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ABSTRACT: Purpose. The purpose of this study is to determine the effect of higher-order aberrations after Corneal
Refractive Therapy (CRT) on best-corrected visual acuity (BCVA) and the impact of pupil size on BCVA. Methods.
High-contrast (HC) and low-contrast (LC) Bailey-Lovie BCVA was measured in the morning before and after pupil
dilation on 20 myopes (mean spherical equivalent -3.11 D = 0.96 D) under age 40. BCVA was measured again in the
afternoon after dilation. Dilated am and pm aberrations were measured using the Complete Ophthalmic Analysis
System (WaveFront Sciences). Patients were fit with CRT lenses in each eye. One month after finalizing the lens fit,
BCVA and aberration testing were repeated. Average higher-order RMS error (third to sixth order), spherical aberra-
tion, third-, fourth-, fifth-, and sixth-order RMS error were calculated at each visit for a 3-mm and 5-mm pupil. BCVA
and aberration data were analyzed using a repeated measures analysis of variance. Linear regression was used to
describe the relationship between aberrations and BCVA reductions after CRT. Results. Mean refractive error changed
by +3.33 D = 0.96 D. No clinically significant changes were found in HC BCVA post-CRT, whereas LC BCVA
reductions of 0.07 logarithm of the minimum angle of resolution (logMAR) (nondilated, p = 0.002) and 0.12 logMAR
(dilated, p < 0.001) were found. No additional decrease in HC BCVA was found after pupil dilation, whereas a mean
additional decrease of 0.08 logMAR in LC BCVA was found with dilation post-CRT (p = 0.013). Higher-order RMS error
increased for both 3-mm and 5-mm pupils (p < 0.0001) and remained stable between measurements. Spherical
aberration increased for 5-mm pupils after CRT (p < 0.0001). For a 5-mm pupil, a 0.1-um increase in spherical
aberration was associated with an additional decrease in LC BCVA after pupil dilation post-CRT of 0.056 logMAR (R?
= 0.382, p = 0.004). Conclusions. CRT results in reduced low-contrast BCVA as a result of increased higher-order
aberrations. Higher-order aberrations appear to be relatively stable after CRT. Spherical aberration appears to drive
additional low-contrast BCVA losses as pupil size increases, (Optom Vis Sci 2005;82:490-497)
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vernight orthokeratology is the temporary reduction of
O myopia achieved by reshaping the cornea using a spe-

clally designed rigid gas-permeable (RGP contace lens
that is worn overnight, After wearing their lenses overnighr and
removing them the next morning, patients should be able 1o see
throughour the day withour spectacles or contact lenses, The first
mention in the literature of using rigid lenses to intentionally flac-
ten the corneal apex was by Jessen in 1962."* Recent innovations
in conract lens design, compurerized custom lathing, and advances
in gas-permeable contact lens materials have led to renewed inter-
est in this procedure. The term “accelerated” orthokeratology was

first used in 1989 to describe reverse geomerry orthokeratology
lenses that provide rapid achievement of corneal and refractive
changes.**

In 2002, Corneal Refractive Therapy (CRT; Paragon Vision
Sciences, Mesa, AZ) became the first contact lens procedure ap-
proved by the U.S. Food and Drug Administration (FDA) for
overnight corneal reshaping in the United States. Studies of this
maodality of myopia correction have found it to be a safe and
effective means of correction in adults, adolescents, and chil-
dren.> Although this procedure has gained some popularity as an
alternative to refractive surgery as a result of its reversibility, its
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influence on higher-order aberrations {those aberrations that can-
not be corrected by a specracle prescription) has not been fully
established.

The overall change in corneal shape in CRT, including central
corneal thinning,*? is similar to the general shape changes in pa-
tients undergoing photorefractive keratectomy (PRE) and laser 0
sitnt keratomileusis (LASIK). In general, the central cornea is flac-
tened in these procedures.”™'" Both PRK and LASIK have been
shown o significantly increase higher-order aberrations as a result
of these shape changes.''=" In these studies, spherical aberration
was found to be the predominant aberration induced as pupil size
increased. Oliver etal.' derived modulation transfer functions for
PRK patients based on the corneal profile change and indicared
thar the calculations suggest a significant loss in visual perfor-
mance. A study examining visual acuity 1 year after PRK found a
mean reduction in high-contrast best-corrected  visual acuity
(BCVA) of half a line and a mean reduction in low-contrast BCVA
of 114 lines."* Greater reductions in BCVA were present with pupil
dilation and the introduction of a glare source.

