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Primary Topography-Guided LASIK:
Treating Manifest Refractive Astigmatism
Versus Topography-Measured Anterior
Corneal Astigmatism
Avi Wallerstein, MD, FRCSC; Mathieu Gauvin, BEng, PhD; Susan Ruyu Qi, MD;
Mounir Bashour, MD, FRCSC, PhD; Mark Cohen, MD, CM, FRCSC
ABSTRACT
PURPOSE: To investigate whether topography-guided laser in
situ keratomileusis (LASIK) with anterior corneal astigmatism
measured on the WaveLight Contoura (Alcon Laboratories, Inc.,
Fort Worth, TX) leads to better refractive outcomes compared
to treating on the clinically measured manifest refractive astigmatism axis in eyes with primary myopic astigmatism.
METHODS: Retrospective analysis of 1,274 consecutive LASIK
eyes treated on the topography-measured anterior corneal astigmatism axis compared to eyes treated on the conventional clinical
manifest refractive astigmatism axis.
RESULTS: In eyes with a small axis discrepancy between anterior corneal astigmatism and refractive astigmatism of 5° to
20°, there was no significant difference in efficacy index, refractive astigmatism accuracy, and most Alpins vector analysis
parameters. Both treatment modalities achieved 20/20 uncor-

T

opography-guided laser vision correction uses
high-resolution corneal topographic maps to
generate a custom ablation profile. This method
regularizes the corneal surface, directly treating anterior corneal higher order aberrations (HOAs).1-3 Because
significant corneal HOAs can manifest as spherocylindrical manifest refractive errors,2,4,5 topography-based
ablations that correct anterior corneal HOAs can affect
refractive predictability. The effects of corneal HOAs,
together with internal optics and cortical perception,
explain why the clinically measured manifest refractive astigmatism and the anterior corneal astigmatism

rected distance visual acuity (UDVA) in 90% of eyes, with 95%
having postoperative cylinder of 0.50 diopters (D) or less. In
eyes with a large axis discrepancy between 21° and 45° treated
on the anterior corneal astigmatism axis, outcomes were both
statistically and clinically inferior. Fewer eyes achieved UDVA of
20/20 (88.9% vs 73.6%; P = .01) and fewer had a defocus equivalent of 0.25 (65.6% vs 52.7%), 0.50 (86.9% vs 80.0%), and 0.75
(97.5% vs 90.9%) D or less (P < .05 for all). Significantly more
eyes achieved an angle of error greater than 15° (25.4% vs
8.1%; P = .004), had postoperative residual astigmatism of 0.75
D or less (18.2% vs 7.4%; P = .03), and needed an excimer laser
re-treatment (11% vs 1.6%; P = .007).
CONCLUSIONS: Topography-guided myopic astigmatism LASIK
treated on the topography-measured anterior corneal astigmatism
axis resulted in inferior refractive and visual outcomes compared to
treating on the clinical manifest refractive astigmatism axis.
[J Refract Surg. 2019;35(1):15-23.]

(ACA) measured by topography are often different in
magnitude and axis.6 Controversy exists as to which
astigmatism magnitude and axis to treat: manifest or
corneal. The WaveLight Contoura topography-guided
platform (Alcon Laboratories, Inc., Fort Worth, TX)
was approved by the U.S. Food and Drug Administration (FDA)7 for the primary treatment of myopic astigmatism, with the manifest refraction supplied to the
Contoura software as the treatment input.7,8 Two small
sample size reports, treating on the Contoura-measured
ACA axis or close to it, were published in an attempt to
optimize outcomes and reduce refractive surprises.9,10
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These preliminary studies suggest that treating on the
topography-measured ACA axis has benefit.
This study compared the efficacy, refractive accuracy,
predictability, Alpins cylinder vector analysis, and safety of Contoura topography-guided laser in situ keratomileusis (LASIK) treated on the manifest refractive astigmatism axis versus treated on the Contoura-measured ACA
axis in a large cohort of eyes with myopic astigmatism.
PATIENTS AND METHODS
Patient Selection
A retrospective electronic medical record database
review comprising consecutive eyes that underwent a
primary Contoura topography-guided procedure using
the WaveLight EX500 excimer laser (Alcon Laboratories,
Inc.) between June 2017 and March 2018 was conducted.
Inclusion criteria were preoperative corrected distance
visual acuity (CDVA) of 20/20 or better, refractive astigmatism magnitude of 0.75 diopters (D) or greater, and
a difference between the refractive astigmatism and
Contoura-measured ACA axis between 5° and 45°. Eyes
with less discrepancy were excluded to ensure that treatment protocols were clinically distinct. Eyes with cylinder below 0.75 D were excluded because treatment
errors would be less likely to result in a clinically significant postoperative residual astigmatism. Standard
inclusion criteria for LASIK were also required, including no evidence of subclinical keratoconus on corneal
topography, adequate corneal tissue, no previous ocular
surgery or disease including visually significant cataract
or macular disease, no systemic diseases that affect corneal healing, and age older than 18 years. Eyes with naturally occurring irregular astigmatism and asymmetrical
topographies on keratometric maps were not excluded.
Eyes with intraoperative complication(s) and follow-up
shorter than 1 month were excluded. This study was approved by the institutional Ethics Review Board of the
Canadian Ophthalmic Research Centre, and all patients
provided a written consent for surgery and use of anonymized data for research. All procedures performed fulfilled the principles of the Declaration of Helsinki.
Image Acquisition
Between four and eight corneal topographies were acquired on undilated eyes with the WaveLight Topolyzer
VARIO (Alcon Laboratories, Inc.). Criteria for image acceptance included appropriate recognition of the pupil
and the mire edge by the software, mires with minimal
breaks, the absence of significant missing data (shadow
from the eyelids, eyelashes, nose, or dry tear film), a
percentage of data obtained (analyzed area) greater than
90% in the 6.5-mm zone, and a median of absolute deviation variability score below 0.10. Maps were compared
16

