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Higher Order Aberrations of the Corneal Surface after Laser 
Subepithelial Keratomileusis
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Purpose: To evaluate the changes of higher order aberrations (HOAs) before and after laser subepithelial 

keratomileusis (LASEK) and to analyze the influence of tear film instability on HOAs of the corneal surface 

after LASEK.

Methods: In this cross-sectional study, 31 patients who underwent LASEK were divided into dry eye (16 pa-

tients, 32 eyes) and non-dry eye groups (15 patients, 30 eyes). Uncorrected distance visual acuity, spherical 

equivalent refraction, ablation depth, tear film parameters and Ocular Surface Disease Index (OSDI) question-

naire scores were evaluated in both groups. Total HOA root mean square (RMS), third-order coma, third-order 

trefoil and fourth-order spherical aberration (SA) of the corneal surface immediately and at 10 seconds after 

blinking were measured before and after surgery.

Results: The total HOA RMS, coma, trefoil and SA significantly increased after LASEK compared with 

preoperative values in both groups. In the dry eye group, total HOA RMS, coma and trefoil significantly in-

creased except for SA at 10 seconds after blinking compared with those measured immediately after blinking. 

In addition, the changes of total HOA RMS, coma and trefoil were negatively correlated with tear film break-

up time (R = -0.420, -0.473 and -0.439, respectively), but positively correlated with OSDI score (R = 0.433, 

0.499 and 0.532, respectively). In the non-dry eye group, there were no significant differences between HOAs 

measured at 10 seconds after blinking and those measured immediately after blinking.

Conclusions: The HOAs including coma, trefoil and SA significantly increased after LASEK. The tear film insta-

bility in the dry eye can be associated with more deterioration of the optical quality after LASEK, due to more 

significant increase of total HOA RMS, coma and trefoil.
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Laser subepithelial keratomileusis (LASEK) is a laser 
surgical procedure commonly performed for the correction 
of refractive errors of the cornea [1]. After a corneal refrac-

tive surgery such as LASEK, increased corneal higher or-
der aberrations (HOAs) can contribute to glare, halo, decreased 
night vision and decreased contrast sensitivity. Also, dry 
eye is the most common complication after refractive laser 
procedures including LASEK [2]. Dry eye after corneal 
surface ablation such as LASEK is attributed to corneal 
innervation damage, tear film instability, decreased aque-
ous tear production, corneal and conjunctival epitheliopa-
thy and abnormal distribution of tears on the corneal sur-
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face [3,4]. Although post-LASEK dry eye is usually tem 

porary, some patients have prolonged and severe symptoms 
such as pain, photophobia, visual fluctuation [5,6]. Further-
more, post-LASEK dry eye may negatively influence pa-
tients’ satisfaction with the outcome of the procedure. 

The precorneal tear film plays an important role in the 
stability of optical quality of the eye [7,8]. Tear film insta-
bility can significantly alter the light pathway and decrease 
the quality of vision by increasing the ocular aberrations, 
especially the HOAs [9,10]. Recent studies have assessed 
temporal wavefront aberrations and the optical effect of 
the tear film dynamics after blinking [11-13]. After blink-
ing, the gradual increase in optical aberrations is associat-
ed with an increase of tear film irregularity [14]. Also, nu-
merous studies have shown that the tear film instability in 
dry eye patients led to wavefront HOA changes [15-18].

However, little is known about the association between 
HOAs and tear film instability after corneal refractive sur-
gery. Therefore, the purpose of this study was to evaluate 
the changes in HOAs before and after LASEK and to ana-
lyze the correlations between the changes in HOAs and 
dye eye parameters for dry eye patients after LASEK.

Materials and Methods

Our study included patients who received bilateral 
LASEK for the correction of myopia at the Department of 
Ophthalmology of the Chonnam National University Hos-
pital from January 2012 to April 2012 and were followed 
up for at least 6 months after surgery. Exclusion criteria in-
cluded ocular diseases, previous ocular surgery, punctal plug 
insertion, abnormality of the nasolacrimal drainage appa-
ratus, eyelid malposition and abnormality of eyelid margin. 
Informed consent was obtained from all subjects, in accor-
dance with the Declaration of Helsinki, and the protocol 
was approved by the institutional review board of Chon-
nam National University Hospital.

