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Abstract
· AIM: To evaluate the optical performance of toric
intraocular lenses (IOLs) after decentration and with
different pupil diameters, but with the IOL astigmatic axis
aligned.

· METHODS: Optical performances of toric T5 and
SN60AT spherical IOLs after decentration were tested on
a theoretical pseudophakic model eye based on the
Hwey -Lan Liou schematic eye using the Zemax ray -
tracing program. Changes in optical performance were
analyzed in model eyes with 3 -mm, 4 -mm, and 5 -mm
pupil diameters and decentered from 0.25 mm to 0.75
mm with an interval of 5毅 at the meridian direction from
0毅 to 90毅 . The ratio of the modulation transfer function
(MTF) between a decentered and a centered IOL
(MTFDecentration/MTFCentration) was calculated to analyze the
decrease in optical performance.

· RESULTS: Optical performance of the toric IOL
remained unchanged when IOLs were decentered in any
meridian direction. The MTFs of the two IOLs decreased,
whereas optical performance remained equivalent after
decentration. The MTFDecentration/MTFCentration ratios of the IOLs
at a decentration from 0.25 mm to 0.75 mm were
comparable in the toric and SN60AT IOLs. After
decentration, MTF decreased further, with the MTF of the
toric IOL being slightly lower than that of the SN60AT
IOL. Imaging qualities of the two IOLs decreased when
the pupil diameter and the degree of decentration
increased, but the decrease was similar in the toric and
spherical IOLs.

· CONCLUSION: Toric IOLs were comparable to
spherical IOLs in terms of tolerance to decentration at
the correct axial position.
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INTRODUCTION

C orneal astigmatism is a common form of ametropia, and
approximately 15% -50% of cataract patients have

concomitant corneal astigmatism of varying degrees [1-3] . The
implantation of toric intraocular lenses (IOLs) during cataract
surgeries has been proven effective for correcting corneal
astigmatism [4-7]. It has been reported that toric IOLs have
satisfactory rotational stability[7-9], which has been considered
to be advantageous for patients. The toric IOL consists of a
spherical anterior surface and a toric posterior surface. The
two crossed vertical meridians at the posterior surface have
different curvature radii, and the refractive cylinder obtained
from the diopter difference is used to correct the corneal
astigmatism.
Certain IOLs are manufactured with specific surface
characteristics, such as aspheric IOLs with a -0.27 滋m
spherical aberration (SA). These characteristics have been
associated with excellent imaging quality when the IOL was
implanted and maintained in the correct position and the
corneal SA could be effectively offset [10-14]. However, optical
performance has been reported to be significantly
compromised when the decentration is more than 0.5 mm [13-15].
More specifically, a study of the tilt and decentration of these
IOLs demonstrated an optic quality decrease correlated with
coma aberration[13].
The anterior surface of the AcrySof toric IOL is spherical,
and the posterior surface is toric. The spherical diopter is
contributed by both the anterior and posterior surfaces, and
the cylinder diopter is contributed solely by the posterior
surface, with the axial position marked. The cylinder diopter
and axis position of the implanted toric IOL need to be
accurate to neutralize corneal astigmatism[4,5,16,17]. Most reports
pay close attention to off-axis rotation and rotational stability
of the toric IOL. The rotational stability of the toric IOL
within the eye has been reported to be satisfactory, with an
average postoperative rotation between 2.7 ° and 4.1 ° [8,18].
For toric IOL rotation, the cornea and toric IOL can be
regarded as two obliquely crossed cylinders. The combined
effect of the obliquely crossed cylinders creates a new
cylinder power and axis, which differ based on the intended
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target [18,19]. The astigmatism correction effect was reduced by
3.3% for each 1毅 of rotation deviation [20,21]. Therefore,
concerns have been raised regarding the rotation stability of
the toric IOL. Felipe [22] reported that the modulation
transfer function (MTF) on the high and low power axes of
the toric IOL decays with rotation and tilt, with greater
decrement occurring in rotation from 0毅 to 5毅 in model eyes.
However, the artificial eye model used in the study included
an artificial cornea without astigmatism to simulate the
conditions of the eye.
Corneal astigmatism is characterized by a gradual refractive
change in diopters (D) from a flat to a steep meridian, which
is similar to the toric IOL. Therefore, the refractive power is
different on a 0毅 to 90毅 meridian in corneal astigmatism.
However, the influence of the different direction of meridian
decentration on the optical performance of the toric IOL and
its tolerance to decentration have yet to be clearly defined. As
such, we are interested in how much optical quality is lost
when the toric IOL optic center is off-axis in corneal
astigmatism.
MTF has been demonstrated to be a highly effective
parameter to evaluate IOL optical performance [23,24], and is
used to represent image quality. In the current study, we
created the concept of relative decreased optical quality by
calculating MTFDecentration/MTFCentration ratios derived from MTF to
evaluate the tolerance to toric lens decentration. The influence
of 0.25 mm, 0.5 mm, and 0.75 mm decentration in different
meridian directions was studied with regard to the optical
performance of the AcrySof Toric SN60T5 and SN60AT
spherical IOLs in the setting of the Hwey-Lan Liou eye model
with different pupil diameters (3, 4, and 5 mm).
MATERIALS AND METHODS
Pseudophakic Model Eye The imaging qualities of the
AcrySof Toric SN60T5 IOL (Alcon Laboratories Inc., Ft
Worth, TX, USA) and the SN60AT spherical IOL (Alcon
Laboratories Inc., Ft Worth, TX, USA) were tested on a
theoretical pseudophakic model eye using the Zemax (Focus
Software, Tucson, AZ, USA) ray-tracing program. As
previously mentioned, the Hwey-Lan Liou eye model was
used, and IOLs were evaluated instead of natural human
lenses. The specifications of the Hwey-Lan Liou eye model
are shown in Table 1[25]. The power of both IOLs was 22.0 D.
The cylinder D of the toric T5 IOL was 3.0 D, which has
been used to correct corneal astigmatisms of 2.06 D. The
optical characteristics and technical specifications of the two

IOLs are shown in Table 2[26-28].
The optical performance of each IOL was evaluated in the
Hwey-Lan Liou schematic eye, with a distance of 4.5 mm
between the anterior surface of the IOL and the anterior
surface of the cornea [13,29,30]. The flat and steep axes of the
toric T5 IOL were aligned with the x- and y-axes,
respectively. The vitreous cavity length was modified to
achieve y-axis focus on the retina. Then, the curvature of the
x-axis was adjusted by adding an ideal thin lens in front of
cornea in order to achieve concurrent x-axis focus on the
retina. An astigmatism model which could be completely
corrected by the toric IOL was established (Figure 1). The
optical performance was optimized by adjusting the curvature
of the x- direction and the distance between the retina and
posterior surface of the IOLs after one ideal thin lens was
inserted in front of the cornea of the toric IOL model eye
with a pupil diameter of 3 mm. The distance between the
posterior surface of the IOLs and the retina was optimized in
the SN60AT IOL model eye to focus the light on the retina.
Simulating the Condition of Decentration and Plotting
the Modulation Transfer Function The ideal thin lens
with the corresponding cylinder D (2.17 D for T5) was
obtained. The distance to the retina was not optimized any
further following changes in pupil diameter and decentration.

Table 1 Optical characteristics of the Hwey-Lan Liou schematic eye 
Surface Radius (mm) Asphericity (Q) Thickness (mm) n 
Anterior corneal 7.77 -0.18 0.50 1.376 
Posterior corneal 6.40 -0.60 3.16 1.336 
Anterior lens 12.40 -0.94 1.59 1.368-1.407 
- ∞ - 2.43 1.407-1.368 
Posterior lens -8.10 +0.96 16.7 1.336 
Retina -12.3 0 - - 

 
Table 2 Optical characteristics of the spherical and AcrySof Toric 
IOLs 

Parameters SN60AT Toric T5 
Manufacturer Alcon Alcon 
Power (D) +22.0 +22.0 
Optic material Acrylic Acrylic 
Refractive index 1.55 1.55 
Lens shape Equal-convex Biconvex toric 
Anterior surface Sphere Sphere 
Radius (mm) 19.22 19.607 
Central thickness (mm) 0.6 0.699 
Posterior surface Sphere Toric 

