
cal density (Figures 1 and 2). 

Data from the corneal densitometry measurement,
based on the logarithmic relationship between incident
and emergent light, is acquired and instantly elaborated
by the Galilei analyzer. We performed corneal densitom-
etry pre- and postoperatively to evaluate changes
induced by CXL.

PROCEDURE
After applying topical anesthesia (benoxinate chlo-

ride 0.4%), we removed the corneal epithelium with an
ophthalmic scalpel (MicroFeather; Feather Safety Razor
Co., Ltd., Osaka, Japan) under a surgical microscope. For
the UV-A source, we used the UV-X illumination system
(Version 1000; IROC AG, Switzerland). Riboflavin solu-
tion was applied starting 30 minutes before treatment
at 10-minute intervals until UV-A application.
Riboflavin was then applied six times at 5-minute inter-
vals during UV-A application, with a total UV-A expo-
sure time of 30 minutes.

After treatment, a bandage contact lens was
placed, and topical antibiotics and nonsteroidal anti-
inflammatory drugs were prescribed. Clinical exami-
nation was performed 1 and 3 days following treat-
ment, when the contact lens was removed. Corneal
epithelial healing was checked with slit-lamp exami-
nation. Follow-up also occurred at 1, 3, and 6 months
and included all exams performed in the pretreat-
ment work-up, such as measurement of higher-order
refractive aberrations. The following parameters were
chosen as indicators: astigmatism, trefoil, coma, and
average corneal curvature values.

At the end of follow-up, patients were asked to
answer a visual performance questionnaire (Figure 3).
The self-evaluation questionnaire referred to general
visual quality in different light conditions (ie, bright,
dim, and night driving); presence or absence of halos or
glare; and general considerations, such as degree of sat-
isfaction with the treatment. 

RE SULTS
The average reduction in corneal curvature was 1.20 D

(49.50 D preoperative vs 48.30 D postoperative). Patients’
average UCVA and BCVA before treatment were 3/20 and
11/20, respectively, improving to an average of 6/20 and
14/20, respectively, following CXL. 

Coma, trefoil, and astigmatic aberration values did
not improve at 1- and 3-month follow-up visits.
Surprisingly, these values increased slightly at this stage
in a large proportion of patients (58%). The values final-

• Corneal wavefront aberrations may be measured using
Zernike polynomial analysis.

• In the author’s study, corneal optical densitometry revealed
increased corneal density after CXL. 

• The increase in corneal density correlated with improve-
ments in visual quality. 

TAKE-HOME MESSAGE

Figure 4. (A,B) There was increased corneal density in treated eyes.

B

A
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ly decreased at 6 months. Astigmatic aberrations
decreased from an average of 4.7 µm preoperatively to
3.8 µm postoperatively, an average reduction of 0.9 µm.
Trefoil decreased from an average of 1.25 µm to 0.80 µm
pre- versus postoperatively, showing an average reduc-
tion of 0.45 µm. Coma decreased from an average of 4.9
µm to 4.2 µm, an average reduction of 0.7 µm. 

Densitometry revealed an increase in corneal density
in treated eyes (Figure 4). Additionally, the subjective
patient questionnaires showed that 39% percent report-
ed considerable improvement in visual performance,
43% reported slight or appreciable improvement, and
18% reported no or uncertain improvement.

DISCUSSION
It must be emphasized that the main aim of CXL is to

increase corneal structural strength. Its direct biomechani-
cal consequences cause stabilization or reduction of
corneal ectasia and curvature. The increase in corneal opti-
cal density, measured using the Galilei Dual Scheimpflug
Analyzer, was significant in all cases and correlates with the
structural changes of the cornea. This may be considered
as an early indicator of the treatment’s efficacy. 

Our results confirm that the most consistent
improvements after CXL concerned the considerable
decrease in corneal curvature values in a large number
of eyes. Reduction of higher-order aberrations were also
investigated; however, these changes were less consis-
tent and appeared later in the follow-up. In fact, in early
stages of follow-up, higher-order aberrations increased.
This clinical behavior was attributed to superficial
corneal irregularity and superficial corneal edema and
haze, which caused the cornea to thicken. 

With the gradual clearing of corneal haze, a decrease in
coma, trefoil, and astigmatic corneal aberrations occurred
at the 6-month follow-up. The degree of visual improve-
ment was gradual and included considerable improve-
ment in UCVA, BCVA, and visual quality. 

Since the amount of visual improvement following CXL
can be unforseeable, a number of authors4,5 have com-
bined the insertion of intrastromal corneal rings and CXL,
reporting improved refractive result versus CXL alone. We
have successfully associated MARK surgery and CXL to
obtain a significant reduction of corneal curvature and

improved BCVA and UCVA, complimenting the increase
of corneal resistance secondary to CXL.

The improvement of vision and refractive aberrations
is a complex phenomena, one that is not always pro-
portional to the structural modifications of the cornea.
In fact, the degree of visual improvement following CXL
is unpredictable and may be due to a combination of
factors, including corneal flattening and a slight reduc-
tion of higher-order refractive aberrations. ■
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The most consistent improvements
after CXL concerned the considerable

decrease in corneal curvature.

Would you like to comment on an author’s article?
Do you have an article topic to suggest? 

Do you wish to tell us how valuable 
CRST Europe is to your practice? 

We would love to hear from you. Please e-mail us at 
letters@bmctoday.com with any thoughts, feelings,

or questions you have regarding this publication.
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