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Purpose: The aim of the study was to determine and compare the relationship between change
in simulated keratometry (K) and degree of refractive correction in wavefront-guided (WFG)
and wavefront-optimized (WFO) myopic laser-assisted in situ keratomileusis (LASIK).
Methods: A total of 51 patients were prospectively randomized to WFG LASIK in one eye and
WFO LASIK in the contralateral eye at the Byers Eye Institute, Stanford University. Changes in
simulated K and refractive error were determined at 1 year post-operatively. Linear regression
was employed to calculate the slope of change in simulated K (AK) for change in refractive
error (ASE). The mean ratio (AK/ASE) was also calculated.

Results: The ratio of AK to ASE was larger for WFG LASIK compared to WFO LASIK when
comparing the slope (AK/ASE) as determined by linear regression (0.85 vs 0.83, p =0.04). Upon
comparing the mean ratio (AK/ASE), subgroup analysis revealed that AK/ASE was larger for
WFG LASIK for refractive corrections of >3.00 D and >4.00 D (0.89 vs 0.83; p =0.0323 and
0.88 vs 0.83; p = 0.0466, respectively). Both linear regression and direct comparison of the
mean ratio (AK/ASE) for refractive corrections <4.00 D and >4.00 D revealed no difference
in AK/ASE between smaller and larger refractive corrections.

Conclusion: WFO LASIK requires a smaller amount of corneal flattening compared to WFG
LASIK for a given degree of refractive correction. For both, there was no significant differ-
ence in change in corneal curvature for a given degree of refractive error between smaller and
larger corrections.

Keywords: LASIK, keratometry, wavefront guided, wavefront optimized

Introduction
Laser photoablation is used to correct myopia by flattening the cornea proportionally to
the intended amount of refractive correction. The degree of change in corneal curvature
relative to the amount of corrected myopia is represented by the ratio of change in
simulated keratometry (K) to change in spherical equivalent (SE) of refractive error.
Understanding this relationship is important for pre-operative planning, as significant
flattening of the cornea may yield sub-optimal quality of vision after myopic laser
photoablation.'? These scenarios may be avoided by better predicting the post-operative
simulated K for a given degree of refractive correction.

Additionally, understanding this relationship is relevant when considering
cataract extraction and intraocular lens (IOL) implantation in patients with a history
of prior myopic laser photoablation. A number of studies have demonstrated that
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keratometric measurements following laser-assisted in situ
keratomileusis (LASIK) are frequently overestimated.? This
in turn results in the selection of underpowered IOLs with
consequent hyperopic surprise. This phenomenon has been
demonstrated with various topographers, including manual
keratometry, automated keratometry, videokeratography,
and IOLMaster.*' As a result, different methods have been
proposed to better calculate IOL power after myopic laser
photoablation.!'"14

A previous study has shown that the ratio of change
in simulated K to change in corrected refractive error is
not linear or constant following myopic LASIK.? Instead,
for larger refractive errors, there is a smaller change in
simulated K relative to degree of refractive correction.? The
same investigators demonstrated that custom LASIK results
in a greater ratio of change in corneal curvature to degree
of myopic correction compared to conventional LASIK.2
Whether there is a significant difference in this ratio between
wavefront-optimized (WFO) vs wavefront-guided (WFG)
LASIK has yet to be determined.

Both WFO and WFG LASIK yield outstanding clinical
outcomes and induce fewer higher order aberrations relative
to conventional LASIK.!3!¢ Here, the relationship between
induced change in corneal curvature and change in refractive
error for both WFO and WFG LASIK was investigated, and
furthermore, any difference in this relationship when compar-
ing the two ablation profiles was determined.

Methods

A total of 102 eyes of 51 patients undergoing LASIK were
enrolled from the refractive surgery service at Byers Eye
Institute, Stanford University. Patients were followed pro-
spectively for 1 year post-operatively. The inclusion criteria
for this study were as previously reported:'> <12.00 D of
myopia with <3.00 D of astigmatism, stable refraction
with <0.50 D change in sphere and cylinder in the prior
year, best-corrected visual acuity (BCVA) of 20/20 or better
in both eyes, cessation of soft contact lens use for =7 days
prior to the pre-operative visit, and age =21 years.

The study was conducted at the Stanford Eye Laser Center
and adhered to the tenets of the Declaration of Helsinki as
well as the Health Insurance Portability and Accountability
Act. Written informed consent was obtained from all the
patients to participate in this study. Institutional review board
(IRB) approval was obtained from the Stanford University
IRB. The trial was publicly registered with the National
Institutes of Health at https://www.ClinicalTrials.gov/
(NCT01135719).

A computer-generated schedule was utilized to random-
ize patients to WFG LASIK (VISX CustomVue Star S4 IR
excimer laser system; Abbot Medical Optics) in one eye and
WEFO LASIK (WaveLight Allegretto Wave Eye-Q 400 Hz
excimer laser system; Alcon Surgical) in the contralateral
eye. Allegretto used a 6.5 mm optical zone with a variable
blend zone. VISX employed an optical zone of 6.0 mm with a
blend zone out to 8.0 mm. Both platforms resulted in ~15 pm
of tissue removal per diopter of corrected myopia. The Intral-
ase iFS 150 femtosecond laser (Abbot Medical Optics) was
used for flap creation, with flaps standardized to 9.0 mm in
diameter and 105 wm in thickness.

A manifest refraction was performed at the pre-operative
visit and at the post-operative year 1 visit. The difference
between the SE at these visits was used to determine the
amount of refractive change at post-operative year 1. At both
visits, a 12 mm vertex distance was used to shift the refraction
from the spectacle plane to the corneal plane. Scanning-slit
topography (Orbscan; Bausch & Lomb) was used to deter-
mine mean corneal topography at the pre-operative visit and
at the post-operative year 1 visit. The difference between
these measurements was used to determine the change in
simulated K at post-operative year 1.

A linear regression was then employed using the equa-
tion, AK = o, + B [ASE], to assess the relationship between
change in simulated K (AK) relative to change in refractive
error (ASE) for both the WFO and WFG LASIK groups.
In this equation, the slope [ represented the ratio of change
in simulated K to change in SE (AK/ASE). The data from
the two groups were pooled, and a joint pooled cross-section
regression was employed using a standard F test of the equal-
ity of the coefficients to compare the slopes (B) for the WFO
and WFG LASIK groups, respectively.

The ratios of change in simulated K to change in SE
(AK/ASE) were alternatively compared between the two
ablation profiles by calculating the mean values of this
ratio for each group followed by the two-variable #-test to
compare the mean values after confirming normality by the
Shapiro—Wilk test. All subgroups were tested for normality
using the Shapiro—Wilk test. The Wilcoxon rank-sum test
was used to compare non-normally distributed data. The
two-variable #-test was used to compare normally distrib-
uted data. Subgroup analysis was performed comparing the
mean values of the ratio (AK/ASE) between the two ablation
profiles for changes in refractive error of >2.00 D, >3.00 D,
and >4.00 D. Finally, the mean values of the ratio (AK/ASE)
for changes in refractive error of <4.00 D vs >4.00 D were
compared within each group.
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Results

There were no significant differences in pre-operative SE of
refractive error, cylindrical error, or K values between the
WEFG and WFO LASIK groups (Table 1).

Linear regression modeling using the equation, AK =
o + B [ASE], demonstrated several key findings (Table 2
and Figure 1). For both ablation profiles, the slope () was
positive (p < 0.0001), which was consistent with a positive
linear correlation between AK and ASE. The difference
between the estimate of B between the WFG and WFO
LASIK groups was statistically significant (0.85 vs 0.83,
respectively, p = 0.04), revealing that the degree of change
in simulated K per unit of change in SE was larger in the
WFG compared to the WFO LASIK cohort.

The estimate of o was positive for both the WFG and WFO
LASIK groups; however, this did not reach statistical signifi-
cance for either group (p=0.399 and p = 0.9476, respectively).
Thus, the relationship between AK and ASE for both ablation
profiles did not include a positive y-intercept. Therefore, the
ratio (AK/ASE) in this model was constant between small and
large changes in refractive error. That is, correcting smaller
and larger refractive errors required similar corresponding
flattening in corneal curvature for both ablation profiles.

