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Introduction
Vision is composed of two steps: (1) the 

formation of a high-quality image at the 
retina and (2) transmission and processing 
of the image in the visual pathways. It is the 
latter of which determines what we actually 
“see.” The quality of the image projected 
onto the retina is determined by four distinct 
factors1: diffraction, scatter, chromatic 
aberrations, and wavefront aberrations (i.e., 
optical imperfections = refractive errors). 
For the vast majority of people, wavefront 
aberrations are what determine the optical 
quality of the retinal image.
Wavefront aberrations can be divided 

into lower-order aberrations (LOAs;; i.e., 
spherical defocus and astigmatism) and 
higher-order aberrations (HOAs), as seen in 
Figures 1 and 2. LOAs can be corrected with 
spectacles, contact lenses, or refractive 
surgery, whereas special methods such as 
corneal rigid gas-permeable contact lenses 
and wavefront-guided or optimized excimer 
laser surgery can be used to minimize 
the effect of HOAs.2,3 However, adaptive 
optics are needed to fully correct HOAs and 
determine their influence.

How aberrations affect our vision
The “perfect” optical system only exists 

in theory. In practice, all optical systems 
have aberrations to some extent. The most 
important contributors to the wavefront 
aberration are the LOAs (i.e., sphere and 
cylinder). However, HOAs can also affect 
vision but cannot be corrected by traditional 
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Figure 1. The Zernike Polynomials. Orders 0-2 are known as lower-order aberrations, with the 2nd order containing 
spherical defocus and astigmatism (which can be corrected with spectacles/glasses etc.); 3rd order and above represent 
higher-order aberrations (HOAs) that cannot be corrected by traditional means (but can be corrected using adaptive 
optics). HOAs are induced by some corneal diseases and following corneal refractive surgery. (By Zom-B at en.wikipedia, 
CC BY 3.0 https://creativecommons.org/licenses/by/3.0, via Wikimedia Commons, modified by Emily Moschowits)

Figure 2. The total wavefront can be decomposed into the distinct Zernike polynomials, and the addition of each 
component yields the total wavefront. Shown here is how spherical aberration (4th order HOA), and vertical/horizontal 
coma (3rd order) combine to yield a wavefront to the right that distorts vision. (Screenshot of VAO user interface. Used 
with permission from Voptica SL).
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means.
For most people, HOAs do not play a 

significant role in deteriorating vision, 
and standard methods of correcting the 
refractive error (such as glasses and contact 
lenses) are sufficient for obtaining good 
vision. However, some eyes have increased 
HOAs due to a variety of conditions, 
including keratoconus, cataract, and 
corneal refractive surgery. The most recent 
corneal refractive surgery technique, small-
incision lenticule extraction (SMILE), has 
been shown to induce HOAs to a lesser 
extent than other types of corneal refractive 
surgery.3–5 However, the problem of induced 
HOAs following refractive surgery remains. 
Research has shown that an increase in 
HOAs (particularly spherical aberration 
and coma) can cause visually bothersome 
symptoms, as shown in Figure 3.
It is possible to rather accurately 

predict how visual acuity diminishes due to 
uncorrected sphere and astigmatism,6 but 
the situation is different with HOAs. Some 
HOAs deteriorate vision more than others, 
and HOAs further interact with one another. 
This means that an increase in a particular 
aberration can sometimes decrease or 
increase visual quality, depending on the 
level of other HOAs.2 To complicate things 

further, research has shown that the human 
brain is to some degree accustomed to how 
our eyes see the world—and can adjust 
to new optical aberrations introduced by 
diseases, surgery, or optical corrections. 
This is called neuroadaptation.