to assess the reproducibility of the data including keratometry, Q value, and axis of astigmatism. Images that
did not meet the criteria were excluded. The remaining
images were exported to the Contoura software to generate the ablation profiles. Eyes for which adequate scans
could not be obtained were excluded.
Contoura-Measured Astigmatism
The WaveLight Topolyzer VARIO generates a highresolution anterior corneal elevation map using 22,000
points from the corneal surface. The Contoura-measured
ACA uses 9 to 10 Placido rings over an area of 6.5 mm.
The elevation data are best fit with an asphere (least
square fit) and subtracted from the median anterior corneal height profile to obtain the anterior corneal aberration profile. Zernike analysis is performed on this anterior corneal wavefront. Zernike polynomials C3 (oblique
astigmatism) and C5 (vertical astigmatism) are then converted to the astigmatism axis and power in diopters at
the optical zone of choice, which was 6.5 mm in this
study. Given that the ACA is derived using the C3 and
C5 polynomials, the Contoura-measured astigmatism
magnitude and axis are neutral to HOAs. To process the
final ACA value, the median from several scans (4 to 8) is
used, further improving the ACA accuracy.
Contoura Surgical Planning
The clinically measured manifest refraction sphere
and refractive astigmatism magnitude were entered
into the Contoura software as treatment parameters for
all eyes. A custom nomogram developed using a large
electronic medical record outcomes database was used
to modify sphere and cylinder. The astigmatism axis
was used as the single independent variable. Manifest
refractive astigmatism axis was used for treatment in the
first 905 consecutive eyes, followed by treatment of the
Contoura-measured ACA axis for 369 eyes. ACA axis
treatments were terminated when analysis of results
showed worse outcomes than treatment on the refractive
astigmatism axis.
LASIK Surgical Technique
All surgeons followed the same previously described
standardized technique,11 using the same equipment
and identical nomogram, treating the refractive astigmatism axis in the first group of consecutive eyes and
then treating the ACA axis in the following group of
consecutive eyes using the WaveLight EX500 excimer
laser with the Contoura software. The relative volume
of eyes per surgeon remained constant during the study.
The Intralase femtosecond laser iFS (Abbott Medical Optics, Inc., Santa Clara, CA) or Z15, Z16, or Z18
Hansatome Microkeratome (Bausch & Lomb, Rochester,

Figure 1. Distribution of the discrepancy
between the refractive astigmatism (RA)
axis and the anterior corneal astigmatism (ACA) axis in (A) RA axis treated eyes
and (B) ACA axis treated eyes. The thick
black curves represent the exponential
fittings of the distributions, both having
high coefficients of determination (R2).

NY) in combination with an 8.5- or 9.5-mm suction ring
were used to create the corneal flaps. The target was
emmetropia in all eyes. A standardized postoperative
regimen11 of antibiotics and steroids was used.
Data and Statistical Analysis
Ophthalmic examination data were collected preoperatively and 1 to 3 months postoperatively. A short followup period was chosen to minimize the effect of secondary
biomechanical and epithelial changes and to potentially
minimize cerebral adaptation to astigmatism. In this way,
one can more accurately gauge the immediate and actual
impact of treatment with less effect from secondary compensation. Accuracy, efficacy, and safety were assessed.
Standard graphs, defined by the Journal of Refractive
Surgery,12 were produced. Astigmatism correction was
assessed using the Alpins vector analysis method.12,13
Standard Alpins vector graphs, calculated at the corneal
plane, were produced with the AstigMATIC software.14
Postoperative data reported were obtained before any
excimer enhancements. Treatments performed using the
Contoura-measured ACA axis were compared to those
using the manifest refractive astigmatism axis. Eyes treated on the refractive astigmatism axis and ACA axis were
divided into small and large axis discrepancy groups
for investigation. Statistical analyses were conducted in
MATLAB R2018a software (Mathworks, Natick, MA).
Unpaired samples t tests and non-parametric Mann–
• Vol. 35, No. 1, 2019