To more thoroughly investigate this relationship, the
mean values of the ratio (AK/ASE) were compared between
changes in refractive error <4.00 D and >4.00 D for both
WEFG and WFO LASIK (Table 3 and Figure 2). In the WFG
LASIK group, there was no statistically significant differ-
ence between the ratio for refractive corrections of <4.00 D
compared to >4.00 D (0.91 vs 0.88, respectively, p=0.5591).
In the WFO group, there was also no statistically signifi-
cant difference between the ratio for refractive corrections
of <4.00 D compared to >4.00 D (0.85 vs 0.83, respectively,
p=0.6311). Thus, both linear regression modeling and direct
comparison of the mean values of the ratio (AK/ASE) between
patients with smaller (<4.00 D) and larger (>4.00 D) refrac-
tive errors revealed that the ratio (AK/ASE) did not vary with
degree of corrected refractive error.

There was no statistically significant difference when
comparing the mean ratio (AK/ASE) between the WFG and

Table | Pre-op refractive measures

WFO LASIK groups as a whole (0.89 vs 0.84, p = 0.0913)
(Table 4). In subgroup analyses comparing WFG and WFO
LASIK for changes in refractive error of >2.00 D, >3.00 D,
and >4.00 D, all subgroups demonstrated a larger ratio
(AK/ASE) for the WFG LASIK subgroups compared to
the WFO LASIK subgroups, with statistical significance
reached in the >3.00 D and >4.00 D subgroups (0.89 vs
0.83; p=0.0323 and 0.88 vs 0.83; p = 0.0466, respectively).
Thus, for larger degrees of refractive correction, WFG
LASIK required more corneal flattening for a given change
in refractive error when compared to WFO LASIK.

Discussion
Both WFO and WFG photoablation have become widely used
among refractive surgeons in recent years, as these techniques
result in a lower post-operative induction of higher order
aberrations relative to conventional therapies.!® Although
both WFO and WFG LASIK have been shown to result in
excellent visual outcomes, in head-to-head comparison, WFG
LASIK results in less residual refractive error, improved
uncorrected distance visual acuity, and improved contrast
sensitivity.'> Despite the demonstrated advantages of WFG
compared to WFO LASIK, both modalities continue to be
widely used among refractive surgeons. Thus, understanding
the extent of corneal flattening induced for a given degree of
refractive correction with both ablation profiles is important
for both pre-operative planning and future IOL selection.
The present study demonstrates that WFO LASIK requires
a smaller amount of corneal flattening for a given degree of
myopic refractive correction compared to WFG LASIK. This
was demonstrated both in comparing the slope P in the linear
regression model (AK = 0.+ 3 [ASE]) and directly comparing
the mean ratio (AK/ASE) between WFG and WFO LASIK.
Although comparing the mean ratio (AK/ASE) between the
two ablation profiles for the entire cohort did not reveal a
statistically significant difference, upon subgroup analysis it
was revealed that at higher degrees of refractive correction
(>3.00 D and >4.00 D), WFG LASIK resulted in a larger
ratio of change in simulated K to change in refractive error
compared to WFO LASIK. In other words, at higher degrees

Ablation profile Pre-op SE

Pre-op cyl Pre-op K

WFG LASIK (n =51)
WFO LASIK (n =51)

—4.56 + 1.91 (~1.23 to -8.63)
—4.61 +1.66 (—1.23 10 -7.71)
p=08729

0.82 +0.72 (0-2.81)
0.79 + 0.80 (0-2.90)
p = 0.5049

43.8+0.92 (42.37-46.24)
43.7 +0.98 (41.62-45.92)
p=07518

Notes: cyl, cylindrical error; K, simulated keratometry.

Abbreviations: LASIK, laser-assisted in situ keratomileusis; pre-op, pre-operative; SE, spherical equivalent; WFG, wavefront-guided; WFO, wavefront-optimized.
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Table 2 Estimation results for the model (AK = o + B [ASE])

Parameter Estimate p-value 95% confidence
interval
Lower Upper
limit limit
WEFG LASIK
A 0.17 0.399 -0.23 0.57
B 0.85 <0.0001 0.76 0.93
R? 0.89
Observations (n) 51
WEFO LASIK
A 0.0l 0.9476 —0.42 0.45
B 0.83 <0.0001 0.73 0.93
R* 0.86
Observations (n) 51
Test of equality
F-statistic® for o 2.54 0.08
F-statistic for 3 442 0.04

Notes: o, constant in the linear regression; B, slope in the linear regression; and
R, square of the correlation coefficient in the linear regression. *For equality of the
coefficients across the two ablation profiles.

