
Introduction

Studies of wavefront aberrations (WFAs) of human eyes 
have clearly revealed that the optical quality of the eyes is 
degraded by monochromatic aberrations.1,2 This degrada-
tion is caused not only by static phenomena but also by 

ocular dynamics.3,4 The typical ocular dynamics involved in 
degrading optical quality are tear fi lm dynamics,5–7 ocular 
accommodation,8,9 and cardiovascular activity.10

Tear fi lm dynamics have been studied by consecutive 
measurements of the cornea with a Placido’s disk video-
keratoscope.11–14 Nemeth et al.11 measured changes in the 
surface regularity index, the surface asymmetry index, and 
corneal power. Goto et al.12 and Kojima et al.13 calculated 
changes in the break-up area and break-up time from 
Placido’s disk images. Montes-Mico et al.14 evaluated 
corneal WFAs calculated from Placido’s disk images for dry 
eye patients. Recently, post-blink aberration changes were 
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Abstract

Purpose: Wavefront aberrations (WFAs) of the eye vary with time because of the tear fi lm dynamics. 
We investigated, using a simulation method, the variation of optical quality with time-varying wavefront 
measurements of 13 eyes with different refractions.

Methods: WFAs of 13 normal eyes of 13 subjects were measured every second for 10 s. First, we simulated 
WFAs with conventional corneal laser refractive surgery by subtracting the second-order aberrations of 
the least aberrated measurement from measured consecutive WFAs. Second, we simulated customized 
refractive surgery by subtracting the second- to sixth-order aberrations of the least aberrated measure-
ment from measured consecutive WFAs. We calculated Strehl ratios and retinal images from these cor-
rected consecutive WFAs.

Results: In one eye, the root mean square (RMS) values of WFAs with a second-order correction were 
sometimes smaller than those of WFAs with a second- to sixth-order correction, when these were com-
pared at the same time point after a blink. However, in the other 12 eyes, the RMS values with second- to 
sixth-order corrections were smaller than those with only a second-order correction. In eight eyes, the 
Strehl ratios with second- to sixth-order corrections were larger than those with second-order correc-
tions. In the remaining fi ve eyes, Strehl ratios with second- to sixth-order corrections were sometimes 
smaller than those with second-order corrections.

Conclusions: In a simulation, the correction of time-invariant higher order aberrations usually reduced 
RMS values, but it did not always result in higher Strehl ratios than those obtained with only second-
order corrections. Jpn J Ophthalmol 2007;51:258–264 © Japanese Ophthalmological Society 2007
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investigated by measuring point-spread functions (PSF)5 
and ocular WFAs.6,7 Ocular WFAs increase several seconds 
after a blink.5–7 Tutt et al.15 studied optical quality related 
to tear fi lm dynamics.

To investigate the changes in optical quality with tear 
fi lm dynamics, we measured post-blink WFAs consecu-
tively. We then employed simple computational models, as 
described below, to simulate WFAs for eyes that had under-
gone conventional corneal laser refractive surgery or refrac-
tive correction with spectacles, as well as for eyes that had 
undergone customized corneal laser refractive surgery or 
refractive correction with customized contact lenses. We 
simulated time variations of the PSF, Strehl ratio, and the 
retinal images of Landolt’s rings from these computed con-
secutive WFAs.

Methods

The WFAs were measured in 13 normal eyes of 13 subjects, 
average age, 29.5 ± 4.2 years. The average ± SD of spherical 
error for the 13 eyes was −2.50 ± 3.28, and the average ± 
SD of break-up time was 7.31 ± 1.80. Written informed 
consent was obtained from each subject. The procedures 
were performed to conform to the tenets of the Declaration 
of Helsinki. WFAs were measured using a prototype Shack-
Hartmann wavefront aberrometer (Topcon, Tokyo, Japan) 
once every second for 10 s, immediately after blinking. 
Lenslet size was 0.22 mm2 on the pupil plane, and the focal 
length was 5 mm. WFAs were analyzed using normalized 
Zernike polynomials defi ned over a 4-mm-diameter area in 
the center of the pupil. The coeffi cients up to the sixth order 
were calculated.

We simulated two types of refractive corrections: second-
order correction and second- to sixth-order correction. 
Figure 1 shows the method of these corrections.

WFAs are expressed by the following equation:
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where W(x, y, t) is a WFA, x and y are horizontal and verti-
cal coordinates on the pupil, t is the time after blink, ci(t) is 
the Zernike coeffi cient, and zi(x, y) is the Zernike polyno-
mial. The tilt terms were omitted because they did not affect 
the visual effect. The least aberrated wavefront measure-
ment that had the smallest root mean square (RMS) value 
of WFAs for the measurements in each trial was chosen for 
the simulation. This minimal wavefront was chosen to rep-
resent the time-invariant, potentially correctable compo-
nent of the total aberration. Depending upon the type 
of correction, either only the second-order terms or all of 
the terms of this wavefront were subtracted from all of 
the measured wavefronts in the time series to simulate the 
correction.