Whitney–Wilcoxon tests were used. Statistical significance was set at a P value of less than .05 and all data
were reported as means ± standard deviations (SD).
RESULTS
A total of 1,274 topography-guided treated eyes were
evaluated, including 905 consecutive manifest refractive
astigmatism axis treatments followed by 369 consecutive
Contoura-measured ACA axis treatments. The median
time interval between surgery and the last follow-up visit
was 2.3 months. Of the 1,274 eyes, 1,097 (86.1%) had a
refractive astigmatism versus ACA axis difference ranging between 5° and 20° (small angle group), whereas 177
eyes (13.9%) had a discrepancy ranging between 21° and
45° (large angle group). The discrepancy between the refractive astigmatism axis and the ACA axis followed an
exponentially declining distribution, where progressively
fewer eyes had an increasing axis discrepancy (Figure 1).
The small angle and large angle groups were each subgrouped into eyes treated using the refractive astigmatism
axis (refractive astigmatism axis treatment subgroup) and
eyes treated using the Contoura-measured ACA axis (ACA
axis treatment subgroup). There was no difference in the
distribution and average of the axis discrepancy between
eyes treated on the refractive astigmatism and ACA axes
in the small angle and large angle groups (P = .33 and .80,
respectively; Figure 1 and Table 1). All other preoperative
characteristics, including age, visual acuity, manifest re17

TABLE 1

Comparison of Preoperative Characteristics Between RA Axis and ACA Axis Treated Eyesa
Small Axis Discrepancy (5° to 20°)
Parameter

Large Axis Discrepancy (21° to 45°)

Pre-RA (n = 783)

Pre-ACA (n = 314)

P

Pre-RA (n = 122)

Pre-ACA (n = 55)

P

30.86 ± 7.95

30.66 ± 7.00

.3260

31.76 ± 7.67

29.42 ± 7.73

.1052

UDVA (logMAR)

1.41 ± 0.59

1.45 ± 0.57

.2334

1.26 ± 0.63

1.22 ± 0.56

.8128

CDVA (logMAR)

0.00 ± 0.01

0.00 ± 0.01

.4346

0.00 ± 0.01

0.00 ± 0.01

.5450

Sphere (D)

-3.40 ± 2.04

-3.50 ± 1.98

.3897

-3.17 ± 2.16

-3.07 ± 2.12

.8205

Refractive astigmatism (D)

1.28 ± 0.57

1.24 ± 0.53

.4690

1.05 ± 0.31

1.06 ± 0.34

.9934

SEQ (D)

-4.04 ± 2.00

-4.12 ± 1.98

.5254

-3.70 ± 2.13

-3.6 ± 2.03

.8665

Anterior corneal astigmatism (D)

1.48 ± 0.68

1.52 ± 0.61

.2686

1.00 ± 0.48

0.98 ± 0.40

.7878

CHOAs maximum ablation (µm)

8.23 ± 2.58

8.39 ± 2.93

.3725

8.46 ± 2.79

8.16 ± 2.31

.4869

CCT (µm)

562.1 ± 34.6

563.8 ± 36.5

.5154

570.6 ± 32.5

564.4 ± 46.1

.2799

Kmin (D)

43.21 ± 1.50

43.18 ± 1.48

.8818

43.70 ± 1.44

43.76 ± 1.63

.6875

Kmax (D)

44.53 ± 1.56

44.52 ± 1.54

.7459

44.59 ± 1.50

44.55 ± 1.66

.8795

Age (y)
Visual acuity

Manifest refraction (at 12 mm)

Topolyzer

Orbscan

Discrepancy between refractive and
anterior corneal astigmatism
Magnitude discrepancy (D)

0.51 ± 0.35

0.50 ± 0.34

.6663

0.41 ± 0.30

0.43 ± 0.28

.6758

Axis discrepancy (°)

9.93 ± 4.10

10.19 ± 4.21

.3463

27.87 ± 5.96

27.78 ± 6.30

.9273

0.73 ± 0.34

0.73 ± 0.33

.9999

1.05 ± 0.35

1.06 ± 0.25

.8488

Ocular residual astigmatism (D)

b

RA = refractive astigmatism; ACA = anterior corneal astigmatism; UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; D = diopters; SEQ =
spherical equivalent; CHOAs = corneal higher order aberrations; CCT = central corneal thickness; Kmin = minimum keratometry; Kmax = maximum keratometry
a
Values are presented as mean ± standard deviation.
b
Calculated at the corneal plane.

fraction, ACA, magnitude of discrepancy between refractive astigmatism and ACA, ocular residual astigmatism
(ORA), corneal HOA maximum ablation depth, keratometry, and corneal thickness, were also comparable between
eyes treated on the refractive astigmatism and ACA axes
(all P > .05; Table 1 and Table A, available in the online
version of this article). Although this study included eyes
that had both femtosecond laser–assisted and microkeratome LASIK, the relative distribution of microkeratome
and femtosecond laser flaps was the same in all groups.
The target was emmetropia in all eyes.
Vision Efficacy
In the small angle group, the efficacy index of eyes
treated on the refractive astigmatism and ACA axes were
similar (0.98 ± 0.06 vs 0.97 ± 0.09; P = .84), and the cumulative postoperative unilateral uncorrected distance
visual acuity (UDVA) was comparable (Figures 2A-2B).
In ACA axis treated eyes, 2.4% more eyes had two or
more postoperative UDVA lines worse than preoperative
CDVA (Figure 2B; P < .05). In the large angle group, the
18

cumulative postoperative unilateral UDVA of refractive
astigmatism axis treated eyes was 20/20, 20/25, 20/30,
and 20/40 in 89%, 99%, 100%, and 100% of eyes compared to 74%, 91%, 96%, and 98% in ACA axis treated
eyes (P < .05; Figure 2C), resulting in a significantly lower efficacy index (0.93 ± 0.14 vs 0.98 ± 0.07; P = .0018;
Figure 2D). In ACA axis treated large angle group eyes,
15.3% more eyes had one or more postoperative UDVA
lines worse than preoperative CDVA (P < .05; Figure 2D).
Spherical Equivalent and Defocus Equivalent
Accuracy
The attempted versus achieved spherical equivalent
(SEQ) scatterplot revealed R2 values of 0.98 in both
small angle and large angle axis difference groups and
treatment protocols (Figure A, available in the online
version of this article). A similar percentage of eyes had
a SEQ within 0.25, 0.50, 0.75, and 1.00 D of the intended target (P > .05), irrespective of groups and treatment
protocols (Figure A). In contrast, although the cumulative defocus equivalent histogram of eyes treated on the

Figure 2. Cumulative unilateral postoperative Snellen uncorrected distance visual acuity (UDVA) of refractive astigmatism (RA) axis and anterior
corneal astigmatism (ACA) axis treated eyes, compared with preoperative corrected distance visual acuity (CDVA), in the small (SAD) and large
(LAD) axis discrepancy groups (A and C, respectively). Difference in postoperative UDVA lines of RA axis and ACA axis treated eyes, compared to
preoperative CDVA in the SAD and LAD groups (B and D, respectively).

refractive astigmatism and ACA axes was highly comparable in the small angle group (P > .05; Figure 3A),
in the large angle group, ACA axis treated eyes had significantly fewer eyes achieving a defocus equivalent of
0.25, 0.50, and 0.75 D or less (65.6% vs 52.7%, 86.9%
vs 80.0%, and 97.5% vs 90.9%, P < .05; Figure 3B).
Refractive Astigmatism Accuracy
In the small angle group, 80%, 96%, 99%, and
100% of eyes were within 0.25, 0.50, 0.75, and 1.00
D of the intended plano cylinder in refractive astigmatism axis treated eyes versus 75%, 94%, 97%, and
99% in ACA axis treated eyes (P < .05; Figure 4B). In
the large angle group, 74%, 93%, 99%, and 99% of
eyes were within 0.25, 0.50, 0.75, and 1.00 D of the
intended plano cylinder in refractive astigmatism axis
treated eyes versus 56%, 82%, 93%, and 96% in ACA
axis treated eyes (P < .05; Figure 4D). In the large angle
group, a greater number of ACA axis treated eyes had
residual astigmatism of 0.75 D or greater compared
to refractive astigmatism axis treated eyes (18.2% vs
7.4%; P = .03; Figure 4D).
• Vol. 35, No. 1, 2019

Cylinder Vector Analysis
Although the astigmatism treatment predictability
was comparable using both treatment protocols, the R2
between the target induced astigmatism (TIA) and the
surgically induced astigmatism (SIA) was close to 0.86 in
the small angle group and close to 0.75 in the large angle
group (Figures 4A and 4C). The correction index (CI) of
eyes treated on the refractive astigmatism and ACA axes
was comparable and close to 1 in the small angle group (P
= .0127; Table 2), whereas in the large angle group, ACA
axis treated eyes had significantly undercorrected cylinder compared to refractive astigmatism axis treated eyes
(CI: 0.88 ± 0.22 vs 1.03 ± 0.23; P = .0002; Table 2), with
poorer index of success (0.35 ± 0.36 vs 0.23 ± 0.27; P =
.0364; Table 2). In both the small and large angle groups,
the incidence of absolute angle of error greater than 15°
was much higher in the ACA axis treated eyes compared
to refractive astigmatism axis treated eyes (small angle
group: 8.6% vs 4.2%, P = .0039; large angle group: 25.4%
vs 8.1%, P = .0037; Table 2). A moderate correlation was
found between the angle of error and the discrepancy between the refractive astigmatism and ACA axes in the
19

Re-treatments
In the small angle group, 0.6% of refractive astigmatism axis treated eyes received a subsequent laser retreatment compared to 2.2% in ACA axis treated eyes.
In the large angle group, 1.6% of refractive astigmatism
axis eyes received an enhancement compared to 11.0%
in ACA axis treated eyes (P < .05).

Figure 3. Cumulative defocus equivalent histograms of refractive
astigmatism (RA) axis and anterior corneal astigmatism (ACA) axis
treated eyes in the (A) small (SAD) and (B) large (LAD) axis discrepancy
groups. Defocus equivalent is defined as the summation of the absolute value of the spherical equivalent and half the absolute value of the
astigmatism. D = diopters

ACA axis treated eyes (R = 0.41; P < .00001), but not in
the refractive astigmatism axis treated eyes, where only a
weak correlation was found (R = 0.09; P = .0275) (Figure
B, available in the online version of this article). In both
the small and large angle groups, the percentage of eyes
with an absolute magnitude of error within 0.50 and 1.00
D was not significantly different between eyes treated on
the refractive astigmatism and ACA axes (P > .05; Table
2). Additional Alpins vectors and parameters are reported in Table 2 and graphed as single-angle polar plots in
Figure C (available in the online version of this article).
Safety
In both the small and large angle groups and the refractive astigmatism axis and ACA axis groups, no eye had
a loss of two lines of CDVA and close to 100% had no
change of CDVA. There was no statistical difference in the
percentage of eyes losing one line of CDVA between treatment protocols in both the small and large angle groups
(P > .05; Figure 5). The safety index was equal to 1.00 for
both groups and treatment protocols (P > .05; Figure 5).
20

DISCUSSION
Manifest refractive astigmatism and ACA rarely precisely coincide in magnitude or axis.6 This is the first
study to characterize this discrepancy in a myopic astigmatism study population, showing progressively fewer
eyes with an increasing axis difference between the
manifest refractive astigmatism and ACA. Of study eyes
with 5° to 45° of axis discrepancy, 14% had an axis discrepancy greater than 20° and 5% had greater than 30°.
This difference between manifest refractive astigmatism and ACA when expressed vectorially is termed
ORA.6 What accounts for ORA remains a debated topic
that needs further research. It has important clinical implications as to what astigmatism magnitude and axis
to treat to optimize topography-guided treatment outcomes. Topography-guided Contoura treatments accurately capture the true ACA magnitude and axis (separate from anterior corneal HOAs) and can incorporate
that data into the treatment profile, theoretically resulting in a more symmetrical corneal shape postoperatively. This has led to attempts of substituting the traditional and FDA study protocols of treating the manifest
refractive astigmatism.7,8 These modified protocols use
the Contoura-measured ACA as the treatment input parameter, and suggest improved outcomes.9,10
The ACA axis treatment approach in the current study
resulted in refractive and visual outcomes comparable to
using the refractive astigmatism axis in eyes with an axis
discrepancy between 5° and 20° (small angle group). Both
treatment protocols achieved excellent efficacy, accuracy,
and safety, with a small benefit in eyes treated on the refractive astigmatism axis. However, in eyes where the axis
discrepancy was between 21° and 45° (large angle group),
the ACA axis treatment showed statistically significant inferior outcomes. Significantly fewer eyes achieved 20/20
UDVA and a defocus equivalent of 0.25, 0.50, and 0.75 D
or less, and significantly more eyes had an angle of error
above 15° and postoperative residual astigmatism of 0.75
D or greater. The overall rate of outliers for the ACA axis
treated group was 8.1% compared to only 4.6% in the refractive astigmatism group. Eyes treated on the ACA axis
also had a greater excimer laser re-treatment rate.
To the best of our knowledge, only two previously
published studies addressed the Contoura-measured
ACA axis and magnitude: the Layer Yolked Reduction

Figure 4. Target induced astigmatism (TIA) vector vs surgically induced astigmatism (SIA) vector (calculated at the corneal plane) of refractive
astigmatism (RA) axis and anterior corneal astigmatism (ACA) axis treated eyes in the small (SAD) and large (LAD) axis discrepancy groups (A and
C, respectively). Black line indicates TIA = SIA, green lines indicate ±0.50 diopters (D), pink lines indicate ±1.00 D. (B and D) Refractive astigmatism
before and after surgery of RA axis and ACA axis treated eyes in the SAD and LAD groups, respectively. cyl = cylinder

TABLE 2

Comparison of Alpins Astigmatism Vectors (at Corneal Plane)a
Small Axis Discrepancy (5° to 20°)
Parameter

Large Axis Discrepancy (21° to 45°)

Pre-RA (n = 783)

Pre-ACA (n = 314)

P

Pre-RA (n = 122)

Pre-ACA (n = 55)

P

TIA vector (D)

1.17 ± 0.53

1.13 ± 0.49

.5661

0.97 ± 0.30

0.98 ± 0.34

.9016

SIA vector (D)

1.18 ± 0.55

1.11 ± 0.51

.1875

1.02 ± 0.39

0.91 ± 0.41

.0540

DV vector (D)

0.18 ± 0.22

0.21 ± 0.24

.0350

0.22 ± 0.26

0.34 ± 0.36

.0209

Correction index

1.00 ± 0.18

0.97 ± 0.18

.0127

1.03 ± 0.23

0.88 ± 0.22

.0002

Index of success

0.17 ± 0.24

0.20 ± 0.26

.0989

0.23 ± 0.27

0.35 ± 0.36

.0364

ME (D)

0.01 ± 0.20

-0.02 ± 0.20

.0249

0.06 ± 0.21

-0.07 ± -0.20

.0001

AE (°)

0.04 ± 7.25

1.10 ± 8.07

.0977

-0.01 ± 8.00

1.87 ± 14.5

.3290

% ME within 0.50 D (%)

98.1

97.6

.6058

95.1

94.6

.8805

% ME within 1.00 D (%)