Abbreviations: LASIK, laser-assisted in situ keratomileusis; WFG, wavefront-
guided; WFO, wavefront-optimized.

of refractive correction, WFO LASIK produced a smaller
degree of corneal flattening compared to WFG LASIK.
As excessive corneal flattening may result in sub-optimal
visual outcomes,'? these results suggest that WFO LASIK

>

may be preferable to WFG LASIK in cases when over flat-
tening of the cornea is a concern, including patients with a
higher degree of myopia and concurrent flatter K values.

With regard to post-LASIK IOL selection, corneal power
calculations are often overestimated following myopic laser
photoablation, which results in the selection of underpowered
IOLs with consequent hyperopic surprise.*"! Our results
indicate that at higher degrees of refractive correction, the
ratio (AK/ASE) is larger for WFG LASIK compared to WFO
LASIK. That is, the ratio of change in corneal curvature to
change in refractive error is closer to 1:1 for WFG LASIK at
higher degrees of refractive correction. As such, there may
be a smaller degree of error in post-operative corneal power
calculations for WFG LASIK compared to WFO LASIK
at higher degrees of refractive correction, which may have
implications for future IOL selection.

The present study also revealed that there was no sig-
nificant difference in the ratio (AK/ASE) when comparing
smaller to larger degrees of refractive error. These results
contrast with prior work demonstrating smaller amounts
of refractive correction resulting in proportionally larger
changes in corneal curvature when compared to larger
amounts of refractive correction for both custom and con-
ventional LASIK.? This discrepancy may be related to study

VISX

Y =0.85X +0.17
R?>=0.89
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Change in K
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Y =0.83X + 0.01
R?>=0.86

.m"’

Change in K

e, 0"

-

....

4

5

Change in SE

Actual == 99% upper limit

=== 99% lower limit — Fitted

Figure | Linear regression of the change in simulated K vs the change in SE induced by WFG LASIK (A) and by WFO LASIK (B).
Abbreviations: K, keratometry; LASIK, laser-assisted in situ keratomileusis; SE, spherical equivalent; WFG, wavefront-guided; WFO, wavefront-optimized; Wlight, wavelight.
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Table 3 Comparison of the ratio of change in K to change in SE by the amount of refractive correction

Parameter Change in SE* (D)
WEFG LASIK WFO LASIK
<4.00 >4.00 <4.00 <4.00
Ratio
Mean 091 0.88 0.85 0.83
SD 0.22 0.09 0.23 0.10
Mean pre-op K, D (range) 43.5 (42.4-45.9) 44.0 (42.5-45.1) 43.6 (41.6-45.9) 43.8 (42.2-45.9)
Observations, n 24 28 21 31
p-value (ratio) 0.5591 0.6311
p-value (pre-op K) 0.08 0.3365

Note: *Induced by LASIK.

Abbreviations: LASIK, laser-assisted in situ keratomileusis; pre-op, pre-operative; SE, spherical equivalent; WFG, wavefront-guided; WFO, wavefront-optimized.

methodology, as the refractive error in the previous study
was measured at the spectacle plane,” whereas our study was
adjusted for vertex distance to calculate refractive error at the
corneal plane. In the absence of this adjustment, non-linear
effects due to change in the relative impact of vertex distance
with increased refractive error may have contributed to the
difference in the ratio (AK/ASE) between smaller and larger
degrees of refractive error demonstrated previously.?