Steep -17.836 
Radius (mm) -19.22 

Flat -23.782 
Optic size (mm) 6.0 6.0 
Overall length (mm) 13.0 12.0 
A constant 118.4 119.0 
Hepatic material Acrylic Acrylic 
Cylinder power at IOL plane  3.00 D 
Cylinder power at corneal plane  2.06 D 
Abbe number 37 37 
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The simulation of IOL decentration in the model eye was
measured along 19 meridians from 0毅 to 90毅 at 5毅 intervals
with decentrations of 0.25, 0.5, and 0.75 mm, respectively.
The cornea and pupil were always centered on the optical
axis of the model eye.
The MTF was computed using Zemax software for each
simulation, and an array of 512× 512 rays was traced. MTFs
were plotted for each simulation at spatial frequencies of
20 cycles/mm and 40 cycles/mm, respectively.
Calculating the Modulation Transfer Function Ratio
The ratio of the MTF between a perfectly centered IOL and a
decentered IOL (MTFDecentration/MTFCentration) was calculated to
analyze the decrease in optical performance using pupil
diameters of 3, 4, and 5 mm, respectively.
RESULTS
Modulation Transfer Function of Intraocular Lens
Decentration As presented in Table 3, the MTF of the toric
T5 IOL was slightly lower than that of the SN60AT IOL at
all decentration conditions with different pupil diameters.
Under the conditions of a 3 mm pupil diameter, the MTF was
decreased in both IOLs when they were decentered to 0.5 mm
along the meridian from 0毅 to 90毅 , and the optical
performance was comparable in two IOLs. The MTF values
were further decreased when decentering to 0.75 mm at the
spatial frequency of 40 cycles/mm, and the imaging quality
of the toric and SN60AT IOLs remained very comparable
(Figure 2A).
Under the conditions of a 4 mm or 5 mm pupil diameter, the
MTF values of the two IOLs were significantly decreased at
the two spatial frequencies, and were significantly lower than
MTF values obtained at the pupil diameter of 3 mm. The
MTF values were further decreased when decentering to

0.5 mm (Figure 2B) and 0.75 mm (Figure 2C). The MTF
values for the toric IOL were slightly lower than those for the
spherical IOL. The optical performance of the non-rotating
symmetrical toric IOL in the settings of 0.5 mm and 0.75 mm
decentration was comparable to that of the SN60AT IOL.
The imaging quality of the toric IOL was not altered
significantly when decentered in any direction.
The MTFDecentration/MTFCentration Ratios The MTFDecentration

/MTFCentration ratios of the IOLs in model eyes with 3, 4, and 5
mm pupil diameters and at decentrations of 0.25, 0.5, and
0.75 mm, showed comparable optical performance for both
IOLs. When the pupil diameter was 5 mm and the
decentration was 0.5 mm at a spatial frequency of 20
cycles/mm, the MTFDecentration/MTFCentration ratios of the SN60AT
and T5 IOLs were 0.893 was 0.846, respectively. With 0.75
mm decentration, the ratios were 0.814 and 0.799,
respectively. The maximum difference in the optical
performance between the toric T5 and SN60AT IOLs was
only 4.7% under the condition of a 5 mm pupil diameter and
a spatial frequency of 20 cycles/mm (Figure 3).
DISCUSSION
Our results demonstrated that the optic quality of the toric
IOL with an accurate axis was not affected by the
decentration direction, and that the tolerance to decentration
was similar to the spherical IOL. The refractive power of
symmetric spherical or aspherical corneas remained equal at
all meridians, and the decentration of IOLs in each direction,
in the case of pupil centration, had the same effect on
imaging quality [31,32]. However, corneal astigmatism is
characterized by a gradual refractive alteration in the Ds from
a flat to a steep meridian, which is similar to the toric IOL.
Many conditions, such as a large lens capsule, asymmetry of
the capsular bag coverage, capsular phimosis or fibrosis, and
capsular radial tears, may also result in the decentration of
IOLs[33-35].
Several studies have examined the effects of decentration
on spherical and non-spherical IOLs and its influence on
imaging quality. Findings from these studies suggest that
the decentration and tilt in the implanted IOLs formed
regardless of whether spherical, non-spherical, or toric IOLs
were used[33,34,36,37].
In the current study, changes in the MTF of the toric IOL at
spatial frequencies of 20 cycles/mm and 40 cycles/mm were

Table 3 The modulation transfer function of intraocular lens decentration at spatial frequencies of 40 cycles/mm 
with 3, 4, and 5 mm pupil diameters 

SN60AT Toric T5 
Decentration 

3 mm 4 mm 5 mm 3 mm 4 mm 5 mm 

0 0.791504 0.427848 0.294706 0.790613 0.401795 0.294187 
0.25 mm 0.755886 0.40346 0.269066 0.726577 0.363624 0.238585 
0.5 mm 0.711562 0.374794 0.25492 0.675183 0.33148 0.238585 
0.75 mm 0.661697 0.526572 0.235175 0.623793 0.315 0.2277 