100

99.7

.1140

100

100

1.0000

% with | AE | within 15°

95.8

91.4

.0039

91.9

74.6

.0037

% with AE > 15°

1.92

6.07

.0004

5.74

14.6

.0515

% with AE < -15°

2.30

2.56

.8053

3.28

10.9

.0419

RA = refractive astigmatism; ACA = anterior corneal astigmatism; TIA = target induced astigmatism; D = diopters; SIA = surgically induced astigmatism; DV = difference vector; ME = magnitude of error; AE = angle of error
a
Values are presented as mean ± standard deviation.
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Figure 5. (A) Change in Snellen lines of corrected distance visual acuity (CDVA) before and after surgery compared with preoperative CDVA.
Spherical equivalent from before to after surgery in the small (SAD)
and large (LAD) axis discrepancy groups (A and B, respectively).

of Astigmatism (LYRA) protocol9 and the topographymodified refraction (TMR) protocol.10 The current study
similarly investigated treating the ACA axis, but differed
by treating the clinical manifest refractive astigmatism
magnitude concurrently. The TMR study claimed superior outcomes in eyes treated on the Contoura-measured
ACA compared to traditional refractive astigmatism treatment.10 However, it did not look at the difference in refractive astigmatism and ACA magnitude and axis, and
did not verify whether both treatment groups had the
same amount of preoperative ORA, which might have
invalidated comparisons. The TMR study also showed
poor manifest refractive astigmatism treated outcomes,
with only 61% of eyes achieving 20/20, and 28% of eyes
with postoperative residual cylinder above 0.50 D.10 In
contrast, the FDA study7,8 and the current study, which
included corneas with naturally occurring irregular astigmatism, achieved excellent manifest refractive astigmatism treated outcomes, with nearly 90% of eyes achieving
unilateral UDVA of 20/20 and less than 5% with residual
cylinder above 0.50 D. The fact that the TMR study ob22

tained poor outcomes in the manifest refractive astigmatism treated eyes partly explains why the ACA treated
eyes appeared to do so well. Neither the LYRA study nor
the TMR study reported standardized Alpins vector analysis as recommended.12 The LYRA study9 did not have
comparative ACA to refractive astigmatism groups and
did not report defocus equivalent. The latter would more
adequately discern lesser outcomes.
These two previous studies did not have an adequate
sample size to conclude on ACA treated outcomes, with
only 26 and 50 patients.9,10 Although ACA treated eyes
did less well in this study, outlier eyes (refractive astigmatism of 0.75 D or greater postoperatively) overall were
uncommon, even with ACA treatments. Only 8.1% of
the total cohort of ACA treated eyes were found to be
outliers, with one-third occurring in the LAD group. The
two previous studies also included spherical and low
astigmatism eyes, as well as eyes with little or no axis
discrepancy, which would further reduce the chance of
having outliers with clinically significant postoperative
residual astigmatism.
Although the current study focused on the effect
of treating the astigmatism axis, the authors propose
that treating on the Contoura-measured ACA axis and
magnitude would also lead to worse outcomes, particularly in eyes with a larger discrepancy between the
refractive astigmatism and ACA magnitude (eyes with
higher ORA). A recent comparison of the manifest refractive astigmatism magnitude and ACA magnitude
in more than 5,400 eyes suggests that posterior corneal
astigmatism is additive or subtractive to ACA magnitude, and accordingly the net total corneal astigmatism
influences the manifest refractive astigmatism magnitude.15 Therefore, similar to toric IOL surgery that
ignores posterior corneal astigmatism,16 only treating
the Contoura-measured ACA magnitude could lead to
overcorrection or undercorrection of astigmatism, resulting in less predictability. Furthermore, postoperative vector analysis showed a magnitude of error that
was the same and not elevated in the ACA axis and
refractive astigmatism axis treated eyes, including the
large angle group. The magnitude of error was within
0.50 D in at least 95% of eyes in all four subgroups.
The manifest refractive astigmatism magnitude as
the treatment input parameter led to an accurate correction of the astigmatism magnitude, validating the
study design of keeping this variable constant. However, the angle of error was significantly elevated in the
ACA axis treated group, showing less accuracy than
treating on the manifest refractive astigmatism axis.
In both refractive astigmatism axis and ACA axis
treatment approaches, eyes in the large angle group had a
lower TIA versus SIA predictability. Eyes in the large an-

