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Abstract
Purpose: To evaluate the changes and predictability of higher order aberrations (HOAs) after personalized 
laser in situ keratomileusis (LASIK) and personalized photorefractive keratectomy (PRK) for simple myopia 
and compound myopic astigmatism.
Methods: In this prospective cross‑sectional study, 100 eyes were included. A total of 50 eyes underwent 
personalized LASIK and 50 eyes underwent personalized PRK. Preoperative and postoperative wavefront 
data were compared between the two groups. The influential factors and predictability of HOAs were also 
assessed.
Result: Total HOA increased in the amount of 0.01 ± 0.14 μm for the 5 mm pupil (P = 0.55) and 0.08 ± 0.22 μm 
for the 6 mm pupil (P = 0.02) after PRK; however after LASIK the corresponding values for the 5 and 6 mm 
pupil sizes were 0.05 ± 0.12 and 0.15 ± 0.18 μm, respectively (P < 0. 001). Mean changes were not significantly 
different between the PRK and LASIK groups for both 5 and 6 mm pupil sizes (P = 0.21 and P = 0.13, 
respectively). Spherical aberration increased following LASIK more than following PRK (P < 0.001). Changes 
in the root mean square (RMS) of total HOA had a statistically significant negative correlation (P < 0.001) 
with its preoperative value. HOA and spherical aberration reduced in majority of eyes when the preoperative 
spherical equivalent refraction was low.
Conclusion: For the 6mm pupil size, the total HOA increased following both personalized PRK and LASIK 
with no significant difference between the two groups. Change of the total HOA RMS was influenced by the 
preoperative values. The known influencing factors could predict nearly 50% of the changes in total HOA.

Keywords: Wavefront‑guided; High Order Aberration; Spherical Aberration; Laser in situ keratomileusis; Photorefractive 
Keratectomy; Personalized

Original Article

Correspondence to: 
Mohammad Reza Khalili, MD. Poostchi Eye Research 
Center, Department of Ophthalmology, Shiraz 
University of Medical Sciences, Shiraz 19366, Iran. 
E‑mail: khalilimr57@gmail.com

Received: 18‑01‑2016 Accepted: 15‑06‑2016

INTRODUCTION

Keratorefractive surgeries successfully reduce the 
spherocylindrical refractive errors, however they may 
introduce a significant deterioration in the quality of vision. 
An increase in the total higher order aberrations (HOA) 
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has been reported after radial keratotomy,[1,2] laser 
in situ keratomileusis (LASIK),[3‑6] and photorefractive 
keratectomy (PRK).[4‑7] This increase in HOA after corneal 
refractive surgery is related to the pupil size; pupil 
dilation from 3.0 to 7.0 mm significantly increases the 
optical aberrations.[7] Many visual symptoms that patients 
experience postoperatively may be secondary to increase 
in the HOAs.[8‑10]

Both conventional PRK and LASIK may possibly 
increase the total HOA, spherical,  and coma 
aberrations.[3‑7,11] There are various parameters such as 
attempted optical zone, flap creation, and decentered 
ablation which can influence the postoperative changes 
in HOA.[12‑15] Wavefront‑guided LASIK and PRK can 
theoretically reduce the pre‑existing HOAs after corneal 
refractive surgery. However, undercorrection and even 
induction of new HOAs are possible complications.[16‑18] 
The aim of this study was to evaluate and compare 
changes of HOA after wavefront‑guided LASIK and PRK 
and also to assess the factors which can predict changes 
in HOAs after wavefront‑guided LASIK and PRK for 
simple myopia and compound myopic astigmatism 
using personalized treatment (Zyoptix, Bausch & 
lomb/Technolas, Munich, Germany).

METHODS

Patient Selection
This prospective cross‑sectional study comprised of 
one hundred eyes of 50 healthy individuals including 
16 male and 34 female subjects with a mean age of 
29.42 ± 6.81 (range, 19–53) years. These patients were 
referred to Binagostar Eye Center, Shiraz, Iran for 
refractive surgery. All patients completed a 12 month 
follow‑up period. Informed consent was obtained 
from all individuals and the Ethics Committee of 
Shiraz University of Medical Sciences, Shiraz, Iran 
approved the study. All enrolled patients had simple 
myopia or compound myopic astigmatism. Patients 
with a history of any ocular disease, previous corneal 
or intraocular surgery, wound healing disorder, and 
connective tissue diseases were excluded from the 
study. Other exclusion criteria were a cornea thinner 
than 500 micrometer, a postoperative residual stromal 
thickness of less than 400 micrometer, pregnancy 
or breastfeeding, and being on immunosuppressive 
medications. In addition, individuals who needed 
retreatment, those who developed significant corneal 
haze and patients with flap complications and/or or 
recurrent epithelial defects were excluded. The same 
number of 50 eyes from 25 healthy individuals were 
randomly assigned to undergo personalized LASIK 
and PRK in each group.

Age, sex, baseline manifest refraction, optical zone 
diameter, ablation depth, and baseline HOA were 

matched between the two groups. Demographic and 
refractive data are shown in Table 1.

Soft and hard contact lenses were discontinued 
for at least 2 and 4 weeks, respectively. Preoperative 
examination included uncorrected visual acuity (UCVA) 
and best corrected visual acuity (BCVA) assessment, 
manifest and cycloplegic refraction, scotopic pupil size, 
slit lamp examination, dilated funduscopy, applanation 
tonometry, ultrasonic pachymetry, and slit‑scanning 
tomography (Bausch & Lomb Orbscan IIz Topographer, 
Rochester, NY, USA).

A b e r r o m e t r y  w a s  p e r f o r m e d  u s i n g  a 
Hartmann-Shack wavefront sensor (Zywave П 
aberrometer, Bausch & Lomb/Technolas, Munich, 
Germany) before and 12 months after the surgery. This 
aberrometer uses a 780 nm laser beam and measures 
approximately 70–78 locations within the pupil. 
Zywave examinations consisted of three consecutive 
examinations, 30 seconds apart, with an undilated pupil 
under standardized light condition. One of the three 
measurements that matched with the manifest refraction 
of the undilated pupil was chosen for treatment. 
Wavefront map was reported for 5 and 6 mm pupil sizes. 
Zywave calculates Zernike polynomials from the second 
to the fifth order aberrations.

Both LASIK and PRK were performed with Technolas 
217z (Bausch & Lomb/Technolas, Munich, Germany), 
using a personalized ablation algorithm (Zyoptix, 
version 4.41). Laser parameters were as follows: 
wavelength: 193 nm; spot profile: Flat-top; spot size: 
1 mm; radiant exposure (fluence): 120 mJ/cm2; and 
pulse repetition rate: 100 Hz. In the LASIK group, 
superior hinged flap was created using the Hansatome 
microkeratome (Zyoptix xp, Rochester, NY, USA) 
with a 120 μm head and 8.5 or 9.5 mm ring. PRK was 
performed after mechanical removal of the epithelium. 
If indicated, mitomycin C was applied in the PRK group 
after ablation.

At the completion of PRK or LASIK procedure, 
ciprofloxacin and prednisolone acetate 1.0% eye drops 
were instilled. In the PRK group, ciprofloxacin eye drop 
was continued 4 times a day until complete epithelial 
healing was achieved, by the time the bandage contact lens 
was removed. Subsequently, chloramphenicol eye drop 
and prednisolone acetate 1.0% were administered 4 times 
daily for the first postoperative month. Fluorometholone 
ophthalmic eye drop 0.1% was administered 3 times a 
day, twice a day, and once a day in the second, third, 
and fourth postoperative months, respectively. Patients 
were examined postoperatively on days one, 4, 7, and 
14, and at months one, 3, 6, and 12. In the LASIK group, 
prednisolone acetate 1.0% was continued every two 
hours on the first 3 days after surgery and then 4 times 
a day for 15 days. Chloramphenicol eye drop was 
administered 4 times daily for the first postoperative 
month, as well.
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Statistical Analysis
The Mann–Whitney U test was applied to compare 
the preoperative and postoperative HOAs in each 
study group. The Wilcoxon test for matched pairs was 
performed to analyze the surgically induced changes in 
Zernike terms and the root mean square (RMS) values. The 
increased factor of RMS was defined as the change of a 
wavefront error in relation to the preoperative value. Also, 
multiple stepwise regression analyses were performed 
to evaluate factors with possible effects on changes in 
HOA. All statistical analyses were performed using SPSS 
software (version 17.0, SPSS. Inc. IBM, Chicago, IL, USA).

RESULTS

Mean postoperative spherical equivalent (SE) 
was −0.08 ± 0.44 diopters (D) in the PRK group 
and −0.18 ± 0.44 D in the LASIK group. At the 12-month 
follow‑up visit, all (100%) eyes showed refraction 
within ±1.0 D of attempted SE [Figure 1]. Mean changes in 
the total HOA RMS are summarized in Table 2. In the eyes 
undergoing PRK, there was no significant change in the total 
HOA for the pupil size of 5 mm postoperatively (P = 0.55) 
whereas, it increased significantly (P < 0.02) for the 
6 mm pupil size. In the LASIK group, the total HOA 
was increased significantly for both 5 and 6 mm pupil 
zone (P < 0.001). The change in total HOA did not 
significantly differ between the PRK and LASIK groups 
for both 5 and 6 mm pupil sizes (P = 0.21 and P = 0.13, 
respectively). In the PRK group, the total HOA RMS was 
reduced or remained unchanged in 24 (48%) and 21 (42%) 
eyes for 5 and 6 mm pupil sizes, respectively, at month 12. 
In the LASIK group, the total HOA RMS reduced or did 
not change in 14 (28%) and 10 (20%) eyes for 5 and 6 mm 
pupil sizes, respectively. The mean changes of spherical 
aberration, and vertical and horizontal coma are shown in 
Table 3, and Figures 2a and 2b. Spherical aberration (Z4, 
0) was increased significantly in the LASIK group for the 
6 mm pupil size (P < 0.001); however its increase was not 
significant in the PRK group (P = 0.23). The increase in 
spherical aberration was significantly greater in in the 
LASIK group than in the PRK group (P = 0.001). Spherical 

aberration shifted into negative values in both study 
groups. Compared to the baseline, horizontal coma was 
significantly increased in both groups (P = 0.001), but the 
change did not significantly differ between the LASIK and 
PRK groups (P = 0.69). The direction of horizontal coma 
was reversed in the LASIK group from a negative value 
to a positive one; however the value remained negative 
after PRK.

Compared to the baseline, induction of vertical 
coma was significant for 6 mm pupil size in the LASIK 
group (P = 0.01) but not in the PRK group (P = 0.10). 
The change in the vertical coma did not significantly 
differ between the two groups (P = 0.37). In both groups, 
the mean direction of vertical coma was reversed and 
changed from negative to positive values.

Table 1. Demographic and refractive data

LASIK PRK P*

Mean SD Min Max Mean SD Min Max

Age (Yrs) 30.72 7.34 20 53 28.12 6.05 19 44 0.17
SE(D) ‑4.01 1.67 ‑1.5 ‑8.50 ‑3.61 1.51 ‑1.50 ‑7.50 0.15
Sphere(D) ‑3.57 1.75 ‑0.50 ‑7.50 ‑3.26 1.43 ‑1.50 ‑7.25 0.15
Cylinder(D) ‑0.88 0.78 0 ‑4.0 ‑0.72 0.60 0 ‑3.25 0.75
OZ(mm) 6.46 0.23 6 6.80 6.48 0.23 6 6.80 0.56
Q‑FACTOR ‑0.16 0.1 ‑0.38 0.17 ‑0.15 0.1 ‑0.32 0.08 0.88
Ablation depth 75.08 23.40 35 134 70.86 24.36 30 124 0.24
D, diopters; LASIK, laser in situ keratomileusis; PRK, photorefractive keratectomy; SD, standard deviation; Min, minimum; Max, maximum; OZ, 
programmed optical zone; mm, millimeter; *based on Mann-Whitney test

Table 2. Mean changes of total HOA RMS 

LASIK PRK

5 mm 6 mm 5 mm 6 mm

Baseline 0.19±0.07 0.31±0.12 0.21±0.09 0.35±0.13
At month 
12

0.25±0.08 0.46±0.14 0.22±0.1 0.43±0.21

Increase 
factor*

1.46±0.8 1.71±1 1.22±0.76 1.34±0.69

P‑Value** P< 0.001 P<0.001 P=0.55 P=0.02
*Increased factor of RMS reflect the change of a wavefront error in 
relation to the preoperative value. **based on Wilcoxon test; LASIK, 
laser in situ keratomileusis; PRK, photorefractive keratectomy; HOA, 
high order aberration; RMS, root mean square; mm, millimeter

Figure 1. Attempted versus achieved spherical equivalent 
(∆ SE) one year after PRK (a) and LASIK (b) (predictability).

a b
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The mean change in total HOA RMS and spherical 
aