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This article is the second in a series of two articles, which provides a discussion of the factors
that may possibly contribute to variable results when wavefront aberrations of the human eye
are measured. Some of the factors discussed in this article are the influences that refractive
errors (specifically myopia and astigmatism), pupil diameter, accommodation of the crystalline
lens, age, mydiatric drops and the integrity of the tear film may have on these wavefront
measurements. The first article in the series explained the general principles of higher order
aberrations (HOAs), as well as HOAs of importance in the eye and the measuring apparatus
used to measure HOAs of the eye.

Introduction

This article is the second in a series of two articles reviewing the factors as discussed by researchers
that contribute to variable results when measuring higher order aberrations (HOAs) of an eye. The
first article largely explained the general and fundamental principles that apply to HOAs, as well
as indicated exactly which HOAs are of importance in the eye and also the measuring apparatus
commonly used to measure HOAs of the eye.

Factors influencing the measurement of higher order
aberrations of the human eye

Some variables influencing the measurement of HOAs have been noted by researchers in the past.
These variables need to be carefully evaluated when measurements of wavefront aberrations
(WAs) are taken on subjects and especially when the measurements of different subjects are
compared. Some of these factors are refractive error, contrast sensitivity function (CSF), pupil
diameter, accommodation of the crystalline lens, age, mydiatric drops and the integrity of the tear
film. Although this list of variables is not complete, the more important factors that need to be
considered are discussed in this article.

Myopia and astigmatism

Hyperopia could possibly be included in this section of the article; however, the research on which
this article is based was mostly on myopia and astigmatism. The literature available on WAs and
hyperopia is somewhat limited, and thus, this review will discuss only myopia and astigmatism.

Paquin et al.! reason that myopia is a visual wavefront aberration (WA) or imperfection that affects
a great section of the population. Almost 30% of people (2040 years of age) are myopic, rising
from a prevalence of about 2% in 6-year-old children to about 20% in 20-year-old adults. Saw et al.?
define myopia as a state of refraction when light focuses in front of the retina of an unaccommodated
eye and is clinically associated with blurred distance vision, rubbing of the eye and peering. The
physiologic classification of myopia entails the gradual increase of the axial length of the eye and
the pathological classification, the abnormal lengthening of the eye. Atchison et al.’ proposed three
models of myopic elongation, namely equatorial elongation or peripheral expansion, posterior
pole or central elongation and, lastly, global expansion which aids in the understanding of the
characteristics of lower order aberrations (LOAs) and HOAs present in myopes. Detailed
explanations of the elongation models may be found elsewhere.?

Factors causing myopia are mostly the curvature of the cornea, the crystalline lens surfaces, the
refractive index gradient of the crystalline lens and axial elongation of the eye with increases in the
anterior and vitreous chamber depths. Both genetics and environmental factors are widely
accepted as playing a role in the development of myopia. Myopia is thus a multifactorial problem
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with many contributing factors including axial elongation,
surface component power and environmental influences.*

Atchison® and Atchison et al.> suggest that the most important
optical defects for normal eyes are refractive errors, and after
compensation of the refractive errors, residual HOAs are
possibly the only issue remaining. Reduced visual
performance in fully corrected myopes may thus be due to
the presence of HOAs within these eyes.** Previous
literature”® has shown that HOAs may influence myopia
development, especially spherical aberration (SA). Atchison’
suggests that SA changes at a rate of +0.007 um per dioptre
(D) of myopia and that the anterior cornea contributes the
most to HOAs in relation to the total HOAs of the eye. WAs
further change more slowly as myopia increases. Positive SA
is usually present when the eye is in a relaxed accommodative
state, and as the eye accommodates, the positive SA reduces.®
After two to three dioptres of accommodation, this positive
SA shifts into negative SA due to the change in shape and
refractive index distribution of the crystalline lens. SA is thus
a key parameter for establishing the sign for defocus based
on image contrast.® The authors further argue that positive
SA, in combination with myopic blur and an overpowered
eye, produces a monotonic decline in image contrast as the
spatial frequency increases, whereas the opposite is true in
the case of hyperopic blur and an underpowered eye. A
myopic eye that is not corrected with positive SA and that
rarely engages in near work has a weak inhibition to eye
growth and will continue to grow resulting in an even more
myopic eye. Hyperopic blur is thus a risk factor for myopia
progression if the eye has negative SA. Similarly, positive SA
would protect the eye against myopia progression and
possibly prevent myopia.?

