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

efractive surprises following LASIK for astigma-
tism may stem from a variety of sources, such as 
an error in the preoperative refraction, keying the 

wrong correction into the laser delivery program, misorienta-
tion of the ablating beam relative to the exact axis of astigma-
tism, lack of adequate consistency in the energy distribution 
within the photoablating beam, unexpected shifts in corneal 
bulk distribution during the postoperative healing period af-
fecting the topography of corneal optical interfaces, and er-
rors in postoperative refraction. Sources of error may be self-
limiting; some may be accumulative and others may cancel 
each other out.

Many processes have been put forward for analyzing and 
describing changes or differences in astigmatism. Several of 
these landmark attempts were summarized by Morlet et al.1 
and Raasch et al.2 At first glance, the various processes appear 
cumbersome and difficult to interpret. However, the various 
algorithms yield near identical results. Alpins3 set out a meth-
od that has been accepted by many investigators in the field of 
cataract and refractive surgery for astigmatism. 

Could a pattern of systematic rotational misorientation and/
or miscorrection be responsible for unexpected refractive out-
comes following routine LASIK for astigmatism? If such a pat-
tern should occur, does the nature of the pattern differ between 
platforms? The purpose of this study was to address these 
questions by comparing the target induced astigmatic (TIA) 
and surgically induced astigmatism (SIA) corrections follow-
ing from routine procedures using two different laser delivery 
platforms by appropriate means. 

RABSTRACT

PURPOSE: To calculate the surgically induced astigma-
tism (SIA) following LASIK and identify any association 
between SIA and the target induced astigmatism (TIA) 
at 1 year postoperatively.

METHODS: The SIA was calculated using the TIA and 
residual astigmatism values for [A] myopic astigmatism 
and [B] mixed astigmatism treated with either the [I] 
WaveLight Allegretto EyeQ 400-Hz (Alcon Laborato-
ries, Inc. Fort Worth, TX) or [II] Schwind Amaris 750S 
(Schwind eye-tech-solutions, Kleinostheim, Germany) 
platforms. The TIA and corresponding SIA results were 
analyzed using various techniques.   

RESULTS: Key findings were the negative SIA power (y1) 
was significantly correlated with negative TIA power (x1) 
and sine of the TIA axis (x2) as follows: [A] I, y1= 0.829x1–
0.403x2–0.325 (F = 87.76, r = 0.804, P < .001, n = 127); 
II, y1= 0.891x1–0.037x2–0.192 (F = 240.06, r = 0.901, P < 
.001, n = 119) and [B] I, y1= 1.063x1+0.233x2+0.411 (F 
= 990.99, r = 0.881, P < .001, n = 61); II, y1= 1.029x1–
0.115x2+0.322 (F = 270.12, r = 0.908, P < 0.001, n 
= 111). The sine of negative SIA axis (y2) was signifi-
cantly correlated with negative TIA power (x1) and TIA 
axis (x2) as follows: [A] I, y2 = 0.951x2–0.007x1+0.008 
(F = 446.58, r = 0.950, P < .001, n = 127); II, y2 = 
0.856x2+0.007x1+0.105 (F = 277.18, r = 0.912, P< 
.001, n = 119) and [B] I, y2 = 0.953x2+0.009x1+0.075 (F 
= 362.6, r = 0.963, P < .001, n = 61); II, y2 = 0.977x2–
0.004x1+0.002 (F = 2910.9, r = 0.990, P < .001, n = 
111). 

CONCLUSIONS: The predicted SIA power was up to 
12% less than expected in cases of -6.00 diopters 
cylinder treated for myopic astigmatism using the Alle-
gretto platform. The mean predicted angle of error (the 
angle between the SIA and TIA axes) was less than 4°, 
increasing to 12° for against-the-rule astigmatism. The 
Allegretto platform tended toward a clockwise axis rota-
tional error, whereas the Amaris platform tended toward 
the opposite.
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PATIENTS AND METHODS 
Patient and data Selection

We reviewed the 1-year postoperative refractive data 
for patients treated using either the WaveLight Allegretto 
Eye-Q 400-Hz (Alcon Laboratories, Inc., Fort Worth, TX) 
or Schwind Amaris 750S (Schwind eye-tech-solutions, 
Kleinostheim, Germany) platform. The details of patient 
selection, surgical procedure, and postoperative care 
were fully described previously.4 The patients present-
ed initially with either myopic or mixed astigmatism of 
2.00 diopters cylinder (DC) or more. In all cases, the pre-
operative TIA was 2.00 DC or less where the aim was to 
achieve emmetropia. The data analyzed were the pre-
operative and final subjective refractions from the cases 
that presented at 1 year of follow-up. For each case, the 
SIA correction was calculated and compared with the 
TIA correction.  

All procedures performed in studies involving hu-
man participants were in accordance with the ethical 
standards of the institutional and/or national research 
committee and with the tenets of the Declaration of 
Helsinki. Informed consent was obtained from all in-
dividual participants included in the study.

data analySiS
All data were stored on an appropriate Excel spread-

sheet (Microsoft Corporation, Redmond, WA) and ana-
lyzed as follows. First, to determine whether the SIA 
power and axis was significantly correlated with the 
TIA power and axis (Pearson correlation coefficient, 
r multiple linear regression). Second, to determine 
whether the SIA axis was significantly correlated with 
the TIA power and axis (Pearson correlation coefficient, 
r multiple linear regression). Third, to determine the 
significance of any association between DC (the differ-
ence between the SIA power minus the TIA power) and 
the TIA power. Fourth, to determine the significance of 
any association between Du (the difference between the 
SIA axis minus the TIA axis) and the TIA axis. Finally, 
to determine the significance of any apparent differenc-
es of average Du values between platforms. A P value of 
less than .05 was considered significant. 

RESULTS
In this study, 127 eyes with myopic astigmatism and 

61 eyes with mixed astigmatism were treated with the 
WaveLight Allegretto platform and 119 eyes with myo-
pic astigmatism and 111 eyes with mixed astigmatism 
were treated with the Schwind Amaris platform. We 
did not encounter any surgical complications in any 
of these cases. The main results of this investigation 
are shown in Figure A (available in the online version 
of this article only). These are polar diagrams where 

the TIA (filled circles) and SIA (unfilled circles) data 
are compared. On first glance, the clusters in Figure A 
do not reveal any obvious pattern or disparity between 
SIA and TIA. Figure 1 is a histogram showing the av-
erage Du values (the difference between the SIA axis 
minus the TIA axis). A positive Du value indicates an 
anti-clockwise rotational misorientation between the 
axes, whereas a negative value indicates the opposite. 
Figure 2 includes polar diagrams showing the ratios 
of the SIA and corresponding TIA power correction in 
relation to the intended axis of astigmatic correction. 
In each figure, the horizontal x-axis represents the ratio 
ranging from 0 up to 1.8 from the center outward in 0.2 
steps. For a target correction of -4.00 × 15, where the 
SIA correction was -3.20 DC, the data point would be 
located at the semi-circle labeled ‘0.8’ at the intersec-
tion with the line labeled ‘15’. The loci of most data 
points occur between the 0.6 and 1.2 ratios. Figure 3 
compares the TIA and SIA powers, showing most data 
points are below the one-to-one line. Our initial ex-
ploratory analysis using the trigonometric functions 
of the astigmatic axes revealed that correlations were 
most powerful for the sine function. This is under-
standable because the sine remains positive over the 
range 0° to 180°. Thus, we decided to include only the 
sine of each axis in the linear regression analyses to 
avoid the masking of significant associations.

Multiple linear regression analysis revealed signifi-
cant associations between the SIA power (y1), sine of 
the axis (y2), TIA power (x1), and sine of the axis (x2). 
These associations are listed in Table A (available in 
the online version of this article). 

Single linear regression did not reveal any signifi-
cant associations between DC (the difference between 
the SIA power minus the TIA power) and the TIA 

Figure 1. Average angle of error (angle between the surgically induced 
astigmatism [SIA] and target induced astigmatism [TIA]) for each of the 
four groups. The y-axis is the difference in degrees, where a negative value 
indicates a clockwise rotational error and a positive value indicates the 
opposite. The ‘T’ bars are the upper positive standard deviation values. 
The WaveLight Allegretto platform is manufactured by Alcon Laboratories, 
Inc., Fort Worth, TX, and the Schwind Amaris platform is manufactured by 
Schwind eye-tech-solutions, Kleinostheim, Germany.
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power correction in any group (P > .05) other than the 
myopic astigmatism groups. The form of this associa-
tion for myopic astigmatism treated with WaveLight 
Allegretto and Schwind Amaris, respectively, was:

DC = -0.136x1 – 0.321 (r = -0.243, n = 127, P = .006)  
(eq. 1) 

DC = -0.110x1 – 0.205 (r = -0.247, n = 119, P = .006)  
(eq. 2)

Single linear regression did not reveal any signifi-
cant associations between Du1 (sine of the SIA axis mi-
nus the sine of TIA axis) and sine of the TIA axis (x2) 
in any group (P > .05) other than myopic astigmatism 
treated with the Schwind Amaris. The form of this as-
sociation was:

Du1 = -0.142x2 + 0.084 (r = -0.346, n = 119, P < .001).   
(eq. 3)

The mean ± standard deviation (SD) values for Du (dif-
ference between the SIA axis minus TIA axis) were -1.22° 

± 4.17° for myopic astigmatism treated with the WaveLight 
Allegretto, +0.80° ± 8.64° for myopic astigmatism treated 
with the Schwind Amaris, -0.96° ± 7.90° for mixed astig-
matism treated with the WaveLight Allegretto, and +0.15° 
± 6.79° for mixed astigmatism treated with the Schwind 
Amaris. 

Only the difference between myopic astigmatism 
treated with the WaveLight Allegretto and myopic 
astigmatism treated with the Schwind Amaris was re-
vealed to be significant (P = .020, t test).

DISCUSSION
Methods to calculate differences between, and 

changes of, astigmatic powers and axes have been pre-
viously developed.3,5-10 The individual algorithms and 
equations may appear different from each other, but 
the computed results are almost the same. The data 
points in Figure A do not show any obvious pattern or 
trend between the SIA and TIA powers and axes. This 
implies that any difference between SIA and TIA is 
random or obscured by other factors. However, closer 
inspection of Figure A shows there are more unfilled 
circles inside the 2.00 D semicircle than filled circles. 

Figure 2. Myopic astigmatism treated with (A) WaveLight Allegretto platform (Alcon Laboratories, Inc., Fort Worth, TX) (n = 127 eyes) and (B) 
Schwind Amaris platform (Schwind eye-tech-solutions, Kleinostheim, Germany) (n = 119 eyes). Mixed astigmatism treated with (C) WaveLight 
Allegretto platform (n = 61 eyes) and (D) Schwind Amaris platform (n = 111 eyes). Ratio of SIA/TIA power and the intended axis of astigmatic 
correction. The values of individual ratios are noted along the x axis. Filled circles are data points where the ratio = 1.0. SIA = surgically induced 
astigmatism; TIA = target induced astigmatism

A
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This clearly points toward undercorrection of astigma-
tism in all four groups. Turning to Figure 2, there is 
a clear tendency toward undercorrection because the 
SIA/TIA ratios are mainly concentrated in the semi-
circles between 0.4 and 1.0. Some of the figures show 
that the ratio is greater than unity along a particular 
axis of correction, but the figures do not reveal an obvi-
ous association between the ratio and the target axis.  

The expressions resulting from both multiple and 
single linear regression analysis show a significant un-
dercorrection of myopic astigmatism. Figure 3 shows 
the tendency toward an undercorrection in all four 
groups. To some extent, the appearance of the data in 
Figure 3 and results of linear regression come as no 
surprise, considering more than 70% of cases present-
ed with astigmatism of 0.50 D or greater at 1 year post-
operatively. A difference between a pair of SIA and 
TIA powers values could be due to the typical error in 
subjective refraction, which is reported to range from 
±0.34 D in the younger population and ±0.51 D in the 
older population.11-13 The high significance of the mul-
tiple and single linear regression analyses would not 

have been encountered if differences between SIA and 
TIA arose from totally random events associated with 
subjective refraction alone. 

Our aim, as noted from the outset, was to ascertain 
whether systematic rotational misorientation and/
or miscorrection could be responsible for differences 
between SIA and TIA. Figure 1 shows that the mean 
difference between the SIA and TIA axes (Du) was 
negative for cases treated with the WaveLight Alle-
gretto platform and positive for cases treated with the 
Schwind Amaris platform. This shows there was a ten-
dency toward a clockwise angle of error greater than 
1° when the WaveLight Allegretto platform was used 
to correct myopic astigmatism and an anticlockwise 
angle of error of less than 1° for the Schwind Amaris 
platform. Other studies have reported a tendency to-
ward undercorrection of astigmatism in cases treated 
by LASIK.14-18 These reports rarely commented on the 
angle of error between the SIA and TIA axes; thus, we 
cannot directly compare our findings with others. Fig-
ure 2 also features large error bars, which clearly point 
toward wide variations between cases. Nevertheless, 

Figure 3. (A) Myopic astig-
matism treated with the (A) 
WaveLight Allegretto platform 
(Alcon Laboratories, Inc., Fort 
Worth, TX) (n = 127 eyes) and 
(B) Schwind Amaris platform 
(Schwind eye-tech-solutions, 
Kleinostheim, Germany) (n = 
119 eyes). Mixed astigmatism 
treated with (C) WaveLight 
Allegretto platform (n = 61 
eyes) and (D) Schwind Amaris 
platform (n = 111 eyes). 
Comparison of SIA and TIA 
powers (solid line). SIA = sur-
gically induced astigmatism; 
TIA = target induced astigma-
tism; D = dioptersA B

C D
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linear regression resulted in equations 2 and 3 indi-
cating that the difference between the SIA and TIA in 
terms of both power and axis is directly related to the 
TIA for myopic astigmatism treated using the Schwind 
Amaris platform. For TIA axes of 45° and 90°, equa-
tion 3 predicts SIA axes of 44° and 70°, respectively 
(ie, a rise in the Du value from 1° to 20°). Clearly, the 
difference between SIA and TIA axes is predicted to 
increase as the TIA axis shifts toward the vertical, ac-
cording to the cases included in this study.

Table B (available in the online version of this ar-
ticle) shows the SIA power and axes values predicted 
using the multiple linear regression equations for TIA 
corrections of -3.00 and -6.00 DC with axes ranging 
from 0° to 135°. The predictions demonstrate the va-
lidity and practical value of these regression analyses. 
For both platforms, there is a tendency toward under-
correction and angles of error less than 5° when treat-
ing either oblique or with-the-rule astigmatism. When 
the TIA has an oblique axis of 45° or 135°, an angle of 
error of 1° is predicted when the correction is -3.00 
DC, rising to 3° for a correction of -6.00 DC. However, 
according to the results of our analyses, this angle is 
predicted to be more profound when the astigmatism 
is against-the-rule. In the case of myopic astigmatism, 
the Schwind Amaris platform is predicted to under-
correct -6.00 DC by less than 0.50 D, but the angle of 
error (Du) is predicted to rise from 4° when the astig-
matism is with-the-rule to 22° when the astigmatism 
is against-the-rule (TIA axis of 90°). This is 2° greater 
compared with the prediction for the Schwind Amaris 
platform according to equation 3, pointing to the likely 
influence of TIA power on Du. Using the WaveLight 
Allegretto platform, Table B shows Du is predicted to 
rise from 1° to 14° when comparing a correction for 
mixed astigmatism of -6.00 × 180 with -6.00 × 90. The 
predictions regarding against-the-rule astigmatism 
have to be viewed with caution because, as Figure 2 
shows, only a minority of our cases were treated for 
a negative cylinder where the axis was 90° ± 15°. At 
this point, proposing a hypothesis to account for the 
differences in the predicted angles of error between 
with-the-rule and against-the-rule astigmatic correc-
tions predicted by the multi-linear regression analyses 
would be speculative. On the other hand, it would not 
be unreasonable to suggest that over time the accumu-
lated effects of the ocular adnexa on the ocular surface 
coupled with the dynamics of healing are less favor-
able toward against-the-rule astigmatism. 

The WaveLight Allegretto and Schwind Amaris 
platforms feature sophisticated built-in mechanisms 
to ensure any astigmatic correction remains on tar-
get and along the inputted axis. The Allegretto plat-

form has a high-speed camera operating at 400 Hz to 
track the patient’s eye movements and compensates 
for shifts in eye position or interrupts the treatment if 
the eye moves outside a preset range during treatment. 
The Schwind Amaris platform has a five-dimensional 
1,050-Hz infrared eye tracker with continuous limbus, 
pupil, iris recognition, and cyclotorsion tracking inte-
grated into the laser delivery process. Irrespective of 
these high levels of sophistication and precision, our 
results show that axis rotational errors are evident at 
1 year postoperatively. Each individual result is the 
culmination of the unique characteristics of the laser 
used, the energy distribution over the region of abla-
tion, and the effects of healing of the treated cornea. 
Nevertheless, on average the WaveLight Allegretto 
platform has a tendency toward a systematic clock-
wise axis rotational error, whereas the Schwind Ama-
ris platform tends toward the opposite.

The company that manufactures the WaveLight Al-
legretto platform advises surgeons to use the Welling-
ton nomogram before photoablation. This nomogram 
advises the surgeon to reduce the astigmatic correction 
by 25%. In our series, we elected to reduce the cor-
rection by 15% as noted in our previous study.4 Table 
B shows that for both platforms the SIA power has a 
propensity to be lower than the TIA and this was most 
profound when the WaveLight Allegretto platform was 
used to correct relatively high myopic astigmatism.   

Morlet et al.1 noted that interpreting the results of 
astigmatic vector analysis can be awkward.

In our analysis, we have attempted to obviate from 
distorting the reality of refractive outcomes. The pro-
cesses we used revealed that both platforms were similar 
in tending to undercorrect astigmatism; axis rotational 
errors were apparent, although overall the two plat-
forms differed in terms of direction; and the predicted 
angle between the SIA and TIA tended to increase when 
the astigmatic correction was against-the-rule.
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Figure A. (A-B) Myopic astigmatism treated with the WaveLight Allegretto platform (Alcon Laboratories, Inc., Fort Worth, TX) (n = 127 eyes). (C-D) 
Myopic astigmatism treated with the Schwind Amaris platform (Schwind eye-tech-solutions, Kleinostheim, Germany) (n = 119 eyes). (E-F) Mixed 
astigmatism treated with the WaveLight Allegretto platform (n = 61 eyes). (G-H) Mixed astigmatism treated with the Schwind Amaris platform (n = 
111 eyes). The power values along the x-axis are negative. TIA = target induced astigmatism (filled circles); SIA = surgically induced astigmatism 
(unfilled circles)
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TABLE B
Examples of SIA Power and Axes Predicted Using  

the Multilinear Regression Equations for Each Group
Axis

Platform 0° 45° 90° 135°

-3.00 DC

   Myopic astigmatism treated with WaveLight Allegretto -2.81 DC × 178 -3.10 DC × 45 -3.21 DC × 79 -3.10 DC × 135

   Myopic astigmatism treated with Schwind Amaris -2.87 DC × 5 -2.89 DC × 44 -2.90 DC × 70 -2.89 DC × 134

   Mixed astigmatism treated with WaveLight Allegretto -2.73 DC × 177 -2.56 DC × 46 -2.50 DC × 87 -2.57 DC × 136

   Mixed astigmatism treated with Schwind Amaris -2.54 DC × 1 -2.62 DC × 45 -2.66 DC × 83 -2.62 DC × 135

-6.00 DC

   Myopic astigmatism treated with WaveLight Allegretto -5.30 DC × 177 -5.59 DC × 47 -5.70 DC × 91 -5.59 DC × 137

   Myopic astigmatism treated with Schwind Amaris -5.54 DC × 4 -5.57 DC × 42 -5.58 DC × 68 -5.57 DC × 132

   Mixed astigmatism treated with WaveLight Allegretto -5.99 DC × 179 -5.83 DC × 44 -5.77 DC × 76 -5.83 DC × 134

   Mixed astigmatism treated with Schwind Amaris -5.63 DC × 1 -5.71 DC × 46 -5.74 DC × 95 -5.71 DC × 136

SIA = surgically induced astigmatism; DC = diopters cylinder 
The WaveLight Allegretto is manufactured by Alcon Laboratories, Inc. Fort Worth, TX, and the Schwind Amaris is manufactured by Schwind eye-tech-solutions, 
Kleinostheim, Germany.

TABLE A
SIA Power and Axes Predicted Using the Multilinear Regression Equations

Groupa F r P n rpower ppower raxis paxis

Group 1 (myopic astigmatism with WaveLight)

   y1 = 0.829x1–0.403x2–0.325 87.76 0.804 < .001 127 0.799 < .001 0.074 .466

   y2 = 0.951x2–0.007x1+0.008 446.58 0.950 < .001 127 0.008 .939 0.950 < .001

Group 2 (myopic astigmatism with Amaris)

   y1 = 0.891x1–0.039x2–0.192 230.29 0.897 < .001 119 0.897 < .001 0.060 .521

   y2 = 0.856x2+0.007x1+0.105 277.35 0.832 < .001 119 0.092 .329 0.912 < .001

Group 3 (mixed astigmatism with WaveLight)

   y1 = 1.063x1+0.233x2+0.411 990.09 0.881 < .001 61 0.880 < .001 0.239 0.076

   y2 = 0.953×2+0.009x1+0.075 362.60 0.963 < .001 61 0.256 .053 0.962 < .001

Group 4 (mixed astigmatism with Amaris)

   y1 = 1.029x1–0.115x2+0.322 270.12 0.908 < .001 111 0.907 < .001 -0.013 .811

   y2 = 0.977x2–0.004x1+0.002 2,910.90 0.990 < .001 111 -0.010 .91 0.990 < .001

SIA = surgically induced astigmatism 
The WaveLight Allegretto Eye-Q 400-Hz is manufactured by Alcon Laboratories, Inc., Fort Worth, TX, and the Schwind Amaris 750S is manufactured by Schwind 
eye-tech-solutions, Kleinostheim, Germany.


