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ABSTRACT
Purpose:  To evaluate the repeatability of the Zernike coefficients in healthy eyes when monocular 
accommodation was stimulated at different vergences demands.
Methods:  A total of 36 right eyes from healthy volunteers were prospectively and consecutively 
recruited for this study. Wavefront aberrometry was conducted to objectively characterize the ocular 
optical quality during accommodation, from the individual’s far point to a 5 D accommodation 
demand in steps of 0.5 D. The repeatability of Zernike coefficients up to the fourth order was 
assessed by calculating the within-eye repeatability (Sw), the coefficient of repeatability (CR), the 
coefficient of variation (CV), and the intraclass correlation coefficient (ICC) as an indicator of 
measurement reliability.
Results:  Correlation among repeated measurements showed high reliability (ICC > 0.513) for all 
parameters measured except some fourth-order Zernike coefficients, C(4, −4) (ICC < 0.766), C(4, −2) 
(ICC < 0.875), C(4, 2) (ICC < 0.778) and C(4, 4) (ICC < 0.811). Greater repeatability and less variability 
were obtained for high-order Zernike coefficients (CR < 0.154), although an increase in CR in the 
coefficients analyzed was observed with increasing accommodative demand. No clear trend was 
evident in CV; however, it was observed that the low-order Zernike coefficients exhibit lower CV (CV 
< 1.93) compared to the high-order Zernike coefficients (CV > 0).
Conclusions: The reliability of Zernike coefficients up to the fourth order in healthy young individuals 
demonstrated a strong consistency in measuring terms up to the fourth order, with more variability 
observed for high-order terms. The Zernike coefficients up to the third order exhibited the highest 
level of repeatability.

Introduction

Ocular aberrations are optical imperfections of the eye that 
cause deviations from a perfect image formation on the retina 
and can affect the quality of vision.1 The human eye is not a 
perfect optical system, and it suffers from aberrations, both 
high-order aberrations (HOAs) and low-order aberrations 
(LOAs), in its natural state.2 Aberrations can cause variations 
in optical vergence across the entrance pupil of the eye; vary-
ing with pupil diameter, age, refractive error, near work, and 
accommodation which may contribute to the regulation and 
modulation of eye growth or refractive error development.1

In the past, vision correction systems like ophthalmic 
lenses and contact lenses were designed to correct basic 
refractive errors such as myopia, hyperopia, or astigmatism. 
However, most of these systems are limited in their ability 
to compensate for higher order aberrations. In recent years, 
there have been significant advancements in evaluating and 
correcting ocular aberrations.3 One prominent technique is 

wavefront technology, which allows for precise measurement 
of individual eye aberrations.4 With this detailed informa-
tion, eye care professionals can design personalized solutions 
to correct specific aberrations for each patient.5–8

The Hartmann–Shack wavefront sensor has been one of 
the most used techniques to measure these aberrations.9 It 
uses an array of lenslets to sample the wavefront from the 
eye capturing detailed information about the present aberra-
tions. Provides high spatial resolution, allowing for precise 
measurement of aberrations across the entire pupil. The 
Hartmann–Shack system has been extensively studied and 
validated over the years. It is a well-established technique for 
measuring ocular aberrations, and its reliability and accuracy 
have been demonstrated in numerous scientific studies and 
clinical applications.10–15

Aberrations in the eye are not stable. Besides factors such 
corneal irregularities and a tear film instability can lead to an 
increase in aberrations,16,17 but the main contributor is ocular 
accommodation.11,18–20 Accommodation is the ability of the 
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eye to adjust its focus and maintain clear vision at different 
distances. It is controlled by the contraction and relaxation 
of the ciliary muscles, which change the shape of the lens to 
adjust its refractive power. During accommodation, the shape 
of the lens changes to bring objects at different distances into 
focus on the retina.21,22 However, this dynamic adjustment 
of the lens also introduces changes in the wavefront and 
can lead to variations in the ocular aberrations.11,18–20 This 
dynamic nature of aberrations due to accommodation makes 
it challenging to precisely correct them with static correction 
methods. So, it is important to consider the accommodation 
effect when evaluating and correcting ocular aberrations. 
Measurement and correction of aberrations may need to be 
performed under specific accommodation conditions or with 
the individual’s natural accommodation in play to obtain 
accurate and personalized results.