Astudy investigating astigmatism,’ reports thatan association
between infantile against-the-rule astigmatism and school-
age myopia exists whereas Parnissen' reports the possibility
of an association between astigmatism (against-the-rule) and
the progression of myopia in children. Tian et al.* researched
the role of HOAs and retinal image degradation in the
development of myopia and found that corneal astigmatism
and cylindrical refractive errors are well correlated. Eyes
with more astigmatism seem to have deeper anterior
chambers and eyes with more myopia seem to have more
positive SA, but the total HOAs of these eyes do not show
any increase with higher myopia. The authors concluded that
spherical refractive error, SAs and cylindrical refractive error
may all contribute to myopic development. Kwan et al."
studied WAs in myopic eyes compared to that of non-myopic
eyes as well as that of more myopic eyes to less myopic eyes.
For the first comparison (myopic vs. non-myopic eyes), the
results showed significant differences between the axial
lengths of the groups. No significant differences could be
found with regard to total HOAs (3rd and 4th order HOAs),
3rd order HOAs, 4th HOAs or SA. However, with linear
regression analysis, the slopes of 4th order HOAs and SA
were significantly different from zero. The second comparison
(more myopic vs. less myopic eyes) showed that the axial
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lengths of the more myopic eyes were significantly longer
compared to the axial lengths of the less myopic eyes. The
more myopic eyes had statistically significantly lower total
HOAs, 3rd order HOAs and SA compared to the less myopic
eyes. SAs may thus be negatively correlated with myopia
and more myopic eyes tend to have smaller amounts of SA.
Contradictory results were however found by Karimian
et al.’> who suggested that there is no significant correlation
between SA and the degree of myopia.

The studies of Wang and Koch," Porter et al."¥, Castenjon-
Mochén et al.’® and Carkeet et al.’® observed that the HOAs
between the right and left eyes of patients were correlated,
and thus the reason for Wei et al.”” only using right eyes with
pupil diameters of 6 mm in their particular study. Wei et al.””
investigated the HOAs of right eyes in 166 Chinese subjects
with a mean age of 321 =+ 6.2 years. Aberrometry
measurements on these subjects were analysed, and
correlations between HOAs, myopia, astigmatism and age
were investigated. The results indicated that the 3rd order
root-mean-square (RMS) contributed 49% towards the total
RMS (3rd — 5th order), with the 4th order RMS contributing
39% and the 5th order RMS, only 12%. A slight statistical
significant correlation was found between myopia and trefoil
(C33 ), as well as between astigmatism and coma (c!}and
trefoil (C33 ) He et al.”® performed a 4-way analysis of variance
(ANOVA) between the groups of children or adults with
either myopia or emmetropia and found that the differences
in RMS Zernike coefficients between the emmetropic and
myopic adults were significant for all six orders of aberrations
(2nd — 7th orders). The RMS Zernike coefficients in myopes
were further found to increase significantly with an increase
in refractive error, and the authors stated that an RMS Zernike
coefficient of 2.5 pm induces the same image degradation as
0.75 D of blur. Two contradicting studies showing no
correlation between myopia and HOAs are those of Levy
et al.¥ and Li et al.® Levy et al.” found no significant
difference between the mean values of HOAs, total SA, total
coma and total trefoil aberrations for right and left eyes. The
results of the study by Li et al.®® showed that nearest
equivalent sphere (NES) has no significant correlation with
the RMS values of HOAs (3rd — 5th order), SA and coma.
Atchison et al.’ found that myopia may be accompanied by
only moderate or no increase in HOAs and this concurs with
the results of studies done by other scientists such as Buehren
et al. and He et al.’® which present evidence that WAs do not
increase significantly with an increase in myopia. Contrary
studies®?! have, however, found moderate increases in WAs
with an increase in myopia. Atchison et al.’ investigated the
higher order RMS values and did not find any significant
relationship with myopia although they reported that similar
studies have found moderate increases in WAs with myopia.
They also found SA to have a mean positive value that was
significantly different from zero. Carkeet et al.** suggest that
myopia may be accompanied with high levels of HOAs and
may result in poorer retinal image quality, even with the
appropriate spectacle correction. They investigated 273
Singapore school children (male and female) with high
myopia, low myopia, emmetropia and hyperopia. The HOAs
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with the largest mean average significantly different from
zero (with t-testing) were found to be vertical and horizontal
coma (C;'and C;) and SA (Cf). The low myopes showed
less positive SA compared to the other refractive groups used
in this study. A similar finding was made by Collins et al.?

Studies addressing asymmetrical blur related to cylinder are
not easily found. Many studies investigate myopia and
HOAs, but few studies address the cylinder component of
the refractive error with HOAs. Cheng et al.” measured the
aberrations of 200 eyes of 100 subjects with dilated pupils
(mean pupil diameter of 7.58 mm) and paralysed
accommodation in six groups. A tendency for the highly
astigmatic eyes (> |-1] D) to have higher levels of HOAs
compared to that of the low-astigmatic and non-astigmatic
eyes was found. Astigmatic eyes also tend to have slightly
larger total HOAs RMS values that were statistically
significant with an independent t-test. No significant
correlation was, however, found between refractive error and
HOAs.

Hartwig and Atchison* published a paper where they
analysed the HOAs of a large clinical population of 24 000
subjects (taken from the total sample of 40 850 used for the
original study). The study investigated the correlations
present between the aberrations measured and three
variables namely distance refraction, near addition and
cylinder. The results of the investigation showed that the
aberration coefficients were significantly dependent on the
named variables, where SA accounted for 12% of the
aberrations, horizontal coma for 9% and the HOA RMS
Zernike coefficients for 7%. Near addition was found to
contribute the most to horizontal coma (8.5% — 9.0%), and
NES was the greatest contributor to SA (7.7% — 11.6%). The
results of their study* further showed that SA becomes more
positive as the spherical equivalents of the subjects become
less negative or more positive, and thus, it is expected for
higher myopes to have more negative SA. Aberration
coefficients were also found to be significantly affected by
refraction, especially with regard to horizontal coma and SA
thataccounted for 2.8% and 7.7% of the variation, respectively.
The researchers thus found that most 3rd and 4th order
HOAs were significantly dependent on NES, near addition
and cylinder.

To summarise the very complicated influences of myopia on
HOAs, the developmental studies of myopia have shown
that HOAs such as SA may have an impact on myopia and
may even be a causative factor for myopia.®* Some authors
have found no increase in the total HOAs with an increase in
myopia. 3461218202 Kwan et al."! showed that no statistical
difference exists in WAs between three groups (high myopes,
moderate myopes and non-myopes) with regard to total
HOAs (3rd and 4th order), 3rd order HOAs, 4th order HOAs
or SA, but they did find that fourth order HOAs and SA was
significantly different from zero and may thus have a great
impact on the total HOAs of the eye. Other authors found a
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positive relationship between the variables of myopia and
HOAs. Examples here include Collins et al.”? and Carkeet
et al.?! who found that myopes presented with statistically
lower 4th order HOAs, specifically positive SA, compared to
that of emmetropes. He et al.’® found higher RMS Zernike
coefficients and 4th order HOAs for myopic adults compared
to emmetropic adults, while Wei et al.”” found a statistically
significant correlation between myopia and trefoil (C33 ) as
well as between astigmatism and coma and trefoil (C! and C3)-
Hartwig and Atchison* reason that many myopes have
negative SA rather than positive SA and a decrease in pupil
diameter may also reduce positive SA. Cheng et al.” further
showed higher degrees of HOAs in eyes with more
astigmatism (> [-1| D) compared with eyes with lower or no
astigmatism.

Contrast sensitivity function

A paper by Campbell and Green® deals mainly with the CSF
affected by monochromatic aberrations and therefore, more
information regarding the CSF affected specifically by
chromatic aberrations may be found elsewhere.® Williams
et al.? argue that CSF is improved when most WAs are
reduced with a deformable mirror or adaptive optics (AO)
system, compared to when only defocus and astigmatism
(LOAs) are corrected. Feizi and Karimian® investigated the
relationship between HOAs and CSF in 70 myopic eyes. The
‘Area Under The Log Contrast Sensitivity Function’
(AULCSF) was calculated for all 70 eyes, and the results of
the study showed that the AULCSF was negatively correlated
with the cycloplegic NES, the total RMS Zernike coefficients,
as well as the RMS Zernike coefficients for SA. Feizi and
Karimian® concluded that SA significantly affects the CSF in
myopic eyes. Wang et al.? investigated the relationship
between HOAs and low contrast visual acuity (VA) in myopic
eyes under mesopic conditions and found that SA is
significantly associated with low contrast VA.