Neuroadaptation: how the brain 
interprets the optical image
As mentioned, “seeing” has two steps: 

(1) the creation of a high-quality image on 
the retina through the eye’s optics and (2) 
transmission and ultimately processing of 
this image through the visual pathways. The 
second element is key in what is known as 
“neuroadaptation,” the brain’s plasticity as 
to how to process visual stimuli. This is a well-
known phenomenon of the brain in general, 
used in, for example in the rehabilitation of 
patients who have had a stroke. Training 
can help patients recover lost skills through 
the adaption of non-affected, healthy parts 
of the brain. The same principle applies to 
the visual system. Well-known examples 
from the clinic are include “getting used 
to” bifocal glasses or a new astigmatism 
correction or after the implantation of 
multifocal intraocular lenses. Hence, 
“neuroadaptation” refers to how our brain 
can adapt to new visual stimuli in response 
to the altered composition of the image 
imposed on the retina.
Interestingly, our eyes are optically flawed 

by default. In fact, our eyes are actually poor 
in an optical sense. As Helmholtz famously 
remarked in the 1870s concerning the optics 
of the human eye:7

“Now, it is not too much to say that if an 
optician wanted to sell me an instrument 
which had all these defects, I should 
think myself quite justified in blaming his 
carelessness in the strongest terms and 
giving him back his instrument.”
However, research has shown that our 

neural visual system is quite accustomed to 

Figure 3. Schematic showing how HOAs can distort vision; importantly, a patient can have 
20/20 vision but still complain of “bad vision”. However, the retinal image generated by the 
optics does not represent what the patient “sees” – the image is translated and converted by 
the visual pathways, and new distortions in the optics can be rectified by the brain through 
neuroadaptation (image produced by the author).

Figure 4. The visual adaptive optics analyzer (VAO) developed by Voptica SL, Murcia, Spain, (https://voptica.com/vao/). 
The patient seated to the left is looking through an aperture in the device at images controlled by the operator to the 
right; the operator can record and manipulate all aberrations through adaptive optics. Used with permission from 
Voptica SL.
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our eyes’ aberrations, meaning that some 
of the inherent blur in the image projected 
to the retina is “filtered out” by the visual 
system.8 This is particularly important in 
the context of refractive surgery, where 
the optics of the eye are changed radically 
by intentionally decreasing LOAs but 
simultaneously inducing HOAs to some 
extent, thus projecting a different image to 
the retina than before surgery. The speed at 
which neuroadaptation occurs seems to vary 
somewhat depending on both the optical 
change and the individual, with examples 
ranging from very quick adaptations in the 
context of optical illusions9 to adaptations 
following LASIK or multifocal intraocular 
lens (IOL) implantation that can continue for 
weeks, months, or, unfortunately for some 
patients, never occur.10,11

How to study the effect of 
neuroadaptation in the clinic? For this to be 
properly done, one needs a system able to 
record, and manipulate, the optics of the 
eye and then assess the psychophysical 
response of the observer. Luckily, this can be 
done—through the use of adaptive optics.

Adaptive optics
An adaptive optics system is an optical 

system that can measure the wavefront 
aberration and alter it, usually through 
deformable mirrors.12 Adaptive optics are 
used in space telescopes (for example, to 
better see distant galaxies), to obtain retinal 
images down to individual photoreceptors, 
and in vision science to correct all optical 
aberrations (including HOAs) that affect light 
going into the eye.8,12–14 The use of adaptive 
optics has shown that by correcting all the 
eye’s aberrations, obtaining superhuman 
visual acuity is possible, only limited by the 
cone mosaic and neural factors.13,15

Normally, adaptive optics systems are 
massive, highly sophisticated systems 
built on optical benches in vision science 
laboratories.14 Recently, however, a 
commercially available adaptive optics 
device called the VAO (Voptica SL, Murcia, 
Spain, https://voptica.com/vao/) has been 
introduced for commercial use. Shown 
in Figure 4, this device can be employed 
in a clinical setting and was purchased a 
few years ago for research purposes at the 
Department of Ophthalmology, Aarhus 
University Hospital, Denmark. The device 
records aberrations through a Hartmann–
Schack sensor and corrects aberrations 
(including HOAs) through a liquid crystal on 
a silicon spatial light modulator through a 
4.5-mm pupil size.16 The device can record 
the wavefront aberration of a patient’s eye 
and subsequently perform visual testing 

with ETDRS letters, while the examiner can 
manipulate all of the patient’s aberrations 
(both LOAs and HOAs) at will. Hence, both 
inducing and correcting all aberrations is 
possible if one so desires (Figure 5).