Thirty-one patients were divided into 2 groups based on 
the presence of dry eye. Sixteen patients (32 eyes) had dry 
eye, and 15 patients (30 eyes) didn’t have dry eye. Inclusion 
criteria for the dry eye group were presence of ocular 
symptoms, tear film abnormalities (Schirmer I test results 
<7 mm/5 minutes, tear film break-up time [TBUT] <7 sec-
onds) and ocular surface damage (corneal and conjunctival 
staining) [19]. All patients were treated with preserva-

tive-free sodium hyaluronate 0.1% (Hyalu Mini; Hanmi 
Pharm, Seoul, Korea). Additionally, topical cyclosporine A 
0.05% (Restasis; Allergan, Irvine, CA, USA) was applied 
twice a day in the patients with dry eye.

All patients underwent ophthalmic examinations includ-
ing uncorrected distance visual acuity (UDVA) by Snellen 
chart, spherical equivalent (SE) refraction, ocular surface 
staining with 1% fluorescein dye, TBUT, Schirmer I test 
and tear clearance rate (TCR). Ocular surface staining was 
graded using the Oxford grading scheme (0 to 5): absent 
(0), minimal (1), mild (2), moderate (3), marked (4), and se-
vere (5) [20]. TBUT, Schirmer I test and TCR were per-
formed as previously described [21]. All examinations were 
performed by the same researcher. In addition, the Ocular 
Surface Disease Index (OSDI) questionnaire was done to as-
sess the ocular symptoms and the quality of vision (OSDI 
score: 0 to 100) [22]. In addition, we evaluated the preopera-
tive SE refraction and ablation depth in all patients.

Higher order aberrations of the corneal surface 

At 6 months after LASEK, corneal wavefront aberration 
was measured using the Pentacam (Oculus; Optikgerate 
GmbH, Wetzlar, Germany). The ‘Wavefront Aberration 
Cornea’ data of the Pentacam’s Zernike analysis was used. 
The selected refractive indices were 1.376 and 1.336 for the 
cornea and the aqueous, respectively [23]. The HOA data 
were analyzed quantitatively in the central 4-mm pupil di-
ameter up to the sixth order by expanding the set of Zerni-
ke polynomials. The Zernike coefficients were viewed in 
the “|Z| Vectors” presentation mode. The assessed HOA 
values were total HOA root mean square (RMS), third-or-
der coma, third-order trefoil and fourth-order spherical ab-
erration (SA) of the anterior corneal surface.

All measurements were taken between 10 AM and 4 PM 
to minimize diurnal changes and performed on 3 separate 
days (within one week) to yield 3 sets. In addition, the 
measurements were performed in mesopic condition with-
out any pharmacologic mydriasis [18]. The preoperative 
HOAs were measured immediately after blinking, while 
the postoperative HOAs were measured immediately after 
blinking and at 10 seconds after blinking to evaluate the 
influence of tear film instability on HOAs of the corneal 
surface. The patients were instructed to remain stationary 
and to blink completely just before each measurement. The 
machine was aligned with the patients’ pupillary plane. We 
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used the machine’s automatic release mode to eliminate 
operator-induced errors. Measurements were repeated un-
til a well-aligned and focused image was obtained.

Statistical analysis

SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA) was used 
for statistical analyses. Results are presented as mean ± 
standard deviation. The chi square test and Mann-Whitney 
U-test were used to compare the results between the 
groups. The Wilcoxon signed-rank test was used to com-
pare the intragroup differences. In the dry eye group, 
Spearman correlation coefficients were used to analyze the 
association between pairs of variables. A p-value less than 
0.05 was considered statistically significant.

Results

The demographics and characteristics of both group 
patients are presented in Table 1. In the dry eye group, the 
mean age of the 6 men and 10 women was 25.21 ± 2.62 
years. In the non-dry eye group, the mean age of the 4 men 
and 11 women was 26.25 ± 3.23 years. There were no sta-
tistically significant differences in age, sex, UDVA, SE 
refraction (preoperative and postoperative) and ablation 
depth between groups. However, there were statistically 

significant differences in TBUT, Schirmer I test, TCR, 
ocular surface staining and OSDI scores between groups (p 
< 0.01). The dry eye group had lower TBUT, Schirmer I 
test, and TCR scores, and higher ocular surface staining 
and OSDI scores compared with the non-dry eye group.