 

Figure 1 The theoretical pseudophakic model eye in Zemax.
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studied. Contrast sensitivity is usually measured in spatial
frequencies of 1.5, 3, 6, and 12 cycles per degree (cpd), as
Nio [38] believed that the contrast sensitivity of normal

human eyes reaches its peak at 4-8 cpd. For visual acuity
measurements, higher spatial frequencies are considered to
be more important when visual acuity exceeds 20/40 [39]. The
20 cycles/mm and 40 cycles/mm spatial frequencies used in
Zemax are equal to 6 and 12 cpd of contrast sensitivity after
unit conversion, respectively.
The MTF of the toric IOL was lower than that of the
spherical IOL, both with centration and decentration. The
model eye, after the astigmatism was completely corrected, is
similar to the SN60AT IOL in terms of spherical
characterization. When centered, the toric IOL showed a
slightly lower MTF than the AN60AT IOL. Felipe [22]

reported that the toric IOL presented a similar MTF as
compared to the spherical IOL, and exhibited good optical
quality on the high and low power axes, although they were
not assessed at the same powers. However, the study used an
eye model that included an artificial cornea without
astigmatism. With increasing degrees of decentration,
spherical IOLs and toric IOLs showed lower MTFs, with the
toric IOL showing a lower MTF than the SN60AT IOL.
Although the astigmatism D of the cornea could be adjusted
by a toric IOL, the vertical and horizontal lengths of the
image were not equal. The magnification of low and high
power radials differed by 1% -3% , and this magnification
difference affected the optic quality, as manifested by tensile
deformation of the image [40]. In the current study, we
observed the changes of wavefront aberration in the course of
decentration, and found that the coma of the toric IOL
increased. Increasing of the coma may have contributed to

Figure 2 The MTF curves of the pseudophakic model eye with pupil diameters of 3, 4, and 5 mm. The MTF was decreased in
both IOLs with decentrations from 0.25 mm to 0.75 mm A: The MTF curves of the model eye with a 3 mm pupil. Although the MTF
values for the toric IOL were slightly lower than those for the spherical IOL, the MTF of the toric IOL was not affected when decentration was
along meridians in different directions; B: The MTF curves with a pupil diameter of 4 mm. The imaging quality of the toric IOL was not altered
significantly when decentered in any direction; C: The MTF curves with a pupil diameter of 5 mm. The MTF values of the two IOLs were
significantly lower than MTF values obtained at the 3 mm pupil diameter. The imaging quality of the toric IOL was not altered significantly
when decentered in any direction.

Figure 3 The ratios of MTFDecentration/MTFCentration in
the pseudophakic model eyes with 3, 4, and 5 mm pupil
diameters, with decentrations from 0.25 mm and 0.75 mm at
spatial frequencies of 20 cycles/mm and 40 cycles/mm,
respectively The ratios were decreased in both IOLs, but remained
comparable to each other.
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the lower optical quality associated with the toric IOL as
compared to the SN60AT IOL.
The IOL decentration was simulated for 0.25 mm, 0.5 mm,
and 0.75 mm in the meridian direction from 0毅 to 90毅 .
Although the MTF of the toric IOL was lower than that of the
spherical IOL, the asymmetry of the cornea and posterior
surface of the toric IOL had no effect on the decentration of
the toric IOL towards different directions, and the optical
performance remained the same at the same decentration.
Although the optic center of the toric IOL decentered from
the optic axis, the axis astigmatism of the toric IOL
maintained acuity, and the corneal astigmatism was
neutralized. In order to determine whether the optical
performance was influenced differently by the decentration
between the two IOLs, the ratio of MTFDecentration/MTFCentration

was compared, and was found to be decreased markedly at
0.75 mm decentration as compared to 0.5 mm decentration.
This suggests that the degree of decentration was negatively
correlated with optical performance[32], although the values of
the MTFDecentration/MTFCentration ratios were quite comparable for
the two IOLs. Therefore, we can conclude that the tolerance
to decentration was similar in the spherical and toric IOLs.
When the model eye had an accurate axis of the toric IOL
and astigmatism was completely corrected, the optical
performance of the toric IOL was slightly lower than that of
the spherical IOL. The decrease in optical performance due
to decentration was similar in both the toric and spherical
IOLs with different pupil diameters. Toric IOLs were
comparable to spherical IOLs in terms of tolerance to
decentration when the axis was aligned, and the decentration
in any direction of the meridian had a similar influence on
optical performance.
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