Pupil diameter

The pupil of the eye plays a major role in how much light
enters the eye and, together with refractive state, also
influences the image quality at the retina.* When light is
interrupted by an aperture, the result is the scattering and
diffraction of light rays with less diffraction for a greater
pupil diameter; however, more WAs will be induced in the
optical system. The human eye is not diffraction-limited for
pupil sizes greater than 1 mm and the overall best pupil
diameter for transverse imaging over spatial frequencies
from 0 to 30 cycles/degree (c/deg) is usually between 2 mm
and 3 mm provided vision is corrected.”*32 The Zernike
polynomial description of WAs depends on the pupil area
analysed. Therefore, pupil diameter and consequently pupil
area are of great importance when measuring WAs.* Links
between the pupil and retina, such as distance, position,
shape and size of the pupil, are critical factors, and these links
may be used to reduce the relative importance of diffraction
and WAs on the image quality.”
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Rodriguez et al.*® concluded from the results of their study
that pupil diameter and pupil alignment are the most critical
factors in the accuracy of aberrometry measurements.
Burakgazi et al.** found that WAs change significantly with a
change in the size and position of the measuring pupil and
Ginis et al.® found that the WF measurement variation was
higher near the margins of the pupil. A study by Dobos et al.*
found that the magnitude of the Zernike coefficients and
their corresponding 95% limits of agreement (LoA) increased
with anincrease in pupil diameter and that the pupil diameter
and alignment of the aberrometer when taking measurements
are thus of utmost importance when comparing different
eyes and the WAs thereof. In agreement with Smolek” and
Ginis et al.%, Dobos et al.* also suggest that when comparing
different eyes the pupil diameters need to be the same (or
within a small range of diameters) to ensure accuracy of
comparisons of the measurements of WAs. Dobos et al.* also
found that under cycloplegic conditions the mean NES shifts
more myopically with an increase in pupil diameter. With an
increase in pupil diameter (3 mm — 7 mm), the impact on
HOAs was found to increase from 2.7% to 13.8% by Castejon-
Mochén et al.’®; thus there is a direct relation between total
RMS Zernike coefficients and the diameter of the pupil.

Accommodation

Lopez-Gil et al.*® investigated the relationship between age
and accommodation-related changes in WAs of patients aged
19-60 years. The authors of the study concluded that WAs
change with accommodation and with age, and He et al.’®
and Williams et al.” also agree that greater WAs are present
in an accommodated eye. The increased WAs in patients
older than 50 years may be explained by optical changes in
the crystalline lens and reduced SA as a result of pupil miosis.
Similar studies were conducted by Atchison et al.¥ and
Collins et al.?> with regard to accommodation. The findings
of the two studies correlate with each other and those above
as both indicated that SA becomes more negative as
accommodation increases. In a letter to the editor of a peer-
reviewed journal it was noted by the writers, Awwad et al.%,
that a decreasing pupil diameter causes SA to become
negligible, and the authors found that negative SA increases
with accommodation which may be explained by the
accommodation-induced change of the crystalline lens
shape, position and refractive index gradient as a whole.
Thibos et al.? also investigated accommodation and HOAs
and found that positive SA is usually present in an
unaccommodated eye, and with accommodation positive SA
decreases and negative SA increases after two to three
dioptres of accommodation. They attributed the change from
positive to negative accommodation, similarly to Awwad
et al*, to changes in the shape and refractive index
distribution of the lens.