The preoperative and postoperative HOAs of the corneal 
surface in both groups are presented in Tables 2 and 3. In 
the dry eye group, the total HOA RMS value was 0.082 ± 
0.031 μm preoperatively and 0.196 ± 0.049 μm postop-
eratively (p < 0.01). Coma, trefoil and SA values were 0.071 
± 0.036, 0.054 ± 0.038, and 0.018 ± 0.015 μm preoperatively 
and 0.128 ± 0.040, 0.118 ± 0.036, and 0.090 ± 0.030 μm 
postoperatively, respectively (p < 0.01 for all). In the non-
dry eye group, the respective total HOA RMS, coma, trefoil 
and SA values were 0.084 ± 0.041, 0.068 ± 0.047, 0.058 ± 
0.034, and 0.010 ± 0.009 μm preoperatively and 0.189 ± 
0.053, 0.126 ± 0.030, 0.124 ± 0.034, and 0.086 ± 0.028 μm 
postoperatively (p < 0.01 for all).

When comparing the dry eye and non-dry eye groups, 
there were no statistically significant differences in all val-
ues measured immediately after blinking before and after 
LASEK (Tables 2 and 3). However, at 10 seconds after 
blinking, the dry eye group had significantly higher total 
HOA RMS (p = 0.01), coma (p = 0.03), and trefoil (p = 0.04) 
than the non-dry eye group. In the dry eye group, total 
HOA RMS, coma, and trefoil significantly increased at 10 
seconds after blinking compared with those measured im-

Table 1. Comparative analysis of demographics and characteristics of patients who underwent laser subepithelial keratomileusis
Dry eye group Non-dry eye group p-value

Age (yr) 25.21 ± 2.62 26.25 ± 3.23   0.21
Sex (M / F)   6 / 10   4 / 11   0.70
UDVA  20 / 20  20 / 20   0.40
SE refraction (D)
   Preoperative  -4.52 ± 1.68 -4.25 ± 1.71   0.71
   Postoperative   0.17 ± 0.75  0.21 ± 0.65   0.66
Ablation depth (μm)   61.43 ± 19.00  54.72 ± 15.91   0.19
TBUT (sec)   4.39 ± 1.13 11.04 ± 2.20 <0.01
Schirmer I test (mm/5 min)   4.11 ± 1.79 10.14 ± 2.98 <0.01
TCR ((Log2)

-1)   2.18 ± 0.77  4.20 ± 0.77 <0.01
Ocular surface staining score (0-5)   1.61 ± 1.17  0.50 ± 0.78 <0.01
OSDI score (0-100) 26.83 ± 9.08    5.20 ± 13.70 <0.01

Data are expressed as the mean ± standard deviation; p-values from comparison of both groups.
UDVA = uncorrected distance visual acuity; SE = spherical equivalent; D = diopter; TBUT = tear film break-up time; TCR = tear 
clearance rate; OSDI = ocular surface disease index.
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Table 2. Comparative analysis of preoperative wavefront HOAs of the corneal surface between the dry eye and the non-dry eye 
groups after laser subepithelial keratomileusis

Immediately after blinking
Dry eye group Non-dry eye group p-value

Total HOA RMS 0.082 ± 0.031 0.084 ± 0.041 0.98
Coma 0.071 ± 0.036 0.068 ± 0.047 0.98
Trefoil 0.054 ± 0.038 0.058 ± 0.034 0.97
Spherical aberration 0.018 ± 0.015 0.010 ± 0.009 0.52

Data are expressed as the mean RMS values ± standard deviation (μm); p-values from comparison of both groups; Mann-Whitney U-test.
HOA = higher order aberration; RMS = root mean square.

Fig. 1. Changes of total higher order aberration root mean square (A), coma (B), trefoil (C) and spherical aberration (D) between values 
measured immediately after blinking and those measured at 10 seconds after blinking in the dry eye and the non-dry eye groups. *p < 0.05 
(comparison of values measured immediately after blinking and those measured at 10 seconds after blinking).  
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Table 3. Comparative analysis of postoperative wavefront HOAs of the corneal surface between the dry eye and the non-dry eye 
groups after laser subepithelial keratomileusis 

Immediately after blinking At 10 seconds after blinking
Dry eye group Non-dry eye group p-value Dry eye group Non-dry eye group p-value

