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Purpose. To objectively determine the effects of pupil size on optical quality parameters in astigmatic eyes using a double-pass
instrument.Methods. We examined twenty-two eyes of 22 healthy volunteers (mean age± standard deviation, 27.1±2.8 years) who
had no ophthalmic diseases other than refractive errors (manifest cylinder ≤0.25 diopters (D)). After we fully corrected cycloplegic
refraction, we createdwith-the-rule astigma tism of 1, 2, and 3 diopters in these eyes and then quantitatively assessed themodulation
transfer function (MTF) cutoff frequency and the Strehl2D ratiowith 2-, 4-, and 6-mmpupil sizes using theOpticalQualityAnalysis
System. Results.TheMTF cutoff frequency and the Strehl2D ratio decreased significantly as the amount of astigmatism increased at
each pupil size (𝑃 < 0.001 for 2, 4, and 6mm, analysis of variance). They also decreased significantly with an increase in pupil size
at each diopter of astigmatism (𝑃 < 0.001 for 0, 1, 2, and 3 D). Multiple comparisons demonstrated a significant difference between
measurements made for a 2-mm pupil and for a 6-mm pupil at each diopter of astigmatism (𝑃 < 0.001 for 0, 1, 2, and 3 D, Dunnett
test) and those made for a 4-mm pupil and for a 6-mm pupil at each diopter of astigmatism (𝑃 < 0.001 for 0 D, 𝑃 < 0.05 1, 2, and
3 D). Conclusions. Eyes with larger pupils had lower optical quality even when they were astigmatic. It may be necessary to correct
the preexisting astigmatism to acquire excellent visual performance, especially in astigmatic eyes with larger pupils.

1. Introduction

Although modern refractive and cataract surgery techniques
allow rapid visual recovery, preexisting corneal astigmatism
remains a common change to achieve excellent uncorrected
visual acuity. Moreover, it has been estimated that approxi-
mately 30%, 8%, and 3% of patients havemore than 1, 2, and 3
diopters (D), respectively, of preexisting cylindrical refractive
errors [1–3]. Several surgical options for the correction of
astigmatism have been advocated, such as laser in situ kera-
tomileusis, photorefractive keratectomy, astigmatic kerato-
tomy using limbal or corneal relaxing incisions, and a toric
phakic or pseudophakic intraocular lens implantation. At
present, we merely consider the amount of astigmatism as
well as the axis of astigmatism for these surgical approaches.

The optical quality analysis system (OQAS, Visiometrics,
Terrassa, Spain), which is designed on the basis of the asym-
metric pattern of the double-pass technique, has been shown

to be a useful tool for comprehensively evaluating the optical
quality of the eye [4–7]. Moreover, it has been demonstrated
that this device has excellent repeatability ofmeasurement [6,
7]. We recently showed that pupil size may play an essential
role in visual acuity in eyes having astigmatism [8]. However,
to our knowledge, the effects of pupil size on optical quality
parameters, such as the modulation transfer function (MTF)
cutoff frequency or the Strehl ratio, have not so far been
objectively assessed in such eyes. The purpose of this study
is to prospectively evaluate the effects of pupil size on optical
quality parameters in astigmatic eyes using the double-pass
instrument.

2. Materials and Methods

2.1. Study Subjects. Twenty-two eyes of 22 healthy volunteers
(12 female, 10 male; mean age ± standard deviation (SD),
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27.1 ± 2.8 years) were enrolled in this prospective study. The
inclusion criteria for this studywere as follows: best spectacle-
corrected visual acuity of 20/20 or better, manifest refractive
cylinder of 0.25 diopters (D) or less, manifest spherical equiv-
alent of -4D or less, and no history of any ophthalmic disease,
or ocular surgery. Eyes with keratoconus were excluded from
the study by using the keratoconus screening test of Placido
disk videokeratography (TMS-2, Tomey, Nagoya, Japan).
Ocular higher-order aberrations (HOAs) for a 4-mm pupil
were determined with Hartmann-Shack aberrometry (KR-
9000, Topcon, Tokyo, Japan). The sample sizes in our study
offered 85% statistical power at the 5% level to detect a 10-
cycles/degree difference in MTF cut-off frequencies between
the two groups, when the SD of the mean difference was 15.0
cycles/degree. They also offered 85% statistical power at the
5% level to detect a 0.04-difference in the Strehl ratio between
the two groups, when the SD of themean difference was 0.06.
The study was approved by the Institutional Review Board
at Kitasato University, School of Medicine. Written informed
consentwas obtained fromall patients after explanation of the
nature and possible consequences of the study.

2.2. Experimental Procedure. Manifest and noncycloplegic
refractions were examined with the autorefractor (ARK-
700A; Nidek, Gamagori, Japan). Cycloplegia was achieved
with three drops of 1% cyclopentolate hydrochloride (Cyple-
gin; Santen, Osaka, Japan), spaced 5 minutes apart. The
autorefractor was also performed at least 30 minutes after
the third administration of cyclopentolate hydrochloride and
only if the pupillary light reflex was absent. One eye of each
subject was chosen randomly for the measurement. Three
consecutive sets of measurements with the device were
performed in all subjects by a single experienced examiner
(H.K.) and were then averaged for statistical analysis. The
ARK-700A autorefractor has been reported to have excellent
repeatability of themeasurements [9].Themanifest refractive
error of the subjects was fully corrected during these mea-
surements; the spherical error was automatically corrected by
the double-pass system, and the cylindrical error was cor-
rected with an external lens, because the uncorrected refrac-
tive error directly affects the optical outcome of the system.
To determine the optical quality of different pupil sizes in
astigmatic eyes, we varied the artificial pupil size from 2 to
6mm. If aminor residual astigmatismexists, the subject looks
for focusing on the circle of least confusion. Without chang-
ing this focal condition, we varied the cylindrical lens power
between 1 D and 3 D undercorrection of the astigmatism, at
1-D intervals. In these cases the retinal image of the point
source is a Sturm focal. With regard to axis orientation in
astigmatic eyes, we assessed optical quality parameters in eyes
with with-the-rule astigmatism.

2.3. Optical Quality Measurement. We measured the optical
quality parameters of the eye, such as the MTF cutoff fre-
quency and the Strehl2D ratio, in these eyes using the OQAS.
Near-infrared light consisting of a laser diode (wavelength,
780 nm) is used because it is more comfortable for the subject

and provides retinal image quality estimates that are compa-
rable to those obtained with visible light. The natural pupil
diameter was provided by this device from an image of an
additional video camera that allowed pupil alignment. We
confirmed that the natural pupil diameter was more than
6.0mm after cycloplegia. The size of the artificial pupil is
controlled by means of a diaphragm wheel located inside
the double-pass system.The room illumination was kept low
(approximately 25 lux) during testing.

From the retinal image of each analyzed eye, the mon-
ochromaticMTFwas computed.TheMTF represents the loss
of contrast as a function of the spatial frequency. A two-
dimensional radially averaged profile of the MTF is used to
describe the complete eye’s optical quality in the double-pass
instrument. To simplify the data and facilitate the clinical
comparison of retinal image quality between subjects, the
system provides several parameters that are related to the
MTF: the MTF cutoff frequency and the Strehl2D ratio.

The value considered is the cutoff point of theMTF curve
on the 𝑥-axis; the results are given in cycles per degree,
representing the highest spatial frequency at lower contrast.
The MTF cutoff in the double-pass system is the frequency
at which the MTF reaches a value of 0.01. Because the point
spread function (PSF) images recorded by the double-pass
instrument can be affected by high-frequency noise, which
is inherent in the use of cameras, the frequency for very small
MTF valuesmay become unstable, potentially leading to arti-
facts. To avoid this problem, the device uses an MTF thresh-
old value of 0.01, which corresponds to 1% contrast.Thus, the
MTF cutoff frequency in this paper refers to the frequency
up to which the eye can focus an object on the retina with a
significant 1% contrast.

In the visual optics field, the Strehl ratio is often computed
in the frequency domain as the ratio between the volume
under the MTF curve of the measured eye and that of the
aberration-free eye [10].This provides overall information on
the eye’s optical quality.The double-pass system computes the
Strehl ratio in two dimensions (Strehl2D ratio) as the ratio
between the area under the MTF curve of the measured eye
and that of the aberration-free eye. This computation has a
lower cost in time, which makes it more suitable for clinical
practice. A Strehl ratio of 1 is related to a perfect optical system
that is only limited by diffraction.The poor-quality data (e.g.,
blinking artifacts or poor detections of PSF images by the
software) were manually excluded.

In addition, to assess the repeatability of the measure-
ments for confirming the applicability of the data, the mea-
surements with this device were made in 22 eyes with a 4mm
pupil at 2 D of astigmatism at the same time of day on two
days.We evaluated the repeatability of the twomeasurements
as described previously using Bland-Altman plots [11].

2.4. Statistical Analysis. All statistical analyses were per-
formed using SPSS (SPSS Inc, Chicago, IL, USA). One-way
repeated-measures analysis of variance (ANOVA), followed
by the Dunnett post hoc test for multiple comparisons, was
used to compare the differences between groups with differ-
ent pupil sizes. The results are expressed as mean ± standard
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deviation, and a 𝑃 value of <0.05 was considered statistically
significant.

3. Results

Table 1 shows the demographic data of the study population.
We foundno significant differences betweenmanifest, noncy-
cloplegic, and cycloplegic refractions (𝑃 = 0.99 for spherical
equivalent refraction, 𝑃 = 0.54 for cylindrical refraction,
ANOVA).

Figure 1 shows representative examples of the double-pass
images in eyes with 3 D of astigmatism at the different pupil
sizes (2, 4, and 6mm).Our results provided by the instrument
were analyzed in the low-power principal meridian which
showed maximum elongation of the double-pass image.

The MTF cutoff frequency decreased significantly as the
amount of astigmatism increased (𝑃 < 0.001 for 2, 4, and
6mm,ANOVA). It was also significantly affected by pupil size
at each diopter of astigmatism (𝑃 < 0.001 for 0, 1, 2, and 3 D,
ANOVA). Multiple comparisons demonstrated a significant
difference betweenmeasurementsmade for a 2mmpupil and
for a 6mmpupil at each diopter of astigmatism (𝑃 < 0.001 for
0, 1, 2, and 3D,Dunnett test) and thosemade for a 4mmpupil
and for a 6mm pupil at each diopter of astigmatism (𝑃 <
0.001 for 0 D, 𝑃 = 0.03 for 1 D, 𝑃 = 0.04 for 2 and 3 D,
Figure 2).

The Strehl2D ratio also decreased significantly as the
amount of astigmatism increased (𝑃 < 0.001 for 2, 4, and
6mm,ANOVA). It was also significantly affected by pupil size
at each diopter of astigmatism (𝑃 < 0.001 for 0, 1, 2, and 3 D,
ANOVA). Multiple comparisons demonstrated a significant
difference betweenmeasurementsmade for a 2mmpupil and
for a 6mm pupil at each diopter of astigmatism (𝑃 < 0.001
for 0, 1, 2, and 3 D, Dunnett test), and those made for a 4mm
pupil and for a 6mm pupil at each diopter of astigmatism
(𝑃 < 0.001 for 0 D, 𝑃 = 0.002 for 1 D, 𝑃 = 0.02 for 2 and 3 D,
Figure 2). All optical quality parameters were summarized in
Table 2.

Bland-Altman plots indicate that the mean difference
between two measurements with this device (± 95% limits of
agreement; LoA) was −0.05 ± 1.89 cycles/degree (− 4.18 to
3.24 cycles/degree) for MTF cutoff frequency and 0.00 ± 0.01
(− 0.03 to 0.02) for Strehl2D ratio (Figure 3).

4. Discussion

The results of our study have revealed that both the MTF
cutoff frequency and the Strehl2D ratio were better in eyes
with less astigmatism at each pupil size. It is quite reasonable
that this was in line with previous studies in which eyes with
a greater astigmatism had lower optical quality [12, 13]. Our
results have also shown that astigmatic eyes with larger pupil
sizes had lower optical quality than those with smaller pupil
sizes, which was consistent with their previous findings in
nonastigmatic eyes [14–16], indicating that pupil size plays an
essential role in visual performance in astigmatic eyes as well
as in nonastigmatic eyes. Since the level of HOAs appears to
be low and almost equivalent in all eyes, as shown in Table 1,

Table 1: Demographics of the study population.

Mean ± SD (range)
Age (years) 27.1 ± 2.8 (23 to 33)
Gender (% female) 54.5%

Spherical equivalent refraction
Manifest (D) −1.02 ± 1.53 (−3.25 to 0.75)
Noncycloplegia (D)∗ −0.98 ± 1.38 (−3.75 to 0.50)
Cycloplegia (D)∗ −0.96 ± 1.35 (−3.75 to 0.50)

Cylindrical refraction
Manifest (D) −0.19 ± 0.21 (−0.25 to 0.00)
Noncycloplegia (D)∗ −0.14 ± 0.19 (−0.25 to 0.00)
Cycloplegia (D)∗ −0.13 ± 0.13 (−0.25 to 0.00)
Ocular HOAs (𝜇m, for a 4-mm pupil) 0.11 ± 0.03 (0.04 to 0.17)
D: diopter, SD: standard deviation, HOAs: higher-order aberrations,
∗Measured using an autorefractor.

we assume that HOAs did not significantly influence the
visual outcomes in this study.We believe that our findings are
informative to most surgeons because they do not evaluate
pupil size for the surgical correction of astigmatism in a
clinical setting. As far aswe can ascertain, this is the first study
to objectively assess the effect of pupil size on detailed optical
quality parameters, such as the MTF cutoff frequency or the
Strehl2D ratio, in astigmatic eyes. Coupled with our previous
[8] and current findings, it may be necessary to correct the
preexisting astigmatism to acquire excellent visual outcomes,
especially in astigmatic eyes with larger pupils, from the sub-
jective and objective viewpoints.