Correcting HOAs induced after SMILE: 
what’s the gain?
We conducted a study on 51 patients 

successfully operated with SMILE for myopia 
in our department. The purpose was to 
examine how surgically induced HOAs affect 
visual acuity and how neuroadaptation 
may ameliorate their effect. Measurements 
were performed before and 3 months after 
surgery. We used the VAO to examine the 
visual acuity (1) with no HOA corrected, 
(2) with all HOAs corrected, and (3) at the 
3-month postoperative visit, with the HOA 
set to the same level as the patients had 
before surgery, i.e., their “original” level of 
HOA.
The results are shown in Figures 6 and 7. 

As can be seen in Figure 6, all HOAs increased 
following surgery, as expected. However, as 
shown in Figure 7, the best visual acuity was 
in fact always achieved when HOAs were not 
corrected (both before and after surgery). 
Furthermore, the induction of preoperative 
HOAs after surgery (simulating the “original” 
level of HOA) also did not improve the visual 
acuity compared to that achieved with the 
“new” set of HOAs.
One might wonder whether these results 

were so because the machine did not correct 
HOAs properly; if so, one might expect that 
the higher the level of HOAs attempted to 
be corrected for a given patient, the larger 
the difference in visual acuity between the 
corrected and uncorrected state of HOAs. 
However, this was not the case (data not 
shown).

The effect of HOAs and 
neuroadaptation on vision
Our results that short-term HOA 

correction did not, on average, improve 
the visual acuity conflicts with previous 
reports that HOA correction should always 
improve visual acuity.13 However, we believe 
that neuroadaptation likely represents the 
reason for this: reports have shown that we 
are all accustomed to our “own” HOAs.8,17 
Furthermore, research on highly aberrated, 
keratoconic eyes has shown that the visual 
benefit of correcting HOAs is less than what 
would be expected but that training with the 
same HOA correction over time improves the 
visual function (due to neuroadaptation).18 
Thus, the reason for our results could likely 
be that the patients had adapted to their 
“new” set of HOAs induced by the SMILE 
procedure and that the manipulation of 

Figure 5. The total wavefront to the left is corrected by 
the adaptive optics system of the VAO to the right – the 
wavefront generated is “flat”, i.e. no distortions of the 
optics occur. Used with permission from Voptica SL.
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Figure 6. Bar graph showing that individual and total HOAs increased following small-incision lenticule extraction for 
myopia as expected.
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HOAs through the VAO did more harm than benefit. The induction of HOAs after SMILE is much less than what was seen after refractive 
surgery in the early 2000s;3 perhaps the results would have been different if the eyes examined had been more aberrated (e.g., eyes with 
keratoconus). However, more studies on the matter would be preferable before any definite conclusions can be made.

Future aspects of the clinical use of adaptive optics
Adaptive optics offers an exciting means of determining how aberrations affect our vision. It has already been used to predict how IOLs 

affect postsurgical vision before the surgery has been performed, as well as how presbyopia can best be managed by inducing spherical 
aberration.19,20 However, as also seen with our results, adaptive optics used in a clinical setting can help establish to what extent even trying 
to correct all HOAs is of benefit. Research has shown that correcting all aberrations in fact makes our vision much more susceptible to small 
amounts of defocus (i.e., our normal set of HOAs “blends out” the effect of beginning presbyopia, for example).12 Thus, it seems that trying 
to correct all HOAs does not improve functional visual quality. Rather, our optical interventions (e.g., refractive surgery, spectacles, contact 
lenses) should probably aim for the normalization of refractive errors. Future research will tell!
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Figure 7. Comparison of visual acuity recorded with the VAO; data shown as mean ± standard deviation. Before surgery, there was a significant deterioration of visual acuity when 
attempting to correct all HOAs. After surgery, the visual acuity was significantly worse with both all HOAs corrected and preoperative HOAs simulated as compared to no correction 
attempted. There was no difference between simulated preoperative HOAs and correction of all HOAs. (Postoperative data corrected for magnification gain in visual acuity).
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