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l. Introduction

The purpose of refractive surgery is to reduce dependence on corrective lenses. In laser
keratorefractive procedures, this is achieved by altering the shape of the cornea to change
the refractive state of the eye. Historically, sphere and cylinder were the only components of
a refractive error that could be measured and systematically corrected. Procedures designed
to treat these lower order aberrations often achieved emmetropia, but with bothersome visual
symptoms such as glare, halos, starbursts and ghost images that could not be corrected with
glasses or contact lenses. These symptoms have since been attributed to induction of higher-
order aberrations (HOAs).1-4

Wavefront analysis is a method by which the aberrations of an optical system are measured.
Several methods exist to assess ocular aberrations including Tscherning aberrometry, Shack-
Hartmann wavefront sensing, ray-tracing, optical path difference aberrometry, and spatially
resolved refractometry. Currently, it is most commonly performed using devices based on
the Hartmann-Shack wavefront sensor. This technology was developed in the 1960’s and
70’s to improve the images of satellites captured by telescopes from Earth and later adapted
to measure aberrations of the human eye.® Such devices use a low-power laser beam focused
on the retina and analyze the reflected rays of light. The light passes outward through the
optical system of the eye, through an array of lenses and onto a detector. In a perfect optical
system, these rays would emerge parallel and focus at a single plane. Given the complex
nature of the eye’s optics, this is not the case. The degree that each image deviates from the
expected focal point of an individual lens in the system represents the aberration or
“wavefront error.”

The wavefront error is computed and broken down into components that visually and
mathematically describe distinct elements of the overall aberration. These components are
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most commonly expressed as Zernike polynomials, and encompass both lower- and higher-
order aberrations. Lower (second) order aberrations include positive defocus (myopia),
negative defocus (hyperopia), and regular astigmatism. Visually significant higher (third and
fourth) order aberrations include coma, trefoil, and spherical aberration. These aberrations
can have both positive and negative values. Coma, or comatic aberration occurs when light
rays from one edge of the pupil comes to focus before those from the opposite edge. This
third order aberration has the effect of “smearing” an image or making it appear to have a
tail like a comet. Trefoil, another third order aberration, has less effect on image quality than
an equal amount of coma. Spherical aberration is a fourth order aberration that occurs when
rays from the peripheral pupil focus in front of those from the central cornea. Spherical
aberration results in halos around point light sources and decreased contrast sensitivity.
Other lower-order aberrations and those above fourth-order are considered to be relatively
less visually significant.8 The most visually significant lower- and higher-order aberrations
are shown in Figure 1. The Zernike polynomial system allows the deconstruction of any
aberration structure, no matter how complex, into predefined, fundamental building blocks.

The magnitude of total aberrations is measured as a Root Mean Square (RMS) error, with
most normal patients having a value of less than 0.3 pm. A higher RMS value indicates a
more highly aberrated cornea. Pupil size also influences the magnitude of HOAs. There is an
increase in aberrations as the pupil becomes larger, with RMS error approximately doubling
with each additional millimeter of mydriasis.1% Thus, pupil size has traditionally been an
important consideration when planning a refractive procedure and evaluating post-operative
HOAs.” However, more recent studies have shown that pupil size does not necessarily have
as significant an effect on visual quality as previously thought. Schallhorn et al. found that
beyond the third postoperative month pupil size held no relationship to symptoms such as
glare, haze or halo.® In a separate study using wavefront-guided treatments, Schallhorn et al.
found that there was no correlation between mesopic pupil size and reported visual
symptoms following LASIK as early as the first postoperative month.®

Studies have shown that patients with subjective visual symptoms such as halo or monocular
diplopia following refractive surgery have RMS HOAs 3.5 times greater than normal pre-
operative eyes and 2.3 times greater than patients who underwent Laser in-situ
keratomileusis (LASIK) and did not report persistent visual symptoms.10 Particular
symptoms have also been linked with specific HOAs. By comparing visual symptoms with
wavefront analysis, Chalita et al. found that monocular diplopia is correlated with total and
horizontal coma, glare with spherical aberration and total aberrations, and starburst with
spherical aberration.11 The application of wavefront analysis technology to the human eye
has allowed refractive surgeons to identify and treat HOAS, in addition to sphere and
cylinder. This has led to a significant improvement in the quality of vision following
refractive surgery and the ability to correct induced post-surgical HOAs.

In the transition from incisional to laser refractive surgery, the quality of visual outcomes
greatly increased. The ability to measure wavefront aberrations of the eye and incorporation
of this data into treatment profiles further revolutionized laser refractive surgery through
enhanced treatment algorithms. Topography-guided, wavefront-optimized, and wavefront-
guided treatments are all methods currently employed to reduce the effect of HOAS post-
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operatively. As newer refractive techniques such as small incision lenticule extraction
(SMILE) are developed, optical aberrations have become one of the primary visual quality
endpoints studied.

Despite improvements in planning and technique, refractive surgery still carries a risk of
unanticipated and sometimes undesirable optical consequences. At times, this may be due to
unusual healing characteristics of a particular cornea and are unpredictable. The focus of this
paper is to discuss the causes, prevention and management of unexpected lower- and higher-
order aberrations following various forms of refractive surgery. Errors in lower order
aberration within the surgeon’s control most commonly fall under two categories: (1)
miscalculations in procedure planning, and (2) laser programming errors. These types of
errors can leave a patient with a potentially devastating refractive result and the surgeon at
risk for litigation. Induction of HOAs, on the other hand, is more often a function of laser
beam profiles, centration during treatment and choices in ablation technique.

[l. Lower-Order Aberrations

Miscalculations in Procedure Planning: Over- and Under-Correction of Lower-Order

Aberrations

Over thirty years of collective knowledge has helped to refine treatment algorithms for
LASIK and photorefractive keratectomy (PRK) to account for differences in patient age as
well as type and extent of refractive error. Using this pooled data and power adjustments
customized to a particular laser and surgeon, we are better able to predict how individual
corneas will respond to treatments. This allows physicians to choose to fully or partially
treat a patient’s lower-order aberrations, knowing that some will tend to stay stable while
others will regress post-operatively. This concept is most relevant in conventional and
wavefront-optimized treatments, where the patient’s refraction is the primary consideration
used to program the laser.

FDA trials using conventional treatments have shown that PRK and LASIK are typically
very accurate in correcting lower-order aberrations in myopia less than —6.00 diopters (D),
with 77.8-100% of eyes achieving a final refraction within 1.00 D of emmetropia.12:13
There has been no significant difference found between LASIK and PRK in their ability to
achieve emmetropia in this group of patients.141> Reports from the past 15 years have
shown continued improvement in safety and accuracy with the use of wavefront-guided and
wavefront-optimized systems being used to treat myopic astigmatism as high as —=10.00 to
-12.00 D. These trials have reported up to 100% of eyes achieving refractions within 1 D of
emmetropia.16-18

Hyperopic treatments were found to be slightly less accurate, but still excellent with 84—
91% of eyes up to +6.00 D achieving within 1.00 D of emmetropia.1%20 In early trials of
LASIK for hyperopic astigmatism up to +6.00 D of hyperopia and +4.00 D of cylinder, 88—
89% of treated eyes fell within 1.00 D of emmetropia.20 Studies treating above +4.00 D of
hyperopia have shown significantly reduced predictability and stability.1® Wavefront-guided
and wavefront-optimized treatments along with eye tracking software have improved
accuracy of LASIK and PRK treatments with even higher levels of hyperopic ammetropia.2
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Overcorrection in LASIK and PRK may occur from stromal dehydration and compaction
during treatment. In this state, more corneal tissue is ablated per pulse. Dehydration may
occur if the surgeon takes too long after removing the epithelium in PRK or lifting the flap
in LASIK and initiating the excimer ablation. Atmospheric conditions such as low humidity
or high temperature can similarly dehydrate the cornea. Older patients tend to have a higher
incidence of overcorrection. This may be due to several factors including a less robust
wound healing response and greater effect from the same amount of laser energy compared
to younger eyes.22

Undercorrection typically results from an unexpected degree of regression postoperatively.
In the first 3 to 6 months following PRK or LASIK, there is frequently some degree of
regression in both myopic and hyperopic treatments. This is more pronounced in cases of
higher myopia and any amount of hyperopia as well as in younger eyes.23-25 Even in the
earliest clinical studies of PRK in normally sighted human eyes in the United States,
McDonald et al. noted that attempted correction of 5 D or more regressed significantly more
than corrections less than 5 D.26

Prevention—It is important to keep the temperature and humidity of the laser suite
controlled and consistent within the laser manufacturer’s guidelines. This eliminates at least
some variables that could cause the excimer laser to ablate corneal tissue at a higher or
lower rate than expected. It may also help to prevent excessive dehydration of the cornea
before and during treatment.

Lasers should be checked and calibrated every surgical day and between procedures
according to the protocol provided by the manufacturer. Failure to do so may lead to
inconsistent ablation and unpredictable results.

In deciding what refraction to program into the laser for a conventional or wavefront-
optimized treatment, the surgeon must be aware of the patient’s age. For older patients, less
than the full refraction is typically used due to more robust responses to laser energy and a
lower tendency to regress. The opposite is true for younger patients where a value closer to
the full refraction is used to prevent an undertreatment.

Ensuring meticulous refractions with stability is integral in treating the correct amount of
refractive error, particularly in contact lens wearers. When a patient’s manifest and
cycloplegic refraction do not match, the surgeon must refer to their personal nomogram and
historical outcomes to decide what to program into the laser. Furthermore, it is not
uncommon for refractive astigmatic axis to differ from the topographic axis. If repeat
measures give consistent results across the two modalities, it is assumed that there is an
element of lenticular astigmatism and the refractive axis is preferentially used. Confidence
in the axis is important, as a 15 degree offset in axis of treatment can result in a 35%
reduction in astigmatic correction.

In high myopic or hyperopic corrections where regression is more likely, application of
mitomycin C intraoperatively immediately following the ablation may help to modulate this
response. Though LASIK and PRK are often performed bilaterally in the same session,
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occasionally eyes may be treated on different days due to scheduling or comfort reasons. If
this is the case, the amount of regression in the first eye typically correlates with what will
happen in the second eye and can be taken into consideration when choosing the amount of
refraction to correct.

From a technical standpoint, the move to larger diameter ablation zones has reduced the
tendency towards regression. This is postulated to be due to shifting the transitional zone
effects further from the central optical zone and inducing less stromal and epithelial
hyperplasia that led to higher rates of regression.2” Optical zone size will be discussed
further in a later section.

Management—There is no set cutoff for residual refractive error that necessitates
retreatment after laser vision correction. The primary indication is patient satisfaction, as
different people vary in the amount of uncorrected sphere or cylinder that they can tolerate.

With the understanding that the corneal surface and refraction is dynamic for at least 3
months following photoablation, retreatment or enhancement should not be attempted before
this time period has elapsed. Eyes treated with PRK tend to take longer to stabilize than
LASIK and should be given up to 6 months to stabilize. If the patient expresses
dissatisfaction in their vision during the post-operative period, careful measurements of
lower- and higher-order aberrations, as well as topography should be performed at each visit
to determine the underlying cause of the visual symptoms. The degree of change in
refraction between follow-up visits allows the treating physician to determine when the
cornea has stabilized and when it is appropriate to move ahead with further correction. A
thorough slit lamp examination should be performed to ensure there is no ocular surface
disease, epithelial ingrowth or haze formation influencing the measured refraction. If there
appears to be continuous regression towards myopia, the topography should be reviewed
carefully for any indication of ectasia.

In treating small amounts of overcorrection, corticosteroids may be abruptly discontinued to
encourage a more robust healing response and regression. Conversely, undercorrection
caused by robust regression may occasionally be reversed by aggressive treatment with
topical steroids. Small refractive errors with ocular surface disease may respond to artificial
tears28 or insertion of punctual plugs.2®

If the post-operative refraction is determined to be stable and there is a large enough
refractive error to warrant treatment, the physician needs to confirm that there is sufficient
residual stromal bed thickness to carry out the required corrective treatment. Though there is
no established guideline, most surgeons ensure that there will be a residual stromal bed
(RSB) of at least 250-300 pm3° or a final percent tissue altered (PTA) value of 40% or less
following the enhancement3! to reduce the risk of ectasia.

In cases of post-LASIK residual or induced second order aberrations, the stromal bed may
be accessed in several ways. Most commonly, if the retreatment is within a year (or
sometimes more) and the edge of the original flap is visible, it can be re-lifted. If the flap
edge cannot be identified or the flap lift is difficult and at risk of tearing, other options
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include a larger flap recut, a side cut within the original flap, or a mini-flap that is smaller
and thinner than the initial flap. Once the stromal bed is exposed via flap lift or creation as
described, or epithelial removal is performed in cases of PRK retreatment, the corrective
ablation may be applied. Using a wavefront-guided32 or wavefront-optimized ablation
profile has the benefit of correcting both lower and higher-order aberrations. However, it
must be kept in mind that these profiles remove more tissue than a conventional ablation. If
the enhancement is for an eye that was initially overcorrected, 20-25% less correction
should be programmed into the laser than if it was the first treatment. This is because these
eyes are already known to have an exaggerated response to ablation.

In cases of errors in lower-order aberrations that are not amenable to repeat ablation due to
insufficient RSB or high PTA, there are several enhancement modalities that preserve
corneal tissue. In a post-LASIK eye, additional laser can be applied to the surface33 or
undersurface3* of the LASIK flap. Corneal collagen crosslinking (CXL) is currently being
developed as a refractive modality3®, which would allow for correction of small amounts of
post-refractive residual myopia without removing additional tissue while also strengthening
a thinner stromal bed. Intraocular surgery with an implantable collamer lens (ICL, also
known as a phakic intraocular lens) or clear lens exchange may be offered. Alternatively, if
the patient does not want to undergo further procedures, contact lenses or glasses may be
used depending on the extent of surface irregularity.

Laser Programming Errors

There is a scarcity of case reports or papers in the published literature discussing surgeon
error in the refractive preoperative period. The largest published case series specifically
addresses medical error in refractive surgery and identifies specific steps where this
occurred in 18 patients.3¢ Only two other case reports describing errors in data entry in 4
eyes have been reported in the English literature.37:38 For this reason, it is difficult to know
the incidence of these events, though extrapolating from internal data, Moshirfar et al.
estimated that 280 to 400 cases of data entry errors in refractive surgery occur annually.36
Regardless of the actual incidence, the time period from when a surgeon first meets a patient
for a screening examination to the application of the laser contains numerous opportunities
for incorrect data entry or transfer.

The number of times that a patient’s refraction is entered and transferred from one source to
another can be as high as 5 times or more. In our institution, for example, the manifest and
cycloplegic refractions are first transferred from the phoropter to the electronic medical
record by the technician. The record is then printed and given to another technician who
enters the refraction data into a refractive database, which recommends optimized ablation
profiles based on pooled data. The surgeon then selects the power to treat on a printout from
the database and returns this to a technician who enters the information into the excimer
laser on the day of surgery. Each of these steps represents a time point where an incorrect
number, sign or decimal could potentially be entered or information could be recorded under
the wrong patient’s name.

Another potential source of error is cylinder conversion. When various diagnostic
equipment, electronic medical records or laser platforms require cylinder to be in either plus
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or minus notation, a conversion may be required. Simple errors in addition or subtraction,
remembering to switch the sign or failing to rotate an axis can all lead to doubling of an
astigmatic error post-operatively. The use of different symbols to denote axis by different
laser platforms can also be confusing to a surgeon or technician not familiar with the
interface and lead to error in data entry. For example, the software for one laser uses the
“@” symbol to denote axis on some screens and meridian on others. Furthermore, on one
screen the axis sign is replaced by a “*” symbol, making it unclear whether it is in plus or
minus notation (Figure 2). By standard convention, “@” represents meridian while a “x” or
the word “axis” denotes the axis location. Deviating from this convention creates potential

confusion and incorrect treatment.

Prevention—Despite a reliance on technicians to make the clinic and operating room more
efficient, it is ultimately the responsibility of the surgeon to verify that all information and
treatments are accurate. Some laser platforms that perform custom treatments automatically
transfer data from diagnostic equipment to the laser eliminating certain steps where a
transcription error could occur. However, this is not standard across all platforms,
particularly those performing conventional treatments. The final opportunity to recognize an
error is the surgical “timeout” while the patient is in the laser suite awaiting ablation. At this
time the patient and treatment are announced and confirmed by the physician and
technicians. All clinical refractive data that was used to determine the ablation, including the
medical record, should be available to compare to the treatment data. A consistent timeout
protocol performed before every procedure will help to eliminate wrong patient and data
entry errors.

Management—When a laser programming error occurs, and an incorrect treatment is
carried out, the most important thing to do is communicate with the patient. The surgeon
should inform the patient of what happened, and discuss the steps necessary to correct the
error. The fear of litigation may tempt a surgeon to cover up the error and re-treat the patient
without disclosing the mistake. However, evidence has shown that a perceived lack of
communication and honesty following a surgical error is more likely to motivate a law suit
than an error itself.3940 In addition, if it is discovered that an error was intentionally covered
up by a physician, then the financial and professional repercussions in a law suit become
significantly worse.

Once the error has been disclosed, treatment is based on the residual refractive error,
topographic changes, and the patient’s motivation to undergo additional procedures. In some
cases, the patient may elect to simply wear glasses or contact lenses. If the incorrect
treatment was small in magnitude and the patient has sufficient residual stromal thickness,
they may benefit from an additional ablation. If the residual cornea is insufficient for further
ablation, a lens-based refractive procedure such as an ICL or clear lens exchange may be
performed. In severe cases where the extent of induced corneal irregularity is not correctable
by any of the above methods, a corneal transplant alone or in combination with additional
refractive procedures may be necessary to achieve an acceptable level of vision.
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lll. Higher Order Aberrations

Decentered or Rotated Ablations

Aberrations following refractive surgery may be caused by intraoperative issues, such as eye
movements or poor fixation by the patient during treatment. This may result in the ablation
pattern being misaligned or decentered over the visual axis (Figure 3). Eye movements, such
as cyclotorsion of the eye in the supine position compared to sitting upright, can
theoretically cause poorly-aligned ablation profiles and astigmatic axis shifts resulting in a
poor visual outcome.?! Chernyak noted that 56% of eyes undergoing PRK or LASIK
experienced more than 2 degrees of cyclorotation from the upright to supine position, with
21% experiencing more than 5 degrees of cyclorotation.*! Cyclotorsion has been postulated,
though not clinically proven, to induce clinically-significant HOAs following laser refractive
surgery as well.#243 |n contrast, centration error has been shown to induce much more
significant total aberrations (both lower-order and higher-order) than cyclotorsional
misalignment.*3 Despite a reduction in gross decentrations with the advent of eye-tracking
software, subclinical (<1.0mm) decentrations may still occur. Aberrations induced by these
decentered ablations are a major risk factor for poor patient outcome.

The exact incidence of decentered ablations in refractive surgery is not known, but may be
inferred from studies analyzing their effects. One such study was a retrospective chart
review of 3719 eyes undergoing LASIK for myopia, which found a total of 46 eyes (1.2%)
with topographically-determined decentration.** Decentration of the ablation profile can be
caused by a number of intraoperative factors, including treatment displacement (a shift in
the specified treatment location), eye movements such as drift, or poor patient fixation.4>
Stromal drying has also been suggested to contribute to decentration risks, as this may
induce poor patient visualization of the fixation beam. Misplacement of the ablation profile
with respect to the pupil can also pose a risk, particularly if the pupil is miotic or mydriatic
at the time of surgery.46

Decentered ablations can result in significant decrease in both visual acuity and visual
quality with glare, halos, star bursts, irregular astigmatism, and poor contrast.#” Mrochen et
al found that subclinical (<1.0mm) decentered ablation profiles produced a significant
increase in HOAs compared to pre-operative aberration profiles, specifically coma and
spherical-like aberrations.*8 A study by Padmanabhan et al later confirmed a higher
incidence of aberrations like tilt, vertical coma, oblique astigmatism, and spherical
aberration in patients with decentered ablations compared to patients without decentered
ablations. To support suspicion of clinical relevance, they also correlated ablation profile
decentration with a lower uncorrected visual acuity.**

The direction and magnitude of decentration has been suspected to dictate type and
magnitude of the aberration induced. Padmanabhan and colleagues suggested the largest
increase in vertical coma was secondary to decentrations predominantly in the vertical
direction.** A linear correlation between the magnitude decentration and the magnitude of
induced aberrations of tilt, coma, and secondary astigmatism has also been demonstrated.*4
The effect of the transition zone in the aberrations produced by decentered ablations has also
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been evaluated and are suggested to contribute to the development of coma and spherical
aberration.9

With the increasing popularity of small incision lenticule extraction (SMILE) in refractive
surgery a number of reports on induced aberrations following this procedure have
emerged.50:51 Despite the lack of active eye tracking software and theoretically higher risk
of decentration in SMILE, it appears to induce few HOAs.5152 One study specifically
reporting on the effect of decentered SMILE failed to show significant correlation between
induced aberration and extent of decentration, although all decentrations were notably small
(<0.5mm).50 There are no SMILE studies to date demonstrating a significant impact of
decentration on visual outcome.

Prevention—It is generally accepted that once the decentered ablation profile is noted to
be present, it will usually remain and will not change with corneal remodeling, making
prevention critical in improving patient outcomes.#6 Prevention of decentered ablations
should be focused on controlling intraoperative factors that may lead to poor centration,
such as using brighter fixation beams with lower illumination lights, and decreasing
operative time to prevent stromal drying.#>-46 Verbal encouragement to the patient is often
helpful for patient relaxation and cooperation with fixation as well. Eyes with large angle
kappa are thought to be better managed by centering between the entrance pupil and the
visual axis, rather than directly on the pupil.#>46 Of course, observing the eye while ablating
and stopping ablation at the first sign of drift and poor centration is critical in preventing
decentered profiles and irregular astigmatism.

Management—After making the diagnosis of a decentered ablation, it is generally
recommended to observe for a period of 3 to 6 months, as there may be remodeling that can
occur in the treatment zone that reduces subjective symptoms.#® Since aberrations may
increase with larger pupil diameter, miotic drugs can be used to reduce optical aberration
and symptoms of poor visual quality. Surgical management of decentered ablations has been
previously reviewed by Jarade and Azar and have included arcuate keratotomy in the
opposite direction of the decentration, laser retreatment with viscous impediment to the
previously ablated cornea, and retreatment with intent on correcting any additional refractive
error.4

A number of newer methods have been proposed to reduce symptoms and aberrations in
eyes with decentered ablations. One technique described by Lafond et al. is to retreat with a
combination hyperopic profile (in the direction of the initially-decentered myopic treatment)
and myopic profile (in the opposite direction). They reported reduced symptoms and
improved centration of the ablation zone in 15 of 16 eyes.>3 Topography-guided
retreatments, or topographic neutralizing techniques, have proven effective in highly-
aberrated eyes with irregular corneas.>* Wavefront-guided ablation can also be used to
correct for the abnormal aberration profiles created by a decentered ablation, and has been
shown to reduce symptoms of monocular diplopia and halos for moderate decentrations.*’
Wavefront-guided ablations have been shown to reduce total HOAS in the setting of
persistently symptomatic eyes after LASIK as well.%> Recently, an algorithm has been
proposed for the recentration of the optical zone, with promising simulations of optical zone
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recentration, expansion, and tissue preservation.>® However, this technique has yet to be
clinically evaluated.

Central Islands

A central island is an area within a treatment zone that is steeper than the surrounding
cornea following myopic PRK or LASIK (Figure 4). This occurs when a central area of the
cornea is insufficiently ablated relative to the surrounding tissue. Several investigators have
proposed a unifying definition of a central island, based both on post-operative topography
and differential maps. Hersh suggested a standardized classification of corneal topographic
findings after laser refractive surgery based on the differential topography map. He defined a
central island as a central area of relatively less flattening greater than 1.0 mm in diameter
and greater than 1.00 D in power not extending to the periphery.>” Comments following this
article warned that a standard definition may be difficult to establish given the variability
between topographic devices and even between measurements by the same device.
Definitions in the literature vary from 1 to 3 mm in diameter and 1 to 3 D in height, with the

incidence of central islands depending on the definition and follow-up time period
used.45.46, 58-62

The first description of central islands was published by Lin and initially termed a “central
bump.”83 In his series of 502 eyes undergoing PRK, a central island was present in 26% of
eyes at the 1-month postoperative visit.>® The incidence of central islands has been reported
to be as high as 80% with PRK.62:64 The reported incidence of central islands following
LASIK is lower, between 0 and 20%, also with various definitions of size and height.4:60
However, there may be a much higher incidence of transient central islands following
LASIK due to flap or bed hydration that resolve within hours of the procedure.46

The precise cause of central island formation is unknown and may be multifactorial. Several
mechanisms have been suggested. Non-uniform fluid distribution with excess fluid in the
center of the ablation zone may decrease effective ablation by reflecting or absorbing laser
energy.>? One theory explaining this central accumulation of fluid is that the acoustic
shockwave from a broad-beam laser shifts water within the stroma.5> Nonhomogeneous
broad-beam laser profiles with cooler central areas relative to the periphery could also lead
to less effective ablation centrally.46:66 The most commonly cited cause is the plume of
ejected corneal material that is produced by each laser pulse. This airborne material tends to
concentrate over the central ablation zone and then settles in this area, re-depositing on the
cornea and partially blocking subsequent laser pulses.8” Central islands have also been
found to be more common with larger ablation zone diameters and higher preoperative
refractive errors,#5.60

McCormick et al. found that when patients with uncorrectable visual complaints following
LASIK were categorized by topographic pattern, those with central islands had the greatest
higher-order RMS wavefront error compared to decentered ablations, irregularly irregular
astigmatism and “baby bowties”. The dominant HOAs in this group were negative vertical
coma and positive spherical aberration.19 As a result of inducing HOAs, central islands
cause delayed visual rehabilitation, reduced BCVA, monocular diplopia, ghost images and
decreased contrast sensitivity.45:46.60.68
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Prevention—Central islands are a complication almost exclusively associated with broad-
beam lasers. Frequent maintenance of the laser with replacement of the optics and ensuring
proper calibration and homogeneity of the beam profile can help to maintain a consistent
ablation profile. Keeping the laser suite at a stable temperature and humidity with
minimization of air flow in the room may also lessen island formation.%6 The technique of
blowing nitrogen gas across the ocular surface during ablation significantly reduced the rate
of central island formation. In one series, this technique decreased the incidence of central
islands at 3 months from 64% to 20%.52 The gas accomplishes this by drying the cornea and
creating a more uniform surface while also removing ablation byproducts. Conflicting data
regarding induction of corneal haze has made use of nitrogen gas less popular.5® An
aspiration suction device can also reduce the accumulation of the laser plume over the
ablation zone. Additional strategies employed for use with broad-beam lasers included
wiping the surface of the corneal bed with a sponge before and during ablation to remove
excess moisture,*6:61 using a lower frequency ablation to allow the laser plume to
dissipate,*8 and using specialized software programs that provide additional laser treatment
to the center of the ablation zone.45:46.61

With modern laser technology, including scanning-slit and flying-spot lasers, the incidence
of central islands has been drastically reduced and they are rarely encountered. These laser
patterns mitigate the problem of a plume blocking ablation by constantly moving across the
corneal surface. They are programmed to avoid continuously ablating in the same position
where the plume may be accumulating.’® Additionally, scanning-slit and flying-spot lasers
do not produce a centripetal shock wave and thus do not push fluid towards the center of the
ablation zone. The recall of the Alcon LADARVision 6000 excimer laser in 2007 is a
cautionary example of how faster scanning spot lasers that do not implement a staggered
spot strategy can generate central islands similar to those seen in older broad beam systems.

Management—Before proceeding to treatment of a central island, the patient must be
monitored with topography for a minimum of 3 months and ideally longer. With time,
central islands may resolve on their own. This is particularly true in cases following PRK,
where the majority of cases resolve within 1 year. In a large series of patients with a central
island noted 1 month following PRK, 39% had resolved at month 3, 88% at month 6, and
98% at month 12.58 Regression is likely indicative of epithelial remodeling resulting in a
smoother corneal surface. Central islands tend to regress to a lesser degree following
LASIK.51 This may be due to lack of epithelial remodeling to compensate for the central
elevation®, or a greater tendency for intrastromal fluid to accumulate under the flap during
treatment.51 At each follow-up visit, topography and visual symptoms should be evaluated.
During this period of observation, if the patient is intolerant of their symptoms, a soft or
rigid gas-permeable contact lens can be fit for temporary relief. However, contact lens wear
must be taken into account and discontinued 2 to 4 weeks before each visit when deciding
whether progression or regression has occurred, as the contact lens may cause alterations in
topography.’® If the central elevation is improving or the patient’s symptoms are less
bothersome or resolved, no treatment is indicated.

If after 3 months or more the central island is persistent on topography and the patient
continues to have visual symptoms, surgical intervention may be considered. Various
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modalities have been described to treat central islands, with corrective ablations re-applied
to the corneal surface in post-PRK patients and to the flap or stromal bed surface in post-
LASIK cases. The combination of phototherapeutic keratectomy and PRK showed a modest
improvement in central island power and significant improvement in mean UCVA in a small
series.%9 If the power of the central island matches the patient’s refraction, Munnerlyn’s
equation may be used to plan PTK#>71: ablation depth = (S2 x D)/3, where S = diameter of
the ablation zone and D = diopteric correction.”? The number of PTK pulses necessary can
be calculated based on the knowledge that each pulse ablates approximately 0.25 um of
tissue. Masking agents such as methylcellulose may be used to prevent ablation of the flatter
surrounding tissue. If the power of the central island does not match that of the refraction,
the corneal surface is likely more irregular and will require additional ablation 3 to 6 months
after PTK 4571

Topography-guided ablations, developed for the treatment of irregular corneal surfaces, are
in theory the ideal treatment for central islands. However, results thus far have been mixed.
After encouraging initial clinical results’3, one group treated 6 eyes with post-PRK/LASIK
central islands using a topography-guided system. While patients with irregular corneal
surfaces due to other reasons had significant improvements in topography and symptoms,
they found the results to be sufficiently poor in the central island group to advise against
using their technique in this patient population.’ Alio et. al had similarly disappointing
results treating central islands with their topography-guided system.”® Alessio et al.
successfully treated one patient with a symptomatic post-PRK central island using a system
that transferred topographic data from a topography mapping system to a flying-spot
excimer laser.”® More recently, Hafezi et al. reported a series of 3 successful treatments
using a customized topography-guided ablation algorithm.”’

Wavefront-guided treatments have not been found to be effective for correction of central
islands. This is likely due to inaccuracies in measuring such a significant curvature change
across a small area.’® Integration of live aberrometry or topography into an excimer laser
system may be the most effective means of treating central islands, though such systems are
not yet commercially available. While not encountered frequently, refractive surgeons must
be aware of how to identify and treat central islands so that they are able to properly council
patients regarding the variability of treatment results and the possible need for multiple
revisions.

Small Ablation Zones (Ablation zone size and peripheral blend zones spherical
aberrations)

When ablation profiles were initially developed, there was a belief that the optical zone
diameter should be small to minimize depth of tissue ablation and decrease the risk of
stromal scarring.”® The Munnerlyn formula dictates that the required depth of ablation
increases by the square of the treatment zone.”2 While successful in treating lower-order
aberrations, it quickly became evident that small optical zones were a major cause of HOAs
and poor visual outcomes.89-81 Complaints of glare, halo and disturbances in night vision
resulted from the induced HOAs.27.82.83

Int Ophthalmol Clin. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kligman et al.

Page 13

This effect is in part a function of the pupil size in relation to the treatment zone.”:81 In a
dilated pupil following a small-zone myopic ablation, peripheral rays incident upon the
relatively steeper cornea outside the treatment zone may pass through the pupil and come
into focus in front of the retina, resulting in spherical aberration.> Due to this relationship,
larger pupil sizes and scotopic conditions tend to produce more HOAs (particularly spherical
aberration) following myopic refractive surgery, especially with small treatment zones.81
Higher myopic corrections are also associated with increased HOAs, attributed to a larger
transition in refractive power between the treated and untreated cornea and loss of
asphericity.445:81.84.85 Early ablation profiles compounded this effect by reducing the
natural negative asphericity of the cornea within the treatment zone. With broad-beam
pulses, the ablation rate drops off peripherally due to a more oblique angle of incidence. The
net result is that the cornea becomes oblate rather than prolate, increasing spherical
aberration.83

Prevention—Over time, the understanding that smaller ablation zones induced HOAs and
bothersome visual symptoms led to increasing the standard ablation zone diameter from 4.0
mm to 6.0 mm and larger for PRK and LASIK. In studies comparing ablation zone sizes,
incidence and magnitude of nighttime glare and halo were found to be significantly reduced
with a 5 mm versus 4 mm ablation diameter2”-86 and even more so when the ablation zone
was expanded to 6 mm.27:87-90 |n one large, prospective, randomized, double-blind study, 6
months post-PRK 17.5% of patients treated with a 5 mm zone complained of severe night
vision disturbances compared with none in the 6 mm zone group.88 Another study
comparing night vision symptoms of patients undergoing PRK with 4.0-, 5.0- and 6.0-mm
optical zones also found that no patients in the 6.0 mm group experienced significant night
vision disturbance versus 12% and 14% of patients in the 5.0 mm and 4.0 mm groups,
respectively.2’ In a study of 1488 eyes that underwent LASIK for myopia, optical zones
smaller than 6.0 mm resulted in a 2.5-times increase in night vision complaints.?1

Though increasing the ablation zone diameter initially resulted in higher incidence of central
islands, adjustments in laser beam profiles eliminated this problem as discussed in the
section above.2” When Oliver et al. looked specifically at HOAs induced by PRK, they
found that the spherical aberration coefficient increased significantly more following a 5
mm ablation compared to a 6 mm ablation.2 Seo et al. also found that a larger, 6.5mm
optical zone with an 8mm blend zone reduced HOAs compared to a conventional 6.0 mm
optical zone following laser subepithelial keratomileusis (LASEK).81 Delivering more
ablation to the peripheral optical zone also helps to counteract the positive asphericity
induced by the reduced laser energy delivered to this area.83 This idea has been integrated
into modern wavefront-guided and wavefront-optimized algorithms that aim to reduce
overall aberrations.

While even larger ablation zones would theoretically reduce HOAs further, the maximum
size of the ablation zone is limited by ablation depth required for larger diameters. If a high
correction is necessary, PRK should be the procedure of choice rather than reducing the size
of the treatment zone to preserve tissue or risking a thin residual stromal bed with LASIK.
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In an attempt to increase the size of treatment zones while preserving corneal tissue, several
groups tried variations of a compound or multizone ablation profile. Both Oliver et al.2 and
Corbett et al.%0 (Corbett Br J oph 1996) attempted a multizone treatment with —5.00 D
correction over 4.6 mm and —1.00 D over 6 mm. In terms of improving visual symptoms
such as nighttime glare and halos, they had limited success and were comparable to smaller
zone ablations. Vinciguerra et al. had similarly poor results with a compound ablation
profile created by increasing preoperative sphere 25% and applying hyperopic ablation of
25% of preoperative sphere.%2 A high incidence of central islands was seen post-operatively
in these treatments as well.90:92

During the pre-operative evaluation, pupil size measurements should be taken in photopic
and scotopic conditions to ensure the planned treatment and blend zone extends beyond the
mydriatic pupil. In one study evaluating pupil size and visual complaints, all patients who
reported significant night vision disturbances had a scotopic pupil size larger than the
ablation zone.2” Even with larger treatment zones now being the standard of care, patients
with pupils that dilate to 6 mm or more in mesopic conditions should be warned of the
possibility of an increased risk for night vision disturbances following ablative surgery.
However, more recent data supports the idea that the relationship between large pupil size
and an increase in subjective postoperative visual symptoms may be limited in duration and
less prominent with modern laser technologies.8°

Management—Patients who have previously undergone myopic PRK or LASIK with a
small optical zone and have disabling visual symptoms may benefit from additional
procedures to enlarge the optical zone as long as there is sufficient residual stromal
thickness. When residual myopia is present, an additional myopic treatment with a larger
optical zone can be applied. Eggink et al found that by employing this strategy, even if there
was still a small amount of residual myopia, subjective reports of halos and night-driving
problems were significantly reduced. If the eye is already near-plano following the first
surgery, the larger-diameter treatment must be applied in a way so as not to change the
overall refraction. This may be done by subtracting the desired correction in the small zone
from that which would be required to achieve the same correction in a larger 6 or 7 mm
zone. In this way, the peripheral zone receives an effective refractive treatment, while the
original central zone is only deepened.®* Another method is to apply an equivalent small
myopic and hyperopic treatment in the same session over a wider zone.>3 Topographically-
guided spot scanning laser ablations have also been shown to improve corneal regularity in
eyes with small optical zones.”#

Patients with small optical zones following PRK for high myopia often do not have enough
residual stromal bed to safely perform an additional customized myopic ablation. In these
cases, Hafezi et al.8% proposed a 2-step bioptics approach. First, a clear lens exchange is
performed to shift the patient to hyperopia, then a topography-based hyperopic correction
with up to a 7mm optical zone and minimal ablation in the center of the cornea is applied. If
the patient is young and pre-presbyopic, the clear lens exchange step can be replaced by an
ICL.
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Reduction or Minimization of Higher Order Aberrations: Comparison of Techniques

Wavefront-optimized ablation, Wavefront-guided ablation, Topography-guided
ablation, and SMILE—In the evolution of laser refraction techniques, one of the most
significant advances came in the transition from static broad-beam laser ablations to
scanning-slit and flying-spot laser systems. With smaller beam diameters (0.5-2mm), higher
frequency, and less tissue removal per pulse, newer lasers allow for highly customizable
treatment algorithms and integration with wavefront and topographic data. Wavefront-
optimized treatments apply additional treatment to the peripheral ablation zone in order to
maintain a prolate corneal surface and reduce induction of higher order aberrations.
Wavefront-guided systems take a patient’s individual wavefront data and create a
customized ablation profile to address pre-existing aberrations and prevent the formation of
new ones. Topography-guided ablations, which are currently gaining popularity in the U.S.,
link topography data to the ablation profile, which specifically targets surface elevations.
Finally, SMILE is the newest of the laser refractive surgery modalities. In SMILE, a
femtosecond laser makes two passes through the cornea to create a lenticule that is removed
from a small side incision. The remaining cap of stroma and epithelium collapses into the
newly created pocket, inducing a predictable myopic shift. With strong support for each of
these refractive procedures worldwide, the question remains, which induces the least HOAS
and provides the best quality of vision?

Many studies and meta-analyses have been conducted comparing wavefront-guided to
wavefront-optimized ablations.95-98 In a contralateral eye-to-eye study where one eye
received a wavefront-optimized treatment while the other received a wavefront-guided
treatment for hyperopia, HOASs decreased overall in both groups, but there was no difference
in coma, trefoil or RMS error between the groups at 1 year.% Another eye-to-eye study of
predominantly myopic eyes showed that although there was a trend towards increasing
HOAs in the wavefront-optimized group and decreasing HOAs in the wavefront-guided
group post-operatively, there was no significant difference in HOAs between the groups.®’
He and Manche similarly found no difference between the treatment modalities in post-
operative HOAs amongst higher myopes.?8 Feng et al. conducted a meta-analysis of seven
articles comprising 930 eyes and also found no difference in HOAs following wavefront-
optimized and wavefront-guided treatments.%> However, they did note that postoperative
HOAs were significantly lower in the wavefront-guided treatment group amongst patients
with preoperative RMS HOAs greater than 0.3 um, indicating that this may be a better
treatment modality for patients with higher preexisting HOAs.9

To our knowledge, only one contralateral eye-to-eye study has been performed thus far
comparing topography-guided to wavefront-optimized surface ablation in myopic PRK.
Although they did not directly analyze HOAs, Falavarjani et al. found that contrast
sensitivity, which is correlated with HOAs, improved equally in both groups 6 months post-
operatively.% Topography-guided ablations may have the largest benefit in cases where
wavefront data cannot be obtained due to corneal opacities or highly irregular corneal
surfaces such as post-penetrating keratoplasty or radial keratotomy.100

Int Ophthalmol Clin. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kligman et al.

Page 16

SMILE is a promising refractive procedure that is not yet widely available in the U.S. Ina
comparison with wavefront-optimized LASIK, Wu and Wang found that SMILE had
significantly lower 3" to 6™-order HOAs, spherical aberration, and horizontal coma of the
anterior surface and total cornea compared to the LASIK group. The only HOA that was
higher in the SMILE group was vertical coma.101 The authors suggest that this may be a
result of the flapless technique. In a retrospective analysis of moderately myopic eyes
undergoing SMILE or wavefront-optimized femtosecond (FS) LASIK, Gyldenkerne et al.
found that FS-LASIK induced significantly more HOAs, in particular coma and spherical
aberration.>2 In a similar study by Lin et al, patients in both the SMILE and wavefront-
optimized FS-LASIK groups both had HOAs induced by their respective procedures.
However, at 1 month and 3 months post-op, the SMILE group had significantly lower total
HOAs, spherical aberration, and coma. This may be due to the maintenance of corneal
structural integrity and construction of a larger optical zone in SMILE.5!

LASIK Flap Construction: Microkeratome vs. Femtosecond Laser—In 2002,
when a microkeratome was the only available method of flap formation for LASIK,
Pallikaris et al. demonstrated that creating a nasally hinged flap alone significantly increased
total HOAs, though it did not affect lower-order aberrations.192 The author felt that hinge
position may play a role, as there was an increase in coma along the horizontal axis towards
the hinge. Porter et al. also found a small but significant increase in HOAs, primarily trefoil,
induced by the microkeratome.103

Since the introduction of the femtosecond laser as a method of creating LASIK flaps in
2000, the literature has been mixed concerning which method induces fewer HOAs. Chen et
al. conducted a meta-analysis on the topic and found no difference in HOAs induced by
femtosecond and microkeratome flaps.194 Interestingly, another meta-analysis was
published one year prior that concluded that femtosecond flaps may in fact induce fewer
HOAs, including spherical aberration. This may be due to the meniscus shape of a
microkeratome flap versus the planar, uniform shape of a femtosecond flap.19° Xia et al.
also found, in a head-to-head trial, increased HOAs in the microkeratome group as well as
worse contrast sensitivity at 6 months.196 One author felt that flap thickness may be
responsible for induction of HOAs since hinge direction did not influence coma contrary to
prior reports and the more uniform femtosecond flaps induced fewer HOAs than
microkeratomes.107 However, Cheng et al. demonstrated that there was no difference in
HOAs induced by flaps of different thickness.198 Despite relatively increased HOAs in the
microkeratome groups, none of the studies reported worse uncorrected or corrected vision or
disabling visual symptoms amongst these patients.
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Figure 1.
Visually significant optical aberrations displayed as Zernike polynomials. Each is labeled

with their common name and Z(x,y) notation where X is the order of the aberration and y is
the angular frequency or number of times the wavefront pattern repeats itself. (Images
courtesy of Dr. Ronald Krueger, M.D.)
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Treatment Dat

-40(D* 075D @ 95°

Laser interface display of a single excimer laser system. Note that the “@” symbol is used to
denote axis on one screen (A) and meridian on another (B). The “~” symbol replaces the
sign for plus or minus cylinder on a third screen (C).
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Axial and tangential topography maps of patient with a bilateral decentered ablation
following conventional LASIK for high myopia. Note significantly flatter superior corneal
surfaces indicating that the laser was centered superior to the visual axis in both eyes.
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Figure4.
Axial topography of an eye with a central island. The central 2 mm of the treatment zone has

a power of curvature 2 to 3 diopters steeper than the surrounding corneal surface. (Image
courtesy of author WJD)
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