The Zernike coefficients are mathematical representations 
used to describe the wavefront aberrations of an optical sys-
tem. These coefficients are derived from the Zernike poly-
nomials, which are a set of orthogonal functions that can 
represent various types of optical aberrations.23–25 The change 
in the lens shape introduces additional wavefront aberrations 
to the eye’s optical system. These aberrations trends are 
described in the literature, the primary spherical aberration 
became more negative with the increasing accommodation 
demand.11,18,26–28 The effects on the coefficients of spherical 
aberration, and third and fourth-order coma have been stud-
ied in more detail,18,28 but not systematic trend was found. 
Furthermore, these studies have not focused on evaluating 
the repeatability of the measurements obtained at different 
accommodative vergences. The specific effect of accommo-
dation on the Zernike coefficients can vary depending on 
factors such as the individual’s age, the degree of accommo-
dation, and the baseline aberrations of the eye (refrac-
tive error).

Several studies have addressed the repeatability of 
static29–33 and dynamic34,35 measurements of wavefront aber-
ration. However, currently, no studies specifically address the 
repeatability and variability of wavefront measurement when 
accommodation is stimulated, with a Hartman–Shack system.

Therefore, this study aimed to quantitatively assess the 
intra-operator Zernike coefficients’ repeatability and variabil-
ity in young healthy right eyes when stimulated by monoc-
ular accommodation.

Material and methods

Sample description

A prospective study was done of healthy subjects, students 
from the University of Zaragoza, Spain. The study adhered 
to the tenets of the Declaration of Helsinki for the use of 
human participants in biomedical research and was approved 
by the Clinical Research Ethics Committee of Aragón 
(CEICA) under reference number PI21-074. All participants 
signed informed consent forms after receiving an explana-
tion of the purpose of the study.

The sample consisted of 36 healthy individuals (11 men, 
25 women) between 19 and 31 years old. Of these 

participants, 36 right eyes (RE) were included. The partici-
pants underwent a thorough optometric assessment includ-
ing best-corrected visual acuity (BCVA) for both distance 
vision (DV) and near vision (NV), and monocular accom-
modative amplitude (AA) evaluation, accommodative and 
convergence facility in both monocular and binocular vision 
in NV. Only those subjects who fulfilled the inclusion crite-
ria were eligible to take part in the experiment, it included 
BCVA > 0.8 decimal (20/25 on the Snellen chart) in both 
eyes, refractive error less than −9 diopters (D) of myopia, 
+2.5 D of hyperopia and −1 D of astigmatism, no ocular or 
systemic disorder which affect the accommodative response 
(AR), such as diabetes, topical medication such as eye drops 
or ointment, aphakia, corneal refractive surgery, corneal dis-
tortion, keratoconus, pregnancy or lactating.

The sample size of 36 individuals was determined to 
investigate a correlation coefficient of 0.6, with a 5% Type I 
error, a 20% Type II error, and an anticipated data loss rate 
of 20%, using Epidat® 4.2 software (Department of Health, 
Government of Galicia, A Coruña, Spain).

Instruments

For ocular aberration measurements an irx3 aberrometer 
(irx3, Imagine Eyes, Orsay, France), which follows the 
Hartmann–Shack principle to measure the whole wavefront of 
the eye, was used. This device incorporates a built-in fixation 
target specifically designed for central measurements. This 
target consists of a black 6/12 Snellen letter “E” displayed on 
a white background. Spatial frequency of the stimulus is 
230 µm. The entire target subtends a field of approximately 
0.7° × 1.0° and has a luminance of 85 cd/m2.36,37

While the subject fixates the target inside the device, an 
infrared beam of wavelength 780 nm hits the retinal fundus. 
This infrared beam is then backscattered by the retina and 
travels back through the ocular surfaces. The infrared beam 
exits the eye and projects directly onto a Hartmann-Shack 
wavefront sensor which has a 32 × 32 lenslet array. The devi-
ations of these points from the reference points are used by 
the software to calculate the wavefront.38

Experimental measurements and data processing

All measurements were performed under natural pupils’ 
conditions without application of any mydriatic or cyclople-
gic drug. While the fixation target presented a photopic 
stimulus at 85 cd/m2 as stated in the methodology, the room 
was completely darkened, and the computer screen lumi-
nance further dimmed and turned away from the subject’s 
position in the chinrest to minimize pupil miosis due to 
environmental light. All the measurements were performed 
during the same visit. To compare each of the results, the 
wavefronts were rescaled to a common pupil, in this case 
4 mm, using the method described by Schwiegerling39 and 
corrected by Visser et  al.12

The measured eyes fixated on the target, while the con-
tralateral eye was occluded, to ensure a larger pupil in the 
measured eye. The subject received explicit instructions to 
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maintain fixation on a smaller discernible element within 
the presented stimulus target. At each incremental accom-
modation state, three successive measurements were acquired, 
culminating in a total of thirty-three measurements per sub-
ject eye. Based on the findings of Efron et al.,40 who reported 
that repeating the measurements three times did not result 
in any improvement in repeatability, three wavefront mea-
surements (Zernike coefficient up to fourth order) were 
taken for each eye by stimulating accommodation from 0 D 
to 5 D (in 0.5 D steps).

To improve accuracy in the subject’s AR, a brief pause in 
the movement of the target was implemented, lasting for a 
duration of 2 s. Throughout the sequential modulation of 
accommodation, which encompassed a cumulative temporal 
span of 22 s, the subject was afforded the opportunity to 
blink as necessary and the measurements being collected 
between blinking intervals at least 2 s after the last blink. 
This allowance was made in order to mitigate the potential 
emergence of optical aberrations attributed to changes at the 
air-tear film interface.

No refractive corrections were worn throughout the aber-
rometric measurement sessions to obtain the spherical 
equivalent (SE) of the subjects under scotopic lighting con-
ditions based on each patient’s own refraction, looking for 
the less accommodative state of the eye. Starting from SE, 
calculations were automatically made by the aberrometer to 
stimulate accommodation in steps of 0.5 D (from 0 to −5 D). 
A representation of the experimental setup is presented in 
Figure 1.

Aberrations were originally exported for a maximum 
round pupil, in the pupil plane, in the form of Zernike coef-
ficients, C(n,m), where n is the radial order of the polyno-
mials and m the azimuthal frequency according to the 
standards.25,41 The following values were exported for 
low-order: oblique astigmatism C(2,−2), spherical defocus 
C(2,0), and vertical astigmatism C(2,2); and for HOAs up to 
the fourth order: oblique trefoil C(3,−3), vertical coma 
C(3,−1), horizontal coma C(3,1), horizontal trefoil C(3,3), 
oblique quatrefoil C(4,−4), oblique secondary astigmatism 
C(4,−2), spherical aberration C(4,0), vertical secondary astig-
matism C(4,2), and vertical quatrefoil C(4,4).

Under scotopic illumination conditions and during 
accommodation stimulation, variations in pupil diameter 
occur. To proper comparison among measurements, Zernike 
coefficients obtained for each accommodative demand were 
rescaled to a common pupil diameter of 4 mm. This rescal-
ing was achieved using a custom-made Matlab code (R2022b, 
Mathworks, MA, USA), following the rescaling equation 
proposed by Visser et  al.12

Data analysis

After preparing the raw data as explained, Microsoft Excel 
(Microsoft Office Excel 2016, Microsoft Corporation) was 
used to analyse and condense the Zernike coefficients. 
Statistical analysis was performed using SPSS version 28.0.1.0 
(SPSS 28, SPSS Inc., IBM Corporation, Somers, New York, 
USA). Intrasession repeatability was assessed for every Zernike 

Figure 1. Graphical representation of the measurement of ocular aberrations with the commercial aberrometer irx3. (a) emmetropic subject with relaxed accom-
modation, (B) emmetropic subject with 2 D of induced accommodation, (C) −2 D myopic subject with relaxed accommodation, the stimulus is displayed at the 
subject’s remote point so that can see it clearly, and (D) myopic subject with 2 D of induced accommodation.
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coefficient up to the fourth order at each accommodative 
stimulus. In order to do it, these parameters were evaluated:42

• Within-eye repeatability (Sw) was obtained by calculat-
ing the variance of the measurements, which were 
obtained by squaring the standard deviation of the 
measurements for each subject. The individual vari-
ances were then averaged, and the square root taken 
to give within-eye repeatability.

• The coefficient of repeatability (CR), also known as the 
reliability coefficient or reproducibility coefficient, is a 
statistical measure that assesses the agreement or con-
sistency of repeated measurements made on the same 
individual or item under similar conditions. It is espe-
cially useful in research studies and clinical measure-
ments where it is desired to determine the reliability 
of an instrument or measurement method. The CR is 
the range that contains 95% of repeated measurements 
and was calculated by multiplying the within-eye 
repeatability by 2.77 (representing 2 × 1.96) as described 
by Bland and Altman.43

• The coefficient of variation (CV) is a relative measure 
of dispersion used to compare the variability between 
different data sets. CV was calculated by dividing the 
Sw by the average of the measurement value. This 
gives the ratio of repeatability relative to the measure-
ments taken, with a lower number indicating less 
variation.

• To assess the reliability of the repeated measure-
ments, the intraclass correlation coefficients (ICCs) 
for absolute agreement were calculated and used to 
evaluate concordance for continuous variables and 
correct correlations for systematic bias.44 The ICC 
interpretation was poor reliability (for values between 
0 and 0.30), fair reliability (values from 0.30 to 0.50), 
moderate strong reliability (values between 0.60 and 
0.80), very strong reliability (for values of ICCs higher 
than 0.80).

Results

Thirty-six healthy subjects, 36 RE eyes, who met the inclu-
sion criteria previously described were enrolled in the study 
(11 men, 25 women) between 19 and 31 years old 
(25.61 ± 3.49 years). The refractive error ranged from +2.5 D 
to −9 D SE. On average, the refractive error for the RE was 
-2.85 ± 2.64 D, and for the LE was −3.15 ± 2.49 D.

There was no clear trend in CVs; however, it was observed 
that the LOA Zernike coefficients (Table 1) exhibit lower 
CVs compared to the HOA Zernike coefficients (Tables 2 
and 3). The HOA coefficients also showed an increase in 
values with increasing order, but no consistent trend was 
observed with increasing accommodative demand.

Globally, in all the Zernike coefficients studied (both 
LOA and HOA), an increase in Sw was obtained as the 

Table 1. results of the repeatability analysis for the second order Zernike Coefficient C (2,−2), C (2,0) and C (2,2) at each accommodative demand.

accommodative 
demand (D) Mean (µm) sw (±) (µm) CV Cr (µm) ICC (lower–upper) 95%CI

C (2,−2) 0 0.069 0.028 0.400 0.077 0.926 (0.872–0.960)
0.5 0.068 0.026 0.386 0.072 0.987 (0.978–0.993)
1 0.071 0.032 0.461 0.090 0.923 (0.867–0.958)

1.5 0.089 0.144 1.620 0.398 0.736 (0.547–0.854)
2 0.067 0.033 0.485 0.090 0.925 (0.871–0.959)

2.5 0.055 0.087 1.579 0.242 0.754 (0.576–0.865)
3 0.071 0.029 0.405 0.080 0.921 (0.864–0.957)

3.5 0.067 0.035 0.519 0.096 0.918 (0.859–0.955)
4 0.067 0.028 0.417 0.078 0.919 (0.861–0.956)

4.5 0.067 0.033 0.495 0.092 0.915 (0.854–0.954)
5 0.075 0.032 0.427 0.089 0.920 (0.862–0.956)

C (2,0) 0 1.254 0.117 0.093 0.322 0.990 (0.982–0.994)
0.5 1.347 0.100 0.074 0.277 0.991 (0.984–0.995)
1 1.519 0.094 0.062 0.261 0.989 (0.980–0.994)

1.5 1.709 0.116 0.068 0.320 0.987 (0.978–0.993)
2 1.937 0.119 0.061 0.328 0.983 (0.970–0.991)

2.5 2.155 0.132 0.061 0.365 0.980 (0.966–0.989)
3 2.409 0.161 0.067 0.445 0.976 (0.958–0.987)

3.5 2.574 0.139 0.054 0.384 0.975 (0.958–0.987)
4 2.744 0.177 0.064 0.489 0.967 (0.943–0.982)

4.5 2.916 0.218 0.075 0.604 0.966 (0.942–0.982)
5 3.067 0.255 0.083 0.706 0.957 (0.926–0.976)

C (2,2) 0 −0.093 0.037 0.400 0.103 0.956 (0.924–0.976)
0.5 −0.083 0.041 0.500 0.115 0.953 (0.919–0.974)
1 −0.078 0.037 0.478 0.104 0.953 (0.919–0.974)

1.5 −0.079 0.042 0.538 0.117 0.952 (0.918–0.974)
2 −0.075 0.033 0.447 0.092 0.952 (0.917–0.974)

2.5 −0.071 0.041 0.577 0.114 0.950 (0.913–0.972)
3 −0.066 0.089 1.340 0.247 0.910 (0.846–0.951)

3.5 −0.069 0.049 0.714 0.136 0.949 (0.912–0.972)
4 −0.056 0.054 0.963 0.150 0.948 (0.911–0.971)

4.5 −0.048 0.054 1.117 0.149 0.949 (0.913–0.972)
5 −0.042 0.082 1.930 0.226 0.935 (0.888–0.964)

the mean and within Sw, CV, CR and ICC for each accommodative demand measurements. Sw: within-eye repeatability; CV: coefficient of variation; CR: coefficient 
of repeatability; ICC: intraclass correlation coefficients; CI: confidence interval.
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accommodative demand increased from far point to 5 D. 
Higher absolute Sw values were observed in the Zernike 
coefficients of defocus C(2,0) (Table 1). However, it is note-
worthy that despite the increase in the Sw parameter, Figure 
2(A)), illustrates that this particular Zernike coefficient 
exhibits the lowest CV. This phenomenon can be attributed 
to the fact that smaller variations, particularly when the 
mean is diminutive, tend to exert a more pronounced influ-
ence on the coefficient of variability.45

Concerning the CR results, there was an observed rise in 
absolute values as the accommodative demand increases. 
The maximum CR value was 0.706 µm, corresponding to the 
C(2,0) coefficient at 5 D accommodation demand, when a 
mean value of 3.067 µm was recorded. Specifically, the high-
est CR values are presented in Table 1, corresponding to this 
term, defocus.

The reliability of repeated measurements exhibited a 
strong correlation (ICC > 0.513) for all the parameters 
assessed, except for certain fourth-order Zernike coefficients, 

C(4, −4) (ICC < 0.766), C(4, −2) (ICC < 0.875), C(4,2) 
(ICC < 0.778) and C(4,4) (ICC < 0.811).

Second-order Zernike coefficients

The mean values of the Zernike coefficients of defocus 
increased significantly with accommodation from 1.254 µm 
to 3.067 µm (Table 1). This myopization of the eye was nor-
mal due to the increased power of the lens to focus the 
required accommodative demand. An increase of the mean 
Zernike coefficient C(2,−2), on a lower scale was also 
observed in the Table 1. However, the mean Zernike coeffi-
cient C(2,2) showed a decrease in magnitude with increasing 
accommodative demand (Table 1).

Third-order Zernike coefficients

The mean values of the Zernike coefficients C(3,−1), C(3,1) 
and C(3,3) increased in magnitude as the stimulated 

Table 2. results of the repeatability analysis for the second-order Zernike Coefficient C (3,−3), C (3,−1), C (3,1) and C (3,3) at each accommodative demand.

accommodative 
demand (D) Mean (µm) sw (±) (µm) CV Cr (µm) ICC (lower–upper) 95%CI

C (3,−3) 0 −0.037 0.019 0.512 0.053 0.828 (0.702–0.907)
0.5 −0.038 0.022 0.583 0.061 0.774 (0.608–0.877)
1 −0.038 0.020 0.526 0.056 0.834 (0.711–0.910)

1.5 −0.046 0.055 1.194 0.154 0.597 (0.298–0.782)
2 −0.044 0.024 0.535 0.065 0.761 (0.583–0.870)

2.5 −0.043 0.023 0.529 0.064 0.783 (0.625–0.882)
3 −0.043 0.043 1.000 0.120 0.600 (0.306–0.783)

3.5 −0.043 0.017 0.385 0.046 0.884 (0.799–0.937)
4 −0.040 0.024 0.607 0.068 0.820 (0.688–0.902)

4.5 −0.039 0.023 0.599 0.064 0.867 (0.769–0.928)
5 −0.037 0.025 0.684 0.070 0.860 (0.758–0.924)

C (3,−1) 0 0.012 0.020 1.689 0.055 0.924 (0.867–0.958)
0.5 0.009 0.026 2.864 0.071 0.905 (0.836–0.948)
1 0.009 0.021 2.190 0.057 0.925 (0.871–0.959)

1.5 0.016 0.024 1.450 0.065 0.874 (0.781–0.932)
2 0.014 0.031 2.229 0.087 0.858 (0.754–0.923)

2.5 0.017 0.020 1.216 0.056 0.893 (0.814–0.942)
3 0.014 0.041 2.841 0.113 0.750 (0.567–0.864)

3.5 0.016 0.019 1.166 0.052 0.932 (0.883–0.963)
4 0.013 0.028 2.191 0.077 0.877 (0.786–0.933)

4.5 0.011 0.021 1.897 0.058 0.935 (0.886–0.964)
5 0.017 0.038 2.281 0.105 0.787 (0.631–0.884)

C (3,1) 0 0.014 0.013 0.963 0.036 0.893 (0.814–0.942)
0.5 0.010 0.015 1.495 0.043 0.894 (0.816–0.942)
1 0.012 0.015 1.220 0.040 0.897 (0.820–0.944)

1.5 0.009 0.020 2.366 0.056 0.832 (0.710–0.908)
2 0.010 0.016 1.638 0.045 0.899 (0.824–0.945)

2.5 0.009 0.015 1.695 0.042 0.914 (0.852–0.953)
3 0.007 0.033 4.667 0.093 0.768 (0.599–0.873)

3.5 0.012 0.020 1.690 0.056 0.900 (0.827–0.946)
4 0.009 0.020 2.258 0.055 0.903 (0.831–0.947)

4.5 0.006 0.018 2.939 0.049 0.943 (0.901–0.969)
5 0.000 0.024 7.351 0.067 0.912 (0.848–0.952)

C (3,3) 0 −0.011 0.016 1.400 0.044 0.864 (0.764–0.926)
0.5 −0.019 0.014 0.746 0.038 0.887 (0.805–0.939)
1 −0.020 0.018 0.906 0.049 0.861 (0.760–0.925)

1.5 −0.023 0.020 0.863 0.056 0.817 (0.682–0.901)
2 −0.025 0.018 0.713 0.049 0.839 (0.719–0.912)

2.5 −0.024 0.014 0.579 0.039 0.902 (0.830–0.947)
3 −0.030 0.050 1.667 0.140 0.513 (0.149–0.736)

3.5 −0.026 0.018 0.708 0.051 0.859 (0.755–0.923)
4 −0.026 0.022 0.845 0.062 0.846 (0.731–0.916)

4.5 −0.031 0.022 0.703 0.061 0.863 (0.763–0.925)
5 −0.042 0.030 0.723 0.084 0.788 (0.633–0.884)

the mean and within Sw, CV, CR and ICC for each accommodative demand measurements. Sw: within-eye repeatability; CV: Coefficient of variation; CR: Coefficient 
of repeatability; ICC: Intraclass correlation coefficients; CI: Confidence interval.
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accommodative demand increases (Table 2). However, the 
Zernike coefficient C(3, −3) decreased in magnitude as the 
accommodative demand increases (Table 2).

Fourth-order Zernike coefficients

The mean primary spherical aberration C(4,0) (Table 3) 
underwent a shift from positive to negative values with 
increasing accommodative demand. In this case, it became 
zero at an accommodative demand of 1D.

The other fourth-order Zernike coefficients (Table 3) 
did not show clear trends of increasing or decreasing 

mean Zernike coefficients when accommodation was 
stimulated.

Discussion

The young eye’s accommodative response is known to exhibit 
intersubject variability.26–28 In the current study, the Zernike 
coefficient C(2,0) consistently displayed positive values across 
all stimulated accommodative demands (Table 1), which can 
be attributed to the predominantly myopic nature of the 
sample recruited. Regarding the fourth-order spherical aber-
ration (Table 3), the values change from positive to negative, 

Table 3. results of the repeatability analysis for the second order Zernike Coefficient C (4,−4), C (4,−2), C (4,0), C (4,2) and C (4,4) at each accommodative demand.

accommodative 
demand (D) Mean (µm) sw (±) (µm) CV Cr (µm) ICC (lower–upper) 95%CI

C (4,−4) 0 0.000 0.006 26.164 0.017 0.754 (0.572–0.867)
0.5 0.000 0.010 21.608 0.028 0.694 (0.466–0.834)
1 0.000 0.009 28.963 0.025 0.652 (0.390–0.811)

1.5 0.002 0.018 9.618 0.050 0.574 (0.253–0.770)
2 −0.001 0.009 16.061 0.026 0.742 (0.556–0.859)

2.5 0.001 0.008 8.090 0.022 0.751 (0.567–0.867)
3 0.001 0.030 42.407 0.084 0.412 (−0.027–0.681)

3.5 −0.001 0.009 6.594 0.025 0.766 (0.592–0.873)
4 −0.004 0.013 3.444 0.035 0.741 (0.551–0.859)

4.5 −0.006 0.013 2.331 0.037 0.758 (0.582–0.868)
5 −0.005 0.015 2.812 0.040 0.767 (0.595–0.873)

C (4,−2) 0 0.002 0.008 4.130 0.021 0.813 (0.675–0.898)
0.5 0.004 0.007 1.998 0.021 0.824 (0.695–0.905)
1 0.003 0.008 3.027 0.022 0.817 (0.682–0.901)

1.5 0.003 0.008 2.997 0.023 0.824 (0.696–0.904)
2 0.004 0.006 1.417 0.016 0.875 (0.783–0.932)

2.5 0.005 0.010 2.055 0.028 0.825 (0.688–0.906)
3 0.005 0.021 4.401 0.058 0.281 (−0.242–0.608)

3.5 0.004 0.009 2.326 0.026 0.837 (0.717–0.911)
4 0.003 0.008 3.011 0.023 0.868 ([0.770–0.928)

4.5 0.003 0.009 3.283 0.024 0.855 (0.749–0.921)
5 0.001 0.015 21.589 0.040 0.617 (0.335–0.792)

C (4,0) 0 0.005 0.009 1.652 0.024 0.914 (0.850–0.963)
0.5 0.001 0.013 8.883 0.035 0.883 (0.797–0.937)
1 −0.002 0.014 8.493 0.039 0.860 (0.758–0.924)

1.5 −0.007 0.016 2.254 0.045 0.878 (0.787–0.933)
2 −0.014 0.017 1.237 0.047 0.876 (0.784–0.932)

2.5 −0.018 0.015 0.843 0.043 0.913 (0.849–0.953)
3 −0.022 0.022 1.014 0.062 0.868 (0.771–0.928)

3.5 −0.027 0.015 0.557 0.042 0.923 (0.866–0.958)
4 −0.029 0.027 0.925 0.074 0.869 (0.773–0.929)

4.5 −0.031 0.020 0.654 0.055 0.938 (0.892–0.966)
5 −0.029 0.019 0.662 0.053 0.935 (0.887–0.964)

C (4,2) 0 0.001 0.011 15.938 0.031 0.752 (0.566–0.866)
0.5 0.002 0.010 5.833 0.028 0.760 (0.584–0.869)
1 0.001 0.010 7.193 0.027 0.778 (0.616–0.879)

1.5 0.004 0.018 4.685 0.050 0.499 (0.135–0.727)
2 0.004 0.017 4.029 0.046 0.672 (0.432–0.821)

2.5 0.003 0.013 3.804 0.036 0.673 (0.428–0.823)
3 0.006 0.021 3.598 0.059 0.510 (0.141–0.735)

3.5 0.006 0.015 2.359 0.041 0.688 (0.459–0.830)
4 0.007 0.021 3.118 0.057 0.686 (0.452–0.830)

4.5 0.003 0.017 5.479 0.047 0.695 (0.466–0.835)
5 0.003 0.014 5.718 0.040 0.666 (0.417–0.819)

C (4,4) 0 −0.002 0.008 3.551 0.022 0.811 (0.672–0.897)
0.5 −0.002 0.012 6.068 0.032 0.668 (0.430–0.819)
1 −0.003 0.010 3.031 0.029 0.696 (0.474–0.835)

1.5 −0.003 0.019 7.329 0.052 0.465 (0.098–0.704)
2 −0.002 0.018 7.415 0.051 0.508 (0.142–0.734)

2.5 −0.001 0.013 16.372 0.037 0.729 (0.526–0.853)
3 0.001 0.017 15.135 0.046 0.727 (0.528–0.851)

3.5 −0.001 0.013 22.630 0.035 0.791 (0.637–0.886)
4 0.001 0.021 37.383 0.059 0.571 (0.271–0.764)

4.5 0.006 0.016 2.824 0.044 0.738 (0.544–0.857)
5 0.007 0.010 1.342 0.028 0.835 (0.713–0.910)

the mean and within Sw, CV, CR and ICC for each accommodative demand measurements. Sw: within-eye repeatability; CV: Coefficient of variation; CR: Coefficient 
of repeatability; ICC: Intraclass correlation coefficients; CI: Confidence interval.
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resulting in a sign change occurring at about 1 D of ver-
gence. Cheng et  al.26 also observed similar sign changes in 
spherical aberration around 1 D of accommodation. 
Radhakrishnan et  al.,45 note a sign change around 1 D for 
subjects younger than 20 years, with a shift from positive to 
negative sign change as age increased, ranging between 2 D 
and 2.5 D for subjects aged 20 to 40 years. However, Del 
Aguila-Carrasco et  al.18 report these changes at higher 
accommodative values, specifically around 4 D of accommo-
dation. This change can be attributed to alterations in the 
lens surface geometry, particularly the increase in central 
thickness of the lens, leading to a change in taper and 
inducing negative spherical aberration.43,46

The increase in the Sw of Zernike coefficients with an 
increase in accommodative demand is a result of the eye’s 
dynamic optical system responding to changes in focus at 
different distances, showing wider scatter of the measure-
ments when accommodation is higher. As the accommoda-
tive demand increases, the eye’s efforts to maintain the focus 
increases at closer distances. This constant adjustment leads 
to increased variability in the Zernike coefficients because 
the shape of the eye’s optical system is changing with each 
accommodative response. Also, each individual’s eye has 
unique physiological and biological characteristics that 

contribute to the variability in their wavefront aberrations. 
When accommodating, these variations can become more 
pronounced, resulting in a higher within-subject standard 
deviation. Higher Sw values in the Zernike’s ratio of defocus 
(as shown in Table 1) can be attributed to the wide spec-
trum of refractive errors observed among the study subjects, 
spanning from +2.5 D of hyperopia to −9 D of myopia.

The observed variability in aberrations may result from 
inherent changes in the optical characteristics of the tested 
eyes, rather than being solely attributed to the aberrometer. 
The momentary measurement variations in human eye data 
could primarily result from the inherent instability of the 
human eye optics, including factors such as microfluctuations 
of accommodation, movement of the crystalline lens inside the 
eye, tear film and fixation errors.47 Additionally, large biologi-
cal fluctuations in aberration maps over time can prevent the 
achievement of “perfect vision,” even with precise correction of 
refractive errors.48 It appears logical that during the initial 
accommodative measurement, the subject may 
over-accommodate slightly, while by the third measurement, 
they tend to accommodate slightly less (accommodative lag) 
due to fatigue. Therefore, there is a higher correlation between 
measurements one and two and between measurements two 
and three than between measurements one and three. However, 

Figure 2. the CV of second-order (a), third-order (B), and fourth-order (C) aberrations across the eleven accommodative demands.
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it is evident that the measurements are repeatable, herein 
denoting micro changes. As Charman and Heron and Stark 
and Atchison have previously documented,49,50 disparities exist 
amongst young participants in the extent of these oscillations, 
with notable variances observed in relation to target vergence. 
Moreover, Miege51 posited that these fluctuations are contin-
gent upon the amplitude of accommodation attained by indi-
vidual subjects. It is worth noting that these microfluctuations 
can also be contingent upon pupil characteristics, as observed 
in studies where pupil noise was observed to be at its zenith 
when dealing with smaller pupil diameters. It is essential to 
consider that as the accommodative demand increases, the 
diminishment in pupil size becomes more pronounced, thereby 
engendering heightened levels of fluctuations.50,51

In addition, the use of a 0.5 decimal visual acuity stimulus 
may affect the subjects’ AR, as they do not require such accu-
rate effort to focus on the stimulus, so the response between 
the three measures may be more variable depending on the 
accommodative demand. Nevertheless, under conditions 
imposing an accommodative stimulus of 5 D, an accommoda-
tive delay ensues. It is important to note that, notwithstanding 
this lag, the 0.5 visual acuity test may subjectively appear to 
be perceived as being in a state of optimal focus.22

The differences between the CV in the lower-order of 
ocular aberration and between the higher order (Figure 2) 
of ocular aberrations is because the CV not only reflects the 
absolute dispersion (standard deviation) of the data but also 
considers the magnitude of the values (mean). As data in 
our tables show, any variation in the values will be relatively 
large compared to the mean, resulting in an extremely high 
coefficient of variation. On the other hand, if the data have 
a large mean, the same variation in values will be relatively 
small compared to the mean, resulting in a low CV. The 
interpretation of these values should be considered with cau-
tion since some Zernike coefficients, most of the third order 
and in particular C(4,−4) and C(4,−2) (Figure 2) naturally 
have low values or are close to zero, but they can exhibit 
considerable variability while accommodation is activated, 
and focus have to be maintained on a stimulus.52,53

An increase in CR with accommodative demand is 
observed in all the Zernike coefficients studied, which trans-
lates into high repeatability. The high CR for defocus C(2,0) 
(Table 1) may be since the three accommodative measure-
ments were performed consecutively, without any rest. So, 
measures two and three may be affected by the accommo-
dation stimulated in previous measures. However, it is 
unlikely that fatigue would account for the findings as the 
accommodative demand was lower than the maximum 
accommodation expected for the age of the subjects.

The findings regarding the reliability of repeated measure-
ments in our study reveal a noteworthy trend. In general, the 
measurements demonstrated a robust and consistent correla-
tion, as indicated by an ICC exceeding 0.800 for the majority 
of the parameters under investigation. This high level of cor-
relation suggests that the measurements were stable and 
dependable, reflecting a high degree of agreement between 
repeated measurements on the same subject. However, our 
study also uncovered some interesting exceptions within the 
realm of fourth-order Zernike coefficients. Specifically, certain 

coefficients, including C(4,−4), C(4,−2), C(4,2), and C(4,4), 
exhibited a lower ICC value, falling below 0.767 for C(4,−4). 
This departure from the strong correlation observed in other 
parameters raises several important considerations.

Conclusion

Our results suggest compromised agreement and consistency 
between repeated measurements at a high level of accommo-
dation, indicating that the measurement method or instru-
ment may produce more unreliable measurements when 
used to measure high degrees of accommodation, highlight-
ing limitations in its ability to provide accurate repeatability.

One of the key findings in this study is that an increase in 
the accommodative demand leads to lower repeatability of mea-
surements. Moreover, there is an observed decrease in coeffi-
cient of variability as the order of the Zernike coefficients 
increases.

When investigating changes in aberrations during the 
accommodation process, relying solely on population-averaged 
data may lead to inaccurate conclusions due to significant 
inter-subject variability in aberration patterns. Furthermore, 
factors such as pupil size and the total amplitude of accom-
modation can exacerbate these discrepancies. Considering 
the diverse individual responses in aberration patterns and 
accounting for variables like pupil size and AA is crucial for 
obtaining reliable and meaningful results in studies related 
to accommodation-induced aberrations.
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