gle group also had an elevated mean ORA of greater than
1.00 D (Table 1). Previous non–topography-guided studies have shown that eyes with higher ORA had poorer
predictability.17-21 The dilemma of treating on the manifest refractive astigmatism versus measured ACA axes in
eyes with significant ORA was previously studied by Alpins and others to improve refractive outcomes, as early
as 20 years ago.22 The vector planning method treats a
60/40 split between manifest refractive astigmatism and
ACA. A recent study using this methodology suggested
visual outcomes comparable to treating manifest refractive astigmatism, better SEQ accuracy, and less postoperative ACA, but with increased variability in the correction index (more undercorrected and overcorrected).23
More studies with a larger number of eyes are needed to
determine the benefit and define clear guidelines.
This large cohort study using the WaveLight EX500 excimer laser in combination with the WaveLight Contoura
topography-guided software in eyes with preoperative refractive astigmatism of 0.75 D or greater shows excellent
results. However, treating on the Contoura-measured ACA
axis leads to inferior visual and refractive outcomes. The
current study does not support the two previous studies
that show a benefit for treating on the Contoura-measured
ACA compared to treating on the clinically measured
manifest refractive astigmatism. Lesser outcomes become
significantly more evident in eyes treated on the ACA axis
when the manifest refractive astigmatism to ACA axis discrepancy is greater than 20°.
AUTHOR CONTRIBUTIONS
Study concept and design (AW, MG); data collection (AW, MG, SRQ, MB, MC); analysis and interpretation of data (AW, MG, SRQ, MB, MC); writing the
manuscript (AW, MG); critical revision of the manuscript (AW, MG, SRQ, MB, MC); statistical expertise
(MG); supervision (AW, MC)
REFERENCES

uniform cornea: the LYRA Protocol: Part 1: the effect of higherorder corneal aberrations on refractive astigmatism. Clin Ophthalmol. 2017;11:897-905.
6. Alpins N. A new method of analyzing vectors for changes in
astigmatism. J Cataract Refract Surg. 1993;19:S24-S33.
7. Stulting RD, Fant BS. Results of topography-guided laser in
situ keratomileusis custom ablation treatment with a refractive
excimer laser. J Cataract Refract Surg. 2016;42:11-18.
8. Adding CONTOURA Vision, Topography-Guided LASIK to the
Refractive Armamentarium. In: Eyetube.net, Alcon, 2017.
9. Motwani M. The use of WaveLight((R)) Contoura to create a
uniform cornea: the LYRA Protocol: Part 3: the results of 50
treated eyes. Clin Ophthalmol. 2017;11:915-921.
10. Kanellopoulos AJ. Topography-modified refraction (TMR): adjustment of treated cylinder amount and axis to the topography versus standard clinical refraction in myopic topographyguided LASIK. Clin Ophthalmol. 2016;10:2213-2221.
11. Wallerstein A, Gauvin M, Adiguzel E, et al. Clinically significant
LASIK flap striae. J Cataract Refract Surg. 2017;43:1523-1533.
12. Reinstein DZ, Archer TJ, Randleman JB. JRS standard for reporting astigmatism outcomes of refractive surgery. J Refract
Surg. 2014;30:654-659.
13. Alpins N. Astigmatism analysis by the Alpins method. J Cataract Refract Surg. 2001;27:31-49.
14. Gauvin M, Wallerstein A. AstigMATIC: an automatic tool
for standard astigmatism vector analysis. BMC Ophthalmol.
2018;18:255.
15. Wallerstein A, Gauvin M, Cohen M. WaveLight® Contoura
topography guided planning: contribution of anterior corneal higher-order aberrations and posterior corneal astigmatism to manifest refractive astigmatism. Clin Ophthalmol.
2018;12:1423-1426.
16. Reitblat O, Levy A, Kleinmann G, Abulafia A, Assia EI. Effect of
posterior corneal astigmatism on power calculation and alignment of toric intraocular lenses: comparison of methodologies.
J Cataract Refract Surg. 2016;42:217-225.
17. Archer TJ, Reinstein DZ, Pinero DP, Gobbe M, Carp GI. Comparison of the predictability of refractive cylinder correction by laser
in situ keratomileusis in eyes with low or high ocular residual
astigmatism. J Cataract Refract Surg. 2015;41:1383-1392.
18. Kugler L, Crews J, Morgarn L. Ocular residual astigmatism.
Cataract & Refractive Surgery Today. 2014:16-18.
19. Qian YS, Huang J, Liu R, et al. Influence of internal optical
astigmatism on the correction of myopic astigmatism by
LASIK. J Refract Surg. 2011;27:863-868.

1. Falavarjani KG, Hashemi M, Modarres M, Sanjari MS, Darvish
N, Gordiz A. Topography-guided vs wavefront-optimized surface ablation for myopia using the WaveLight platform: a contralateral eye study. J Refract Surg. 2011;27:13-17.

20. Kugler L, Cohen I, Haddad W, Wang MX. Efficacy of laser in
situ keratomileusis in correcting anterior and non-anterior corneal astigmatism: comparative study. J Cataract Refract Surg.
2010;36:1745-1752.

2. Tan J, Simon D, Mrochen M, Por YM. Clinical results of topography-based customized ablations for myopia and myopic
astigmatism. J Refract Surg. 2012;28:S829-S836.

21. Alpins N. Ocular residual astigmatism: when zero is not the
target. In: Alpins N. Practical Astigmatism Planning and
Analysis. Thorofare, NJ: SLACK Incorporated; 2018:65-76.

3. Smolek MK. Method for expressing clinical and statistical significance of ocular and corneal wave front error aberrations.
Cornea. 2012;31:212-221.