Total HOA RMS 0.196 ± 0.049 0.189 ± 0.053 0.45 0.299 ± 0.074 0.201 ± 0.067 0.01
Coma 0.128 ± 0.040 0.126 ± 0.030 0.91 0.188 ± 0.066 0.136 ± 0.058 0.03
Trefoil 0.118 ± 0.036 0.124 ± 0.034 0.79 0.184 ± 0.074 0.129 ± 0.040 0.04
Spherical aberration 0.090 ± 0.030 0.086 ± 0.028 0.97 0.102 ± 0.042 0.094 ± 0.036 0.60

Data are expressed as the mean RMS values ± standard deviation (μm); p-values from comparison of both groups; Mann-Whitney U-test.
HOA = higher order aberration; RMS = root mean square.
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mediately after blinking (p < 0.01, p = 0.03, and p = 0.04, 
respectively), whereas there was no significant difference 
in SA value (p = 0.62). In the non-dry eye group, there 
were no statistically significant differences in all HOA 
parameters (Table 3 and Fig. 1). The mean pupil sizes 
measured immediately after blinking and at 10 seconds af-
ter blinking didn’t show significant differences in either 
group.

The correlations between the changes in HOAs and dry 
eye parameters (TBUT, Schirmer I test, TCR, ocular 
surface staining score, and OSDI score) in the dry eye 
group are demonstrated in Table 4. The changes of total 
HOA RMS, coma and trefoil were correlated negatively 
with TBUT (R = -0.420, p = 0.03; R = -0.473, p = 0.01; R = 
-0.439, p = 0.02; respectively) but were correlated positively 
with OSDI score (R = 0.433, p = 0.02; R = 0.499, p = 0.02; 
R = 0.532, p = 0.01; respectively). Schirmer I test, TCR, and 
ocular surface staining scores did not show significant cor-
relations with the HOAs. 

Discussion

Optical aberrations result in blurred images and de-
creased visual quality. Although the HOAs comprise a rel-
atively a lower proportion of optical aberrations than lower 
order aberrations, they can have an important effect on 
retinal image quality in subjects [9]. The cornea is the most 
powerful refractive element of the eye [24]. After corneal 
refractive surgery, the surgically-induced corneal HOAs 
can contribute to glare, halo, decreased night vision and 

decreased contrast sensitivity [25]. As expected, the 
measured HOAs (total HOA RMS, coma, trefoil, and SA) 
after LASEK were significantly higher than pre-surgery 
measurements.

Dry eye is one of the most common complications after 
refractive surgery. Although the severity is milder than 
laser in situ keratomileusis, LASEK can also lead to the 
ocular symptoms associated with dry eye as well as 
decreased tear secretion [5,6]. After the blinking, a tear 
meniscus spreads over the entire ocular surface to form a 
uniform tear film. Then, the tear film gradually thins and 
breaks up. Tear film instability can lead to disproportionate 
thickness of the tear film, such as the superoinferior asym-
metric contribution or thinning of the central cornea. As a 
result, tear film irregularity will lead to significant addi-
tional aberrations. These abnormal distributions of the tear 
film on the corneal surface are intensified in patients who 
received LASEK or patients with dry eye disease.

Some studies demonstrated that tear film instability can 
cause significantly increased HOAs in patients with dry 
eye. Montes-Mico et al. [15] reported that dry eye patients 
showed greater optical aberrations compared with normal 
controls and that an increase of HOAs resulted from in-
creased tear film irregularity. Koh et al. [17] reported that 
from 5 to 9 seconds after blinking, the total HOAs were 
significantly higher than those measured immediately after 
blinking in subjects with a short TBUT. Denoyer et al. [18] 
also reported that the RMS of ocular and corneal HOAs, 
especially third-order aberrations, significantly increased 
from 6 to 10 seconds after blinking in dry eye patients.