With the recent development of clinical Harrmann-Shack wave-
frant sensors thart are capable of measuring the aberration profile of
the human eve, there has been grear interest in determining the
aberrations induced by current methods of refractive ervor correc-
tion. Quantilying the aberrations induced by a mode of correcrion
is important because of their impact on visual acuity and visual
qualicy, One published study found an increase in higher-order
aberrations after CRT, especially spherical aberradion."” After 1
month of treatment, significant mean increases in higher-order
aberrations of (L0567 pum and 04246 pm were reported for both
a 3-mm and G-mm pupil diamerer, respectively. Spherical aberra-
tion (£,") was the Zernike coefficient demonstrating the greatest
increase for a 6-mm pupil and increased from 0,084 = 0,16 to
0.39 = 0.16 pm. This study also found a significant increase in
horizontal coma (Z,*) for a 6-mm pupil. However, this study did
not evaluare the stability of higher-order aberrations after wearing
CRT lenses. In addition, the impact of higher-order aberrations on
BCVA as a function of pupil size was not measured.

Most previous cxaminations of overnight corneal reshaping
have used uncorrected visual acuiry and nondilated manifest re-
fractions to measure how successfully the procedure reduces myo-
piz. Although these outcomes are viral to understanding the effec-
tiveness of the procedure, it does not address its impact on best
potential vision, In addition, visual acuity measurements through
habital photopic pupil sizes fail to describe the impact of the
procedure on vision when the pupil dilates, such as under mesopic
and scotopic conditions,

By measuring BOCVA through both a nondilared and dilared pupil,
it is possible to eliminate residual lower-order aberrations allowing us
tor clinically measure the impact of induced higher-order aberrations
on BOVA as pupil size increases. One study thus far has reported char
high-contrast BCWVA at both high and low illumination was not sig-
nificantly reduced after 1 montch of overnight corneal reshaping,
However, low-conerast BOVA was significanty reduced by two letters
under high illumination and by five letters under low illumination.'®
The greater reduction in low-contrast BCYA under low illumination
sugpests that increased higher-order aberrations play a role in the ad-
ditinnal acuity reduction.

Studies of the retention and regression of orthokeratology wich

rime have found char the amount of myopic regression appeared to
stabilize berween —0.25 D and —0.75 D during the day after 90
days of treatmenc.''® This suggests thar subjective visual fluctu-
ation'® could be a combination of myopic regression during the
day, induced higher-order aberration instability, and the impacr of
higher-order aberrations as pupil size increases, Nichols et al. in
2000" reported that the majority of corneal and refractive change
occurred within the first 7 days of overnight orthokeratology and
leveled off by 30 days, In a study by Soni eral, in 2003 evaluating
visual and corneal changes after overnighr orthokeratology, they
found thar all corneal and visual changes had reached & maximum
level and remained relatively stable throughout the day by the end
of | week of wear. Therefore, we hypothesize that higher-order
aberrations reach a level of stability similar to that of prefit stabilicy
after 1| month of lens wear and chat subjective Huctuation is a
combination of both myopic regression and the impact of induced
higher-order aberrarions on BCVA as a function of pupil size. The
ultimate goal of this study was to determine whether subjectively
reported visual fluctuation after CRT is the result of myopic re-
gression throughour the day, the instability of induced higher-
order aberrations, the impact of higher-order aberrations as pupil
size increases, or 4 combination of these factors,

METHODS
Subjects

Twenty healthy myopic patients berween 21 and 37 years of age
{mean = standard deviation = 27 = 5) were fic with Paragon CRT
lenses (manufactured in Paragon HDS 100 material) in each eve.
Of the subjects, five (25%) were male and 13 (73%) were female.
To be cligible for the study, all subjects were berween the ages of 18
and 39 and were free of ocular disease, In cach eve, subjects had
-1.00 I to —6.00 D of myopia, had no more than —1.25 T of
astigmarism, were correctable to 20/20, and had flar keratomerry
readings of =41.00 D, The average initial refractive M value
{spherical equivalent) was —3.11 D % 0.L96 DD and ranged from
-1.00 D to -5.50 D. The study protocel was approved by the
Institutional Review Board at The Ohio State University and fol-
lowed the wenets of the Declaration of Helsinki. Patients were
provided the informed consent document and were required o
review and sign this form before beginning any testing, A roral of
24 patients were consented and examined; however, anly 20 pa-
tients met the eligibility criceria.

Study Design

One month was chosen as the study length as a result of general
agreement in the literature that the corneal reshaping effecr is stable
by this time.®'"'" Morning and afternoon visits separated by ar
least G hours were performed at baseline ar which the aberrations of
each dilated eve were measured. Patients were then fic in CRT
lenses in each eye following the manufacturer’s fitting guide, The
lens fir was considered finalized after 1 week of successful overnight
wear in the same CRT lens parameters, One month afver finalizing
the lens fit, the aberrations of each dilated eye were again measured
in the morning and afternoon.