Other studies have demonstrated smaller amounts of
refractive correction resulting in proportionally larger
changes in corneal curvature when compared to larger

A

amounts of refractive correction in myopic photorefrac-
tive keratectomy (PRK).'”!® At that time, it was postulated
that this phenomenon might be related to the increased
amount of stromal tissue removal required for larger cor-
rections. That is, increased stromal tissue removal would
be expected to result in a greater reduction in axial length
relative to smaller corrections; a greater contribution to
myopic correction through reduction of axial length for
larger corrections might in turn require less corneal flat-
tening proportionally. It is unclear why this effect was not
demonstrated in the setting of LASIK in the present study,

VISX

Ratio of change in
K to change in SE
N

|

4 5 6 7 8

Change in SE

Wiight

Ratio of change in
K to change in SE
N
|

I T T T I

4 5 6 7 8

Change in SE

Actual

= = 99% upper limit

=== 99% lower limit — Fitted

Figure 2 Ratio of change in simulated K to change in SE plotted by the amount of refractive correction for WFG LASIK (A) and WFO LASIK (B).
Abbreviations: K, keratometry; LASIK, laser-assisted in situ keratomileusis; SE, spherical equivalent; WFG, wavefront-guided; WFO, wavefront-optimized; Wilight, wavelight.
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Table 4 Comparisons of the ratio of change in K to change in SE between WFG LASIK and WFO LASIK

Parameter Full sample Change in SE (D)
WFG WFO >2.00 >3.00 >4.00
WFG WFO WFG WFO WFG WFO

Ratio

Mean 0.89 0.84 0.88 0.83 0.89 0.83 0.88 0.83

SD 0.16 0.16 0.16 0.16 0.13 0.12 0.09 0.10
Observations 51 51 45 47 38 40 28 31
p-value 0.0913 0.1184 0.0323 0.0466

Note: “Induced by LASIK.

Abbreviations: LASIK, laser-assisted in situ keratomileusis; SE, spherical equivalent; WFG, wavefront-guided; WFO, wavefront-optimized.

although one possibility is that LASIK flap creation alters
this effect.

The increased contribution to reduction in axial length
for larger ablations may also be responsible for the differ-
ence in the ratio (AK/ASE) between the VISX (WFG) and
Allegretto (WFO) platforms demonstrated in the present
study. The Allegretto optical zone is 6.5 mm with a variable
blend zone, compared to 6.0 mm with an 8.5 mm blend
zone for VISX. Consequently, the Allegretto has a ~10%
larger optical zone which may result in increased stromal
ablation. This increased tissue removal and thus increased
contribution to reduction in axial length may account for
the relatively smaller change in corneal curvature for WFO
compared to WFG LASIK. Although it is possible to program
the Allegretto to employ a 6.0 mm optical zone, the default
6.5 mm optical zone was utilized, which is standard practice
in the United States and worldwide.

There are several limitations to the present study. First,
two distinct laser systems (VISX vs Allegretto) with two
different ablation profiles (WFG vs WFO), repetition rates
(6 to 20 Hz variable vs 400 Hz), and optical treatment zone
sizes were utilized in this study. Thus, although our results
indicate that WFO LASIK using the Allegretto results in a
relatively smaller change in corneal curvature for a given
degree of myopic refractive correction compared to WFG
LASIK using the VISX, this finding may not generalize to
WFO and WFG ablation patterns on different laser systems.
In addition, the validity of our findings was dependent on
accurate post-operative simulated K measurements taken at
the 3.0 mm zone, which may be less accurate after refractive
surgery,>!*2* although prior literature has demonstrated good
agreement in anterior K measurements between Orbscan in
virgin eyes compared to post-keratorefractive surgery eyes.?
As such, anterior corneal curvature measurements may have
been a suitable alternative to simulated K. Also, a standard-
ized index of refraction for the cornea produces simulated
K values from anterior corneal curvature measurements, but

there is actually individual variation in the corneal index
of refraction influenced by epithelial thickness and optical
zone diameter. This may account for erroneous simulated K
measurements. In the future, studies of keratometric changes
in the setting of refractive surgery may benefit from newer
imaging modalities such as anterior segment optical coher-
ence tomography or Scheimpflug imaging.

Conclusion

The findings of the present study indicate that WFO LASIK
results in a relatively smaller change in corneal curvature for
a given degree of myopic refractive correction compared to
WEFG LASIK. Additionally, for both ablation profiles there
was no difference in the change in corneal curvature for a
given degree of myopic refractive correction when comparing
smaller vs larger refractive corrections. These findings may
need to be taken into consideration for both pre-operative
planning and post-operative IOL selection in the setting of
WFO and WFG LASIK.
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