This is the first study, to our knowledge, reporting tear 

Table 4. Correlations between the changes of wavefront higher order aberrations of the corneal surface and dry eye parameters in 
the dry eye group after laser subepithelial keratomileusis

Total HOA RMS Coma Trefoil SA

TBUT (sec) R = -0.420
 p = 0.03

R = -0.473
 p = 0.01

R = -0.439
 p = 0.02

R = -0.027
 p = 0.89

Schirmer I test (mm/5 min) R = -0.008
 p = 0.99

R = -0.105
 p = 0.59

R = 0.083
 p = 0.68

R = 0.263
 p = 0.18

TCR (Log2)
-1 R = 0.214

 p = 0.27
R = 0.003
 p = 0.99

R = 0.082
 p = 0.68

R = 0.204
 p = 0.30

Ocular surface staining score (0-5) R = 0.328
 p = 0.09

R = 0.279
 p = 0.15

R = 0.107
 p = 0.59 

R = 0.305
 p = 0.12

OSDI score (0-100) R = 0.433
 p = 0.02

R = 0.499
 p = 0.02

R = 0.532
 p = 0.01

R = 0.196
 p = 0.32

HOA = higher order aberration; RMS = root mean square; SA = spherical aberration; TBUT = tear film break-up time; TCR = tear 
clearance rate; OSDI = ocular surface disease index; R = Spearman coefficient correlation.
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film instability and HOAs after corneal surface ablation. 
The Pentacam was used to measure the corneal wavefront 
aberration. It is a noninvasive system using rotating Scheimp-
flug camera and a monochromatic slit-light source (blue 
LED at 475 nm) for measuring anterior segment topogra-
phy [26]. Numerous studies reported that corneal aberra-
tions measured by the Pentacam showed good reproduc-
ibility [27-29]. Our study showed that total HOA RMS, 
coma and trefoil significantly increased at 10 seconds after 
blinking compared with those measured immediately after 
blinking in dry eye patients after LASEK. This result can 
be explained by compound effects of corneal shape chang-
es after LASEK and irregular distribution of the tear film 
by superficial punctuate keratitis, the lid pressure and the 
gravity effect. On the other hand, there was no statistically 
significant increase in SA values. Some studies explained 
that the thinning at the center of the cornea rather than the 
periphery might contribute to an increase of SA value [17]. 
Also, the relative contribution of SA to the overall wave 
aberration of the eye increases when pupil dilates [9]. We 
believe that several factors may have an influence on the 
absence of significant changes in SA values in our study. 
One factor is that there was no definitive pupil size change 
between the measurement taken immediately after blink-
ing and that at 10 seconds after blinking. Another factor is 
that the HOAs of the anterior corneal surface might have 
been affected by the irregular distribution of the tear film 
rather than thinning of the tear film in the central cornea.

Ridder et al. [30] reported a correlation between the an-
terior corneal HOAs and subjective assessment of contrast 
sensitivity. Denoyer et al. [18] reported the progression in-
dex for corneal HOAs was correlated with the subjective 
index (OSDI score) of patient-reported visual outcomes 
and with objective clinical findings (TBUT). Although 
there are some differences, such as measurement of HOAs 
using the Pentacam in dry eye patients after LASEK, our 
results also showed that the amount of increase in total 
HOA RMS, coma and trefoil at 10 seconds after blinking com-
pared with those measured immediately after blinking was 
negatively correlated with TBUT, but positively correlated 
with OSDI score. We assume that additional HOAs by tear 
film instability as well as surgically-induced corneal HOAs 
can lead to a decreased optical quality in dry eye patients after 
LASEK. 

Our study has several limitations. First, because we used 
the Pentacam to measure the HOAs, we could only assess 

HOAs of the corneal surface, not whole ocular HOAs. In 
addition, serial HOAs after blinking were not evaluated. 
Although optical quality of the actual retinal image is as-
sociated with the whole ocular HOAs including the poste-
rior cornea, crystalline lens, and other components of the 
eye [9], the tear film instability mostly influences aberra-
tions of the anterior corneal surface. Also, corneal aberra-
tions may be correlated with overall ocular aberrations [14]. 
Second, although we have performed repeated measure-
ments for a well-aligned and focused image, there is a possi-
bility of subtle measurement errors. Third, the sample size 
is relatively small. Further studies with a larger sample size 
and serial measurements of corneal and ocular HOAs are 
needed. 

In conclusion, the HOAs after LASEK significantly 
increased compared with those before surgery. In the dry 
eye patients after LASEK, the values of total HOA RMS, 
coma and trefoil at 10 seconds after blinking showed a sig-
nificant increase compared with those measured immedi-
ately after blinking. In addition, the amount of an increase 
in total HOA RMS, coma and trefoil after blinking was 
signif icantly correlated with TBUT and OSDI score. 
Therefore, the additional HOAs caused by tear f ilm 
instability in patients after LASEK may lead to a reduction 
in optical quality.
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