Wavefront measurements were made using the previously vali-
dated Wavefront Sciences Complete Ophthalmic Analysis System
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{COAS) G200 (Albuquerque, NM) following the manufacturer’s
recommended protocol.™ Ar each visit, eight dilared measure-
ments (1% tropicamide and 2.5% phenylephrine) were made per
cyc within 1 minute and the average of cach Zernike coefficient
(third through sixth order) was determined. All Zernike coeffi-
cients were reported using Optical Society of America (OSA) stan-
dards.*' The average Zernike coefficients at each visit were used to
calculate root mean squared (RMS) error for toral higher-order
aberrations (third through sixth order), higher-order aberrations
excluding spherical aberration (Z,") and secondary spherical aber-
ration (Z¢"), third order only, fourth order only, fifth order only,
and sixth order only. The average Zernike coefficient for spherical
aberration (Z,") was also included in subsequent analyses. All val-
ucs were calculated for both a 3-mm and 5-mm pupil diameter.
The maximum pupil diameter of 5 mm was determined by evalu-
aring each Hartmann-Shack spot image and finding the one with
the smallest analyzable image diameter as determined by the
COAS.

Monocular nondilared high- and low-contrast BCVA was mea-
sured ar the morning visits and dilated high- and low-contrast
BCVA was measured at both the morning and afternoon visits. All
visual acuity measurements were measured through a phoroprer.
Bailey-Lovie visual acuity chares (high contrase = 100% and low
contrast = 10% Michaclson contrast) were read under photopic
conditions (chart illumination = 75-110 ed/m?) following the
protocol established by the Collaborartive Longitudinal Evaluation
of Keratoconus (CLEK) Study and reported in logMAR.** Best
correction for each visual acuity measure was determined by a
standardized manifest refraction performed by the same clini-
cian.?* All refractive data were converted to vector notation (M, ],
J4s) for the purpose of analysis.*®

Data Analysis

All statistical analyses were performed using SAS version 8.02
software. So that data collected on both eyes could be properly
uscd, eye (OD or OF) was included as a factor in each repeated-
measures analysis of variance to account for the covariance berween
eyes. If no significant interaction with the eye facror was found, the
dara for right and left eyes were averaged for any necessary posthoe
analyses. Ifa significant interaction with eyes was present, post hoe
comparisons were performed separately for right and left eyes. Post
hoc t-test comparisons were performed using the method de-
scribed by Tukey and the appropriate mean square error from the
analysis of variance. Statistical significance for all repeared-mea-
sures analyses of variance was set at p < 0.03.

Other than eye (0D or 08}, the other potential factors included
in each repeated-measures analysis of variance when appropriate
were visit (baseline or 1 month post-CRT), time (am or pm) and
condition {nondilated or dilated pupil). Repeated-measures anal-
yses of variance were used to determine if significant changes ex-
isted in the nondilated manifest refractive data collecred at the
bascline and 1 month am visits as well as the dilated manifest
refractive data collected ar the am and pm visits ar both baseline
and 1 montch. All analyses of logMAR visual acuity data were
performed for both high- and low-conwast BCVA, A repeated-
measures analysis of variance was performed to examine differences
in dilated BCVA at the am and pm visits ar both baseline and 1

month as well as to determine whether significane differences in
BCVA were present berween the baseline and 1-month am mea-
surements when measured through a nondilated and dilated pupil.

All BMS error analyses were performed for both a 3-mm and
5-mm pupil diameter. Repeated-measures analyses of variance
were performed to examine differences in RMS error and spherical
aberration (7"} at the am and pm visits at baseline and 1 month.
For all 5-mm pupil Zemike coefficients other than spherical aber-
ration (Z,"), additional paired t-tests were used to determine if
changes existed between baseline and post-CRT values with signif-
icance set at p << (0L01.

Pearson correlation coefficients were calculated to examine the
relationship between the am change in both higher-order RMS
error and spherical aberration (Z,") for a S-mm pupil diameter and
the change from baseline to 1 month in the difference berween
dilated and non-dilated low-contrast BCVA measured ar the am
visit (i.e., the change in BCVA as pupil size increases). If no signif-
icant eye effect was noted in the repeated-measures analysis of
variance performed for each calculated aberration value, right and
left eye data were averaged for the correlation analyses. Pearson
correlation coefficients were also caleulated to assess the strength of
the relationship between the change in both higher-order RMS
error and spherical aberration (Z,"} fora 5-mm pupil and changes
in dilated low-contrast BCVA as well as initially treated refractive
M. A Bonferroni correction was used to adjust the p value neces-
sary to be considered stadistically significant to p << 0.008. If a
correlation was deemed to be clinically significant, a linear regres-
sion analysis was conducted to obtain parameter estimates to fur-
ther describe the relationship.

RESULTS

In all of the following results, unless specifically stated other-
wise, no significant interaction berween eyes was found in each
repeated-measures analysis of variance performed.

Refractive Error

Mo significant changes in the astigmatism terms |, (p = 0.72) or
Jis (p = 0.14) were present when examining the am nondi-
lated manifest refractions. There was a significant reduction in M
(i.c., a decrease in myopia) 1 month post-CRT of +3.33D = 0.96
D (p < 0.001).

Dilated manifest refractions were performed ar the am and pm
visits at both baseline and 1 month. After CRT, there were no
significant changes in cither the amount of J;, (p = 0.81) or the
stability of ], throughout the day (p = 0.98), There were also no
significant changes in either the amount of ] 5 (p = 0.85) or the
stability of ] ;5 throughour the day (p = 0.54). There was a signif-
icant reduction in myopia after CRT; however, the amount of
myopia reduction depended on the rime of day the refraction was
done (p = 0.007). A significant positive change in M was found for
both theam (+3.20 £ 0.86 D, p << 0,001} and pm (+3.04 = 0.78
D, p = 0.001) dilaced manifese refractions 1 month post-CRT.
However, although refractive M was stable berween the am and pm
visits before CRT (p = 0.41), a significant increase in myopia of
—-0.20 D = 0.27 D was found from the am to pm visit 1 month
post-CRT (p < 0.001). '
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Best-Corrected Visual Acuity

MNondilated BCVA was measured ar both the baselineg and
I-month post-CRT am visits, No change was found in nondilated
high-contrast BCVA after CRT (p = 0.32). A statistically signifi-
cant decrease in nondilated low-contrast BCVA of 0.07 *= 0.02
logMAR was measured after CRT (p = 0.002), a loss of nearly four
lerters.

Dilated BCWA was measured at the baseline and 1-month post-
CRT am and pm visits (Fig. 1), There was no significant difference
berween am and pm high-contrast BCVA measurements before or
after CRT {p = 0.25). Although a significant decrease in dilated
high-contrast BCVA of 0,02 logMAR was found post-CRT {p =
(1L.033), this change corresponds to a single letrer loss in acuity and
may not be clinically meaningful.

When examining dilated low-conerast BOVA, a marginally sig-
nificant improvement of 0,03 logMAR was found between am and
pm measurements (p = 0.049). However, although the visit-by-
rime interaction term is marginally below significance (p = 0.052),
further analysis of these dara show that no mean change in dilated
low-contrast BOVA was present at baseline and that an improve-
ment of 0.06 logMAR (three letters) was present from am to pm
1-month post-CRT (Table 1), Of greater statistical and clinical
significance is that, regardless of time of day, CRT resulted in a
reduction in low-contrast BOVA of more than one line (0,12
logMAR, p <2 0.001).

When examining the difference berween nondilated and dilared
am high-contrast BCVA measurements, there was a significant

I
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FIGURE 1.

Dilated high- and low-contrast Bailey-Lovie BOVA (mean = standard
cleviation} measurements at the am and pm visits at both baseline and 1
month post-CRT are shown. A clinically significant reduction in low-
contrast BOVA was noted after CRT of 0.12 logMAE {(six letters; p <
0.0075. A marginally significant improvement (p = 0,049 in low-contrast
BCWA from the am 1o the pm visit was found, Although CRT did not
statistically appear to impact this improvement (p = 0L,052), no mean
change in low-contrast BOWA was present at baseline, whereas a 0.06-
logMAR (three-lefter) improvemenl was present from am 8o pm 1 month
post-CRT.

decrease afrer pupil dilation {p < 0.001) regardless of CRT trear-
ment (p = 0.38). On average, high-contrast BCVA decreased from
—0.11 = 0.0% to—0.07 £ 0.05 ngM:.”LR after dilation, an average
decrease in acuity of two leteers (0.04 = 0,05 logMAR, p < 0.001).
Thus, CRT does not appear to impact high-contrast visual acuiry
changes related to increases in pupil size.

The reduction in low-contrast BCVA after dilating the pupil
was significantly impacted by CRT (p = 0.013). The average
decrease in low-contrast BCVA increased from 0,11 = 0.09 log-
MAR (p <0001} to 0,19 = 0,12 logMAR (p << (L001) post-CRT
representing an additional four-letter lass after CRT when pupil
size increases. The difference berween dilated and nondilared
BCVA was significantly different berween right and left eyes {p =
0.022); however, the difference in acuity berween eves was not
significantly relared to the comparison of BCVA ar the baseline
visit and the 1-month post-CRT visic (p = (.27). In other words,
regardless of the eve considered, an additional decrease in low-
contrast BCVA was present post-CRT after pupil dilarion in bach
right (0,06 logMAR, three lerrers) and left eyves (0,10 logMAR,
five lerters).

Aberrations for a 3-mm Pupil Diameter

The average RMS error values ar each of the baseline and
l-month post-CRT visits are listed in Table 2.

For a 3-mm pupil, significant increases in higher-order RMS
error were found for all calculated cutcomes after CRT excepr the
spherical aberration term (Table 3). After excluding spherical ab-
erration (Z,") and secondary spherical aberration (Z,"} from the
higher-order RMS calcularion, licde reduction in the change in
RMS ervor after CRT is observed (Table 3). Aberration measure-
ments had the same level of stabilicy from am o pm ar bath
baseline and post-CRT with the exception of fifth-order and sixth-
order RMS error. Although no difference was found between am
and pm measurements for fifth-order (p = 0,89} and sixth-order
{p = 0.51) RMS error at baseline, both showed a slight decrease
from am 1o pm at 1 month (-0.003 pum; p = 0.008 and —0.001
pm; p = 0.033, respectively). The small post-CRT am o pm
changes for both fifth- and sixth-order RMS error, although hav-
ing statistical significance, may not be clinically significant. When
included wich the other higher-order aberration terms, the fifth-
and sixth-order rerms do not result in a smdstically significant
impact on higher-order RMS (third to sixth arder) stability after
CRT {p = 0.12).

Aberrations for a 5-mm Pupil Diameter

For a 5-mm pupil, statistically significant increases in higher-
arder RMS error were present for all calculated ourcomes afrer
CRT (Table 3). Aberration measurements were stable from am to
pm at both baseline and post-CRT with the exceprion of spherical
aberration. Although a significant difference was not found in
spherical aberration (Z,") berween am and P Measurements at
baseline (p = (.60), a significant increase from am to pm was
found post-CRT (0.025 pm; p = 0.0082}. Spherical aberration
increased on average by.up to 0,186 pm post-CRT (p = 0.0001).
When examining the 5-mm pupil Zernike coefficients (Fig, 2),
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TABLE 1.

Changes in dilated low-contrast BCVA (logMAR) over time of day (am or pm) and visit (baseline or 1-month post-CRT)
demonstrating a reduction of six letters after CRT and a borderline significant but weak improvement in BCVA from am

to pm 1-month post-CRT

Dilated best-corrected S P 1 month post-CRT Change : .
(G onirast- A Baseline (BL) ['I.'t-‘l'; {1M-BL) Average TM-BL change
Al 0.16 = 0,12 031 012 0,15 £ 0.16 012 = 015

Fivk 0.16 = 0.1 025 0.1 0.09 = 0.14 ip < 0.001)
Change (Fr—am] Q.00 £ 0.09 =006 = 0,12

Awverage Pv—am change

~0.03 £ 0.11 {p = 0.049)

Visit * time interaction (p = 0.052)

BCVA, best-corrected visual acuity; CRT, Corneal Refractive Therapy: VA, visual acuity,

TABLE 2,
Average wavefront error at the am and pm visits at both baseline and 1-manth post-CRT
3-rmm pupil 5-mm pupil
Average OD and ©S (microns)  Time Baseline 1 tonth post-CRT Baseline 1 Month post-CRT
Mean sSD Mean sD Mean sD Mean S0
Higher-Crder RMS Abd (.053 .02 0088 0,04 0147 0.04 (.330 012
Prd 0.052 01 0.077 0.03 157 0.05 0.334 012
Higher-Order RAS Al 0.04% .02 (.081 0.4 0133 0.04 .23 0.08
Without 7,° & Z i (.049 .01 0.074 0.03 0.143 0.05 0.224 (.09
Spherical aberration (£, Al 0.012 .01 0.018 0.03 0,045 0.04 0.202 0.14
FM 0,005 .01 007 0.02 .04 0.05 0227 012
Third-order R&S AM 0.040 0.02 0,069 0.0 (.115 0.04 0.193 0.08
Phi 0.0:40 0.01 0065 003 0.124 0.05 0.1490 .09
Fourth-order RMS AR 0,027 (.01 042 n.02 0.077 0.03 0.233 012
Pr 0,024 0.01 (031 0.0 0.080 0.03 0.245 .11
Fifth-order RMS Ak 0.5 0.01 021 0.01 0.030 0.0 0.069 (.04
Pa 0015 0.0 0018 (.01 0,028 0.0 0.061 .03
Sixth-order RMS AM 00140 0.00 rLo14 001 0.024 0.0 0,059 .03
Pa 0011 0,00 0.013 .00 0,024 Q.01 0.055 .02

CRT, Corneal Refractive Therapy; SD, standard deviation; RMS, root mean squared.

spherical aberration (Z,") is the Zernike cocfficient with the grear-
est impact on the increase in higher-order aberrations. The only
other individual Zernike coefficient with a statistically significant
increase 1 month post-CRT was secondary spherical aberration (7,7,
which increased by 0.0406 = 0.0302 um {p < 0.001), Afrer exclud-
ing spherical aberration (£, and secondary spherical aberration
iZﬁ':']l from the higher-order RMS calcularion, a large reduction in the
change in RMS error after CRT is observed (Table 3).

Linear Regression Analyses

Linear regression analysis was performed on the two Pearson
correlation coefficients significant after Bonferroni correction (p <
0.008). For a 5-mm pupil, every 0.1-pwm increase in spherical
aberration (Z;"} after CRT accounts for an additional 0.056-log-
MAR reduction in low-conerast BCVA after pupil dilation, again
suggesting that spherical aberration is a significant driving force in
the additional reduction in low-contrast BCVA as pupil size in-
creases after CRT (R* = 0,382, p = 0.004). For a 5-mm pupil,
every 0L1-pm increase in higher-order RMS error resultng from
CRT is associated with an addidenal reduction in dilated low-
contrast BOVA of 0.076 logMAR (R* = 0.343, p = 0.007).

Central Corneal Staining

"The percentage of eyes with any detectable corneal staining in
the central corneal area was determined at each visit, Ar baseline,
2.5% of cyes exhibired central staining at the am visit and 2.5%
exhibited central staining at the pm visit. One month post-CRT,
27.5% of eyes exhibited central staining at the am visit and 10% of
eyes exhibited central staining at the pm visit,

DISCUSSION

With the recent FIDA approval of multiple contact lenses for
overnight corneal reshaping, itis important to understand fully the
impact of this procedure on visual acuity and visual quality, Only
one previously published study examined the impact of corneal
reshaping on higher-order aberrations.'> Although this study
showed an overall increase in higher-order aberrations, the impact
of these aberrations on BCVA was not studied. Understanding the
stability of these aberrations is also necessary to determine whether
they play a role in subjective visual fluctuation, In addition to the
stabiliry of higher-order aberrations, factors thar could impact sub-
jective vision include myopic regression throughour the day and
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TABLE 3.

Changes in higher-order root mean squared (RMS) wavefront error and spherical aberration (1 month post-CRT - baseline)

for both a 3-mm and 5-mm pupil diameter are shown for those outcomes that were stable from
after Corneal Refractive Therapy (CRT}®

am to pm both before and

3-rmm pupil S-mm pupil

: Factor Factor

Outcome (in microns) U:;R%f_;_jn p Value change CT?P}EFL i&?D p Value Change

e ; [post/pre i ipostipre)
HO RMS ithird to sixth} 0.030 = 0.02 < (10007 1.57 0180 £ 0.09 = (0001 2.18
HO RMS win 2,7 & 7.1 0.029 = 0.02 =2 {10001 1.58 0090 = (.05 = 0 1.65

Spherical Ab (Z,") 0.002 =+ (.02 0.63 1.19 CRT caused aberration instability (p = 0,024)

Third-arder RAMS 0,027 = 0.03 0.0002 1.68 0.072 = 0.06 = (.00 |60
Fourth-order RMS 0,011 = 0.01 0.0004 1.43 0,161 £ 0.11 = 0.0001 3.04
Fifth-order RMS CRT caused aberration instability ip = 0,039 0036 * 0.03 = 0.0001 224
Sixth-order RMS CRT caused aberration instability {p = 0.049)  0.033 = 0.02 < 00001 2.38

* The only aberration outcome that did not significantly increase after CRT was spherical aherration
diaméter; however, spherical aberration did significantly increase for a 5-mm pupil diameter. Although al

calculated for a 3-mm pupil
| aberrations were stable from

am to pm at baseline, CRT resulted in significant changes from am to pm 1 month post-CRT in fifth- order and sixth-order RMS error

for a 3-mm pupil diameter and for spherical aberration for a 5-mm pupil diarmeter,
50, standard deviation; HO, higher-order,
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FIGURE 2.

Average Zernike coefficient values at baseline and 1 month post-CRT for a 5-mm pupil diameter. Spherical aberration (Z,% and secondary spherical

aberation (Z,%) are the aberrations that showed the greatest change, Spheri
higher-order aberrations after CRT.

fluctuations in oprical quality secondary to pupil size changes®®
after increased levels of higher-order aberrations are induced
by CRT.

Asaside note, although all analyses discussed here included both
right and left eyes using the proper statistical methods, the same
results are found when examining BCVA, higher-order aberra-
tions, and manifest refractive dara if the analyses are repeated using
only right eves,

Higher-Order Aberration Changes

As expected, toral higher-order aberrations significantly in-
creased for both 3-mm and S-mm pupil diameters after CRT con-
firming previous study findings.”” Furthermore, spherical aberra-
tion appears to be the most influenced aberration contributing to

Optametry and Vision Sefence

cal aberration appears to be the major abereation driving the increase in

the increase in higher-order RMS crror as pupil size increases. For
a 3-mm pupil, spherical aberration does not scem to play a large
role in the increase in higher-order aberrations, which was expecred
because spherical aberration does little to impact oprical quality in
the center of an optical system. However, once pupil size increases
to 3 mm, spherical aberration (Z,") and secondary spherical aber-
ration (£} are the predominant aberrations resulting in the in-
crease in RMS error, Spherical aberration (2"} significantly in-
creased from approximarely 0.043 pm to 0,215 pm, a finding
consistent with that of Joslin et al. in 2003."° Unlike their study,
no significant increase was found in horizontal coma (Z,"), which
may have resulted from lens decentracion in their study.
Higher-order aberrations for a 3-mm pupil appear to maineain a
similar level of stability 1 month post-CRT. Although scparate
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analyses of fifth-order and sixth-arder aberrations revealed a staris-
tically significant change from am to pm post-CRT for a 3-mm
pupil, these changes were on the order of 0.003 pum and 0.001 pm,
respectively, When compared with the total higher-order RMS
change of 0L030 pm, these small changes do not appear o be
clinically significant. Because no significant am to pm changes
were found post-CRT in any of the other RMS values, it appears
that higher-order aberrations for a 3-mm pupil are just as stable
post-CRT as they were hefore CRT.

Higher-order aberrations for a 5-mm pupil alse appear to main-
tain a similar level of stabilicy 1 month post-CRT. With the excep-
tion of spherical aberration (7). all caleulared RMS values exhib-
ited the same level of stability before and after CRT. Perhaps of
greatest clinical significance is the post-CRT fluctuation of spherical
aberration ("), Although no Hluctuation was mesured ar baseline,
significant increase of 0.025 pwm was noted from am to pm post-CRT.
Because spherical aberration appears to be the driving force behind the
increase in higher-order aberrations for a S-mm pupil, an increase in
2" throughout the day could resule in Huctuations in vision if the
patient has habitually large pupils, However, it should be noted char
total higher-order RMS error, which includes spherical aberration, did
not demonstrate a statistically significant change from am o pm ar
either baseline or | month post-CRT.

Possible explanations for the small aberration Aucruacions that
were only noted after CRT include superficial punctate staining or
tear film instabilicy. Tear film instabilicy can result in small changes
in higher-order aberrations and image quality.”®*” Thus, because
the percentage of eves with central corneal staining 1 month pose-
CRT was greater at the am visit than ar the pm visit, this could
account for the small higher-order aberration fluctuations that
were measured, These results should be repeated to verify the find-
ings, especially the significant increase from am to pm in spherical
aberration post-CRT. Overall, higher-order aberrations appear 1o
exhibit a similar level of stahility before and afrer CRT ar the time
points we tested. To provide a more complete descriprion of aber-
ration stabilicy throughout the day, this study would need o be
repeated with more frequent measurements over a longer timespan
within a single day.

Having shown thar higher-order aberrations have the same rel-
ative level of stability before and after CRT, myopic regression may
account for visual fluctuation when pupil size is held constant.
However, to completely describe the potenrial causes of visual
fluctuation, the impact of increased pupil size, and thus higher-
order aberrations, on BCVA must be considered.

Best-Corrected Visual Acuity Changes

As pupil size increases, such as under mesopic and scotopic
conditions, higher-order aberrations play a greater role in visual
acuity. Our finding thar nondilated high-contrast BCVA mea-
sured under photopic conditions does not change afrer CRT is
%1% However, we did find a
significant decrease in nondilated low-contrast BOVA of 0,07 log-
MAR post-CRT, a loss of berween three and four lerrers. This
finding is similar to the results reporred by Tahhan eral. in 2003'°
who found a significant decrease of approximarely two letters when
testing photopic nondilated low-contrast BCVA after 1 month of
trearment.

consistent with owo recent studics.

Mlated BCYA has not been reported previously in the litera-
ture. High-contrast BOVA measured through a dilated pupil sig-
nificantly decreased by approximarely one leter post-CRT. Al-
though this loss is not clinically significant, a roughly six-letter loss
in dilared low-contrast BCVA was present after CRT. Because
lower-order aberrations were corrected by the manifest refraction,
it can be presumed that the visual reduction was the resule of the
increase in higher-order aberrations. Because the majoricy of con-
tral staining present at the am visic was typically resolved belore the
pm dilated BCVA measurement was taken, increased higher-order
aberrations resulting from the change in corneal shape can be dif-
ferentiated from aberrations induced by corneal staining.

A nearly significant interaction between rime of day and visit
(pre- or post-CRT) was present (p = 0,052) for dilated low-con-
rrast BOVA as well as a marginally significant improvement in
visual acuiry from am to pm at both baseline and 1 month post-
CRT (p = 0.049). This suggests that patients may have learned the
charts or were becoming more experienced with visual acuity test-
ing. However, evaluation of Table 1 shows that alchough no mean
difference berween am and pm measurements of dilated low-con-
trast BOVA was present at baseline, aslight improvement in BCVA
was present from am o pm after CRT. Because aberrations have
been shown to be relarively stable, this again suggests thar corneal
staining or tear film disturbances may have played a role in the
additional am reduction in acuity measured after CRT, Alchough
itis possible that corneal edema could also potentially contribure to
this additional reduction, we have no assessment of corneal edema
in these patients. However, regardless of staining, tear film, or
cdema, a significant reducrion was observed in dilated low-contrast
BCWVA that was statistically associated with the increase in higher-
order aberrations afier CRT,

The reduction in low-contrast BCVA secondary to pupil dila-
tion also demonstraces the impact of higher-order aberrations.
Low-contrast BCVA decreased on average by 0.11 loghAR wich
pupil dilation before CRT and 0,19 logMAR with dilation after
CRT. an addirional four-letter loss (p < 0,001}, Lincar regression
analysis of spherical aberration, which has already been shown o
be the major Zernike term accounting for the increase in higher-
arder RM3 error, appears to account for the majority of additional
acuity loss with pupil dilation atter CRT. This result suggeses thar
spherical aberration is the most significant driving force behind
losses in visual acuiry afrer CRT.

Ohne limitation of this study is that nondilated and dilated pupil
sizes were not measured. Although we recognize that the regression
analyses do not completely describe the asseciation bevween CRT
induced aberrations and BCVA reductions as a function of pupil
size, we feel that they do demonstrate the major role of spherical
aberration in driving reductions in low-conreast BOVA as the pupil
arca Increases,

Another potential limitation of this study design is that dilated
photopic high- and low-contrast BCVA was used to describe the
impact of higher-order aberrations on BCVA as pupil size increases
rather than actually measuring under mesopic or scotopic condi-
tions. An evaluation of phortopic and mesopic visual acuiry found
that mesepic visual acuity is more sensitive to optical degradation
than photopic visual acuity.”® Thus, we feel that if mesopic mea-
surements had been used, the reduction in visual acuity measured
would be similar or potentially even worse than the photopic visual
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acuity reductions reporeed in this study, Tahhan et al.'® measured
high- and low-contrast BCVA using both high and low illumina-
tion and found results similar to ours. The six-letter reduction in
dilated photopic low-contrast BCVA we found is supported by the
five-letter reduction they found in low-contrast low-illumination
BCVA. Overall, the results presented here appear to clearly de-
scribe the impact that higher-order aberrations, especially spherical
aberration, have on BCVA when the pupil dilates,

In conclusion, CRT resules in an increase in higher-order aber-
rations with spherical aberration being the greatest contriburor to
this increase. Higher-order aberrations appear to reach a level of
stabilicy throughour the day thac is similar to their pretreatment
level of stabilicy. Low-contrase BCVA is decreased after CRT for
both nondilated and dilated pupils and can be attributed in parr to
the measured increase in higher-order aberrations. As the pupil
dilates, CRT results in an additional reduction in low-contrast
BCVA resulting from the increase in higher-order aberrations, mainly
spherical aberration, Subjective visual fluctuarion is most likely a result
of both myopic regression throughour the day and the impace of
higher-order aberrations on low-contrast visual acuity under mesopic
and scotopic conditions in which the pupil dilates.
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