It is of clinical importance to assess the repeatability of
the measurements with this instrument in order to confirm
the applicability of the data. It has been demonstrated that the
device has good repeatability [6, 7], and that the realignment
of the eyes does not impose any additional variation on the
measurements [6, 7]. As shown in Figure 3, we confirmed the
good repeatability of the measurements in the current study,
as evidenced by the narrow 95% LoA. Hence, we believe that
this device offers reasonable repeatability in the clinical evalu-
ation of the optical quality of the eye.

There are at least two limitations to this study. First, we
used the artificial pupils, which were not at all influenced by
these factors, at the spectacle plane, with the OQAS under
cycloplegia in the present study. It is known that pupil size can
be influenced not only by patient background, for example,
by age, manifest refraction, and the accommodative state of
the eye, and by various sensory and emotional conditions, but
also by measurement conditions affecting the level of retinal
illuminance. A further study is needed in order to clarify the
exact role of pupil size on visual performance under natural
viewing conditions. Second, we objectively assessed optical
quality parameters only in eyes with with-the-rule astigma-
tism. However, these values should be theoretically constant
at each type of astigmatism even if the axis orientation was
changed, since the PSF image itself was rotated symmetrically
with respect to a central point. Moreover, in our preliminary
data, we also obtained almost similar results not only in
eyes with against-the-rule astigmatism, but also in those with
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Figure 1: Point spread function (PSF) (left) and modulation transfer function (MTF) (right) images of 3 diopters of astigmatism obtained by
the Optical Quality Analysis System: (a) 2-mm pupil, (b) 4-mm pupil, and (c) 6-mm pupil.
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Table 2: Optical quality parameters of different pupil sizes in astigmatic eyes.

Parameters Astigmatism Artificial pupil size
2mm 4mm 6mm

MTF cutoff frequency (c/deg)

0D 48.4 ± 4.7 40.8 ± 8.0 32.2 ± 7.3

1 D 38.7 ± 7.5 26.6 ± 6.3 21.4 ± 5.8

2D 29.8 ± 8.0 20.7 ± 5.1 16.0 ± 4.6

3D 27.2 ± 8.8 17.3 ± 6.2 12.6 ± 6.5

Strehl2D ratio

0D 0.30 ± 0.10 0.26 ± 0.07 0.17 ± 0.05

1 D 0.21 ± 0.04 0.16 ± 0.03 0.12 ± 0.03

2D 0.16 ± 0.05 0.12 ± 0.04 0.09 ± 0.01

3D 0.13 ± 0.04 0.11 ± 0.04 0.08 ± 0.02

ANOVA: analysis of variance, MTF: modulation transfer function, D: diopters.
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Figure 2: Optical quality parameters with 2-, 4-, and 6-mm pupil sizes at each diopter of astigmatism. (a)Meanmodulation transfer function
(MTF) cutoff frequency. (b) Mean Strehl2D ratio. Each parenthesis means values of the standard deviations. Repeated-measures analysis of
variance, followed by the Dunnett post hoc test for multiple comparisons, was used to compare the differences between groups with different
pupil sizes: c/deg = cycles per degree, D = diopter.
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Figure 3: Bland-Altman plots represent the difference between two measurements divided by the mean of these measurements. (a) Modula-
tion transfer function (MTF) cutoff frequency (b) Strehl2D ratio. The solid lines represent mean differences between 2 measurements of
MTF cutoff frequency and Strehl2D ratio; dotted lines are the upper and lower borders of the 95% limit of agreement (mean difference ± 1.96
multiplied by standard deviation of the mean difference).
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oblique astigmatism (data not shown). Therefore, we believe
that the axis orientation does not significantly affect these
objective parameters in the current study.

5. Conclusions

In summary, our results demonstrated that astigmatic eyes
with larger pupil sizes had lower objective visual perform-
ance, such as a lower MTF cutoff frequency and a lower
Strehl2D ratio. It is suggested that not only subjective but also
objective visual performance was influenced by pupil size in
astigmatic eyes. We believe that these findings, although sim-
ple, are clinically meaningful since most surgeons consider
merely the amount of astigmatism and the astigmatic axis for
the surgical correction of astigmatism in a clinical setting.
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