22. Alpins NA. New method of targeting vectors to treat astigmatism. J Cataract Refract Surg. 1997;23:65-75.

4. Zhou W, Stojanovic A, Utheim TP. Assessment of refractive
astigmatism and simulated therapeutic refractive surgery strategies in coma-like-aberrations-dominant corneal optics. Eye
Vis (Lond). 2016;3:13.
5. Motwani M. The use of WaveLight((R)) Contoura to create a

• Vol. 35, No. 1, 2019

23. Arbelaez MC, Alpins N, Verma S, Stamatelatos G, Arbelaez JG,
Arba-Mosquera S. Clinical outcomes of laser in situ keratomileusis with an aberration-neutral profile centered on the corneal vertex comparing vector planning with manifest refraction
planning for the treatment of myopic astigmatism. J Cataract
Refract Surg. 2017;43:1504-1514.

23

TABLE A

Comparison of Preoperative Variables Between RA Axis and ACA Axis Treated Eyesa
Axis Discrepancy: 5° to 20°
Parameter

Axis Discrepancy: 21° to 45°

Pre-RA (n = 783)

Pre-ACA (n = 314)

P

Pre-RA (n = 122)

Pre-ACA (n = 55)

P

18 to 56

18 to 54

.3260

19 to 52

18 to 53

.1052

UDVA (logMAR)

0.10 to 2.00

0.18 to 2.00

.2334

0.08 to 2.00

0.18 to 2.00

.8128

CDVA (logMAR)

0.00 to 0.04

0.00 to 0.04

.4346

0.00 to 0.02

0.00 to 0.04

.5450

Sphere (D)

0.00 to -9.00

0.00 to -9.00

.3897

0.00 to -9.00

0.00 to -8.75

.8205

Refractive astigmatism (D)

0.75 to 3.50

0.75 to 3.75

.4690

0.75 to 2.00

0.75 to 2.00

.9934

-0.38 to -9.63

-0.63 to -10.00

.5254

-0.63 to -9.38

-0.88 to -9.13

.8665

Age (y)
Visual acuity

Manifest refraction (at 12 mm)

SEQ (D)
Topolyzer
Anterior corneal astigmatism (D)

0.10 to 4.10

0.04 to 3.60

.2686

0.08 to 2.38

0.13 to 2.15

.7878

CHOAs maximum ablation (µm)

2.10 to 14.80

3.39 to 16.01

.3725

3.71 to 15.50

4.10 to 15.00

.4869

Orbscan
CCT (µm)

456 to 674

457 to 675

.5154

499 to 671

471 to 674

.2799

Kmin (D)

39.00 to 48.60

39.50 to 47.20

.8818

40.40 to 47.10

39.80 to 47.20

.6875

Kmax (D)

40.40 to 49.20

40.40 48.30

.7459

41.20 to 48.50

41.90 to 47.90

.8795

0.04 to 1.83

0.01 to 1.55

.6663

0.01 to 1.63

0.0 to 1.57

.6758

5 to 20

5 to 20

.3463

21 to 45

21 to 45

.9273

0.14 to 1.97

0.18 to 1.73

.9999

0.54 to 1.83

0.50 to 1.72

.8488

Discrepancy between refractive and
anterior corneal astigmatism
Magnitude discrepancy (D)
Axis discrepancy (°)
Ocular residual astigmatism (D)

b

RA = refractive astigmatism; ACA = anterior corneal astigmatism; UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; D = diopters; SEQ =
spherical equivalent; CHOAs = corneal higher order aberrations; CCT = central corneal thickness; Kmin = minimum keratometry; Kmax = maximum keratometry
a
Values are presented as range (minimum to maximum).
b
Calculated at the corneal plane.

Figure A. (A) Attempted spherical equivalent (SEQ) vs achieved, before and after surgery. Blue line indicates attempted = achieved, green lines
indicate ±0.50 diopters (D), and pink lines indicate ±1.00 D. (B) Intended target preoperatively compared with postoperatively. (C) Refractive astigmatism (RA) before and after surgery. (D) Preoperative target induced astigmatism (TIA) vector vs surgically induced astigmatism (SIA) vector preoperatively and postoperatively. Blue line indicates TIA = SIA, green lines indicate ±0.50 D, pink lines indicate ±1.00 D. T-CAT = topography-guided
custom ablation treatment; ACA = anterior corneal astigmatism

Figure B. Scattergrams and correlations for the discrepancy between
refractive astigmatism (RA) and anterior corneal astigmatism (ACA)
axes and the absolute angle or error in the small (SAD) and large
(LAD) axis discrepancy groups (A and B, respectively). Eyes without
residual postoperative cylinder were discarded from the scattergrams to better reveal the correlations.

Figure C. Single-angle polar plots generated using the AstigMATIC software14 to illustrate the target induced astigmatism (TIA) vector, the surgically induced astigmatism (SIA) vector, the difference vector (DV), and the correction index (CI) in refractive astigmatism axis treated (A and B) vs
anterior corneal astigmatism (ACA) axis treated eyes (C and D) in the small (SAD) (A and B) and large (LAD) (C and D) axis discrepancy groups,
respectively. All vectors were calculated at the corneal plane. The vector means are plotted as a red diamond.