Age

Atchison and Markwell* investigated 106 subjects aged
between 18 and 69 years. The effect of age on the RMS Zernike
coefficients of the ocular aberrations, the RMS Zernike
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coefficients of corneal aberrations and total RMS Zernike
coefficients of the aberrations were investigated. The ocular
RMS Zernike coefficients of the aberrations showed a
significant increase in the HOAs with age in the 4th and 5th
orders. The only coefficient that changed significantly with
age was that of horizontal coma (Cg) and this change may be
due to changes in lens like tilt and decentration. The means of
a few coefficients, however, were found significantly different
from zero as well. The corneal RMS Zernike coefficients of
the aberrations also showed an increase of HOAs with age;
however, this increase was only significant for the 6th order,
and no coefficient varied significantly with age. The last
aspect investigated, the total RMS Zernike coefficients of the
aberrations, increased significantly with age. Jahnke et al.#?
conducted a similar study and found that an increase in age
caused an increase in WAs and thus also in RMS Zernike
coefficients of the 3rd and 4th order HOAs. Coma showed a
tenfold increase and SA a twofold increase with increasing
age. This increase in WAs may be exaggerated by other
factors such as changes in crystalline lens. Wei et al.”
investigated the HOAs in a myopic Chinese population and
also identified a statistically significant correlation between
SA and age. However, the study by Levy et al.”” showed no
correlations between SA, coma or trefoil aberrations and age.
Possible differences between the studies that may account for
the difference in results is that Jahnke et al.*> had a sample
size of 98 eyes which included myopes, emmetropes and
hyperopes with age ranging between 17 and 65 years, but
Levy et al.” used a sample size of 70 eyes of subjects with so-
called supernormal vision (VA > 20/15) ranging between
18 and 51 years.

Hartwig and Atchison** conducted an analysis on a large
clinical population with a total sample size of 40 850 subjects
of which 13 038 cases had near additions ranging from 0.75 D
to 4.0 D. They found that all 3rd order HOAs, SA and
secondary SA (6th order WA) were significantly affected by
the near addition, especially for horizontal coma and SA
aberrations. They also argued that other changes of the ocular
lens, such as the surface curvature, asphericities, centre
thickness and refractive index distribution, are caused due to
increase in age.

Mydriatic drops

Taneri et al.*® investigated the influence of mydriatic eye
drops on aberrometry measurements taken with the
Zywave™ aberrometer in terms of the predicted phoropter
refraction (PPR) and HOAs. A mydriatic dilated group of
eyes were compared with a group of non-dilated eyes. The
results of the study showed that the PPR values were less
myopic in the mydriatic dilated group compared with the
undilated group. Changes in the RMS Zernike coefficients
and SA between the groups were significantly different. The
authors suggest that measurements be done without
mydriasis to minimise refractive surprises in relation to
possible refractive surgery. Tabernero et al.* also argue that
pharmacologic pupil dilation may account for centration
variability as a result of shifts in the pupil centres with respect
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to natural conditions which may in turn have an effect on the
generation of coma aberrations.

Integrity of the tear film of the eye

A study conducted by Montés-Micé et al.** has shown that
tear film irregularities appear to contribute to overall ocular
HOAs. If WAs are thus dependent on corneal tear film
irregularity, we can assume that greater irregularity of the
tear film may lead to larger WAs. Montés-Mico et al.*®
investigated the difference in HOAs between normal and dry
eyes. The dry eye group showed an increase of up to 2.5 times
for coma, spherical and total HOAs compared with normal
eyes (in photopic and scotopic conditions). Coma and SA
contributed roughly equally to the HOAs in both dry and
normal eyes (photopic and scotopic conditions). The overall
WAs were found roughly two times greater in scotopic
conditions compared with photopic conditions, for both dry
and normal eyes and the RMS Zernike coefficients for dry
eyes were found to be almost double that of normal eyes.
Asymmetry in the vertical meridian of the anterior surface of
the corneas between two eyes would be expected as a result
of gravitational effects on the tear film, and thus, greater
values were found in vertical coma (C§ 1 compared with
horizontal coma (C;), especially in the dry eyes. A greater
amount of SAs were found in dry eyes compared with normal
eyes, possibly due to the tendency of the tear film to thin at
the centre of the cornea compared with the periphery at
different rates in each subject. It is known that a thinner
central tear film introduces more positive SA. Dry eyes have
thus been shown by Montés-Micé et al.*® to have greater
optical aberration values compared to that of normal eyes.
Another study investigating patients with dry eye disease
was done by Denoyer et al.* and the study found similar
results.

In summary, tear film irregularities contribute to overall
ocular HOAs, and thus, greater irregularity of the tear film
may lead to larger WAs. Dry eye patients thus seem to present
with higher corneal and ocular HOAs compared to eyes with
a normal tear film.** Studies involving ocular aberrations
should thus take the ocular tear film into careful consideration
to avoid misleading findings.

Conclusion

In conclusion, a variety of factors determine the accuracy of
measurements taken with an aberrometer of which the most
important are pupil diameter and pupil centre alignment. All
of these factors must be carefully considered within a sample
before data may be analysed and used for comparison among
groups.
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