The WFAs that had the smallest RMS value of measured 
WFAs in each trial are described by
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where tmin is the time after blink when the RMS value of the 
WFA becomes the smallest.

In the second-order correction, retinal images were 
simulated by using WFAs for which only the second-
order aberrations were corrected. The second-order cor-
rected WFA, W2nd_co(x, y, t), is expressed by the following 
equation:
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Figure 1. Methods of second-
order correction and second- to 
sixth-order correction. WFA, 
wavefront aberrations.
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The second- to sixth-order correction was simulated by 
subtracting the second- to sixth-order aberrations of the 
W(x, y, tmin) from each WFAs. The second- to sixth-order 
corrected WFA W2nd_6th_co(x, y, t) is expressed by the follow-
ing equation:
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It is clear that W2nd_6th_co(x, y, t) becomes zero when t = tmin.
The series of residual RMS values for each WFA, PSF, 

Strehl ratio, and retinal image of the Landolt’s rings after 
second-order correction and after second- to sixth-order 
correction were simulated.

The PSF was calculated from the pupil function by a fast 
Fourier transform (FFT). When we constructed the pupil 
function, we used the second-order corrected WFA and 
second- to sixth-order corrected WFA. Then the optical 
transfer function (OTF) was calculated from the PSF by 
again using FFT. The Strehl ratio was calculated in the 
process of calculating the OTF.16 We compared the Strehl 
ratio and the RMS of measured WFAs.

Results

The results for two eyes of two subjects, HT (24 years old) 
and YH (29 years old), are shown in Figs. 2 and 3. The RMS 
of measured WFAs became a minimum at 2 s after blinking 
for HT and 4 s after blinking for YH.

The RMS values of the W2nd_co ranged from 0.065 to 
0.337 µm for HT and from 0.068 to 0.266 µm for YH. RMS 
values of the W2nd_6th_co ranged from 0 to 0.204 µm for HT 
and from 0 to 0.153 µm for YH.

The minimum Strehl ratios calculated from W2nd_co and 
W2nd_6th_co were 0.066 and 0.102, respectively, for HT. The 
Strehl ratio calculated from W2nd_6th_co was always larger 
than that calculated from W2nd_co. With the minimum Strehl 
ratio, simulated Landolt’s rings of W2nd_6th_co were clearer 
than those of W2nd_co for HT.

The minimum Strehl ratios calculated from W2nd_co and 
from W2nd_6th_co were 0.129 and 0.105 for YH. The Strehl 

ratios calculated from W2nd_6th_co were sometimes smaller 
than those calculated from W2nd_co. When the Strehl ratio 
calculated from W2nd_6th_co was smaller than that calculated 
from W2nd_co, the Landolt’s rings calculated from W2nd_6th_co 
were more blurred than those calculated from W2nd_co. It was 
more diffi cult to recognize the gap in the simulated 20/20 
Landolt’s rings of W2nd_6th_co than the gap in the rings of 
W2nd_co.

Figure 4 shows graphs of the RMS values of W2nd_co and 
of W2nd_6th_co in the 13 normal eyes of 13 subjects. For 12 of 
the 13 eyes, the RMS values of the W2nd_co were larger than 
those of the W2nd_6th_co in one series of measurements. One 
of the 13 eyes had RMS values of W2nd_co that were occasion-
ally smaller that those of W2nd_6th_co (Fig. 4, arrow).

Figure 5 shows graphs of Strehl ratios calculated from 
W2nd_co and W2nd_6th_co of the 13 normal eyes of the 13 sub-
jects. For fi ve of those 13 eyes, the Strehl ratios with the 
W2nd_co were larger than those with the W2nd_6th_co in one 
series of measurements (Fig. 5, arrows). Three of these fi ve 
eyes had this inverse relationship just after blinking. One of 
the eyes had the inverse relationship between 3 and 7 s after 
blinking. The other eye had the inverse relationship 8 s after 
blinking, which was the last measurement of the time 
course.

The Strehl ratio and RMS of W2nd_6th_co were signifi cantly 
correlated for all 13 eyes (Pearson’s correlation coeffi cient, 
P < 0.01), and the Strehl ratio and RMS of W2nd_co were 
correlated for 10 of the 13 eyes (Pearson’s correlation coef-
fi cient, P < 0.05).

Discussion

The average RMS values of the time-varying W2nd_6th_co for 
a 4-mm pupil was 0.204 µm for HT and 0.153 µm for YH. 
Considering that the average RMS for the normal popula-
tion is 0.08 µm,17 these residual aberrations are large.

In most cases, the RMS values of the W2nd_6th_co were 
smaller than those of the W2nd_co. However, one of the 
13 eyes had RMS values of the W2nd_co that were occasion-
ally smaller that those of the W2nd_6th_co. This could happen 
when the higher order aberrations varied greatly from 
those for the minimum aberration that we used for the 
correction.

The Strehl ratio of W2nd_co was once larger than that of 
W2nd_6th_co for YH. This did not happen for HT. Five of the 
13 eyes we measured had the same results. The Strehl ratio 
I is expressed as

I e d d
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where W is the wavefront aberration, ρ and θ are the radius 
and azimuth in the polar coordinate system. If we assume 
that the wavefront aberrations are so small that we may 
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Figure 2a, b. Simulation results for subject HT. a Second-order correction. b Second- to sixth-order correction. The fi rst row shows time after 
blinking (s), and the following row depicts color-coded maps of residual WFAs. RMS, root mean square; PSF, point-spread function. Strehl 
ratio. Simulated Landolt’s ring images of targets for visual acuity of 20/40 and 20/20. The blue numbers in the yellow ground are maximum 
Strehl ratios, and the red numbers in the light blue ground are minimum Strehl ratios in the series. At top of fi gure, the arrow indicates the 
measurement to subtract.

neglect the third- and higher orders of wavefront aberra-
tions in (5), then I is expressed as

I W W≈ − 



 − ( )



1

2 2
2 2π

λ
.  (6)

The second term of the right-hand side of the equation 
represents the RMS. The larger the RMS is, the smaller the 
Strehl ratio is. However, this is not true when the higher 
order terms of equation (5) are included in the calculation 
of the Strehl ratio. Applegate et al.19 reported that the 
impact on the retinal image of different aberration terms 
differs; some combinations of aberration terms even 
increase visual performance, although those combinations 
also increase the RMS error. Oshika et al.20 showed that the 
aberrated eye can show apparent accommodation. Cheng 
et al.21 reported that spherical aberration, coma, and sec-
ondary astigmatism all reduce visual acuity and increase 
depth of focus. Both reported that some higher order aber-

rations combined with specifi c low-order aberrations can 
improve, instead of reduce, image quality. We therefore 
cannot determine all of the effects of aberrations on visual 
function from the RMS alone.

This 10-s measurement duration is longer than the usual 
blink interval, which is around 4 to 5 s.22 This longer dura-
tion could increase aberrations and degrade images because 
of tear fi lm break-up. Nine of the 13 eyes had smaller Strehl 
ratios at the last measurement than at the fi rst measurement 
(on average for 4 s just after blinking). The tear fi lm condi-
tions in the other eyes were not considered to be infl uenced 
by the longer duration.

Three eyes had smaller Strehl ratios with the W2nd_6th_co 
than with the W2nd_co just after blinking. The Strehl ratios 
were the smallest or the second smallest toward the end of 
the 10-s interval. The small Strehl ratio just after blinking 
was most likely due to the inhomogeneous tear fi lm caused 
by the blink. Neuronal visual function is suppressed just 
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Figure 3a, b. Simulation results for subject YH. a Second-order correction. b Second- to sixth-order correction. See legend of Fig. 2 for other 
details.
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Figure 4. Graphs of RMS values after second-order correction and second- to sixth-order correction in 13 normal eyes of 13 subjects. —�— simu-
lation of second-order correction. —�— simulation of second- to sixth-order correction.
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Figure 5. Graphs of Strehl ratios after second-order correction and second- to sixth-order correction of 13 normal eyes of 13 subjects. —�— simu-
lation of second-order correction. —�— simulation of second- to sixth-order correction.

after blinking,23 and this suppression may help to prevent 
the transfer of bad retinal images to the brain.

In this research, we found that RMS error was always 
more reduced after correction of the second- to sixth-order 
aberrations than after correction of only second-order aber-
rations, but image quality was sometimes not improved 
more by the former than by the latter. When customized 
corneal refractive surgery is performed, it should be taken 
into account that the aberrations of the eye fl uctuate. It may 
be preferable to measure aberrations several times and 
correct only those aberrations that are signifi cantly larger 
than the fl uctuations in measurements.

In the simulation, we assumed that aberrations of the eye 
can be corrected perfectly. However, it has been reported 
that higher order aberrations after customized refractive 
surgery are almost the same or increased.24–27 Therefore, the 
simulations differed from the results of recent customized 
refractive surgery. We are not certain that it will be possible 
to develop a perfect corneal customized refractive surgery 
to correct all aberrations in the future.

Thai et al.28 measured contrast sensitivity before pre-
contact lens tear break-up by a stimulus presented 2 s after 
the blink. Measurements of visual performance and tear 
break-up using a tear scope were made simultaneously in 
this experiment. It was found that contrast sensitivity is 
reduced after the pre-lens tear fi lm break-up, and this 
effect is increased with higher spatial frequencies.28 Ishida 
et al.29 measured monocular recognition acuity continu-
ously during a 30-s blink-free period using continuous func-
tional visual acuity measurement (FVAM), and they found 
that the mean FVAM results sometimes decreased during 
testing in both dry eye patients and control subjects.29 
Because we found that Strehl ratios and retinal images 
fl uctuated from tear fi lm conditions in this study, we are 
planning to compare these data with subjective data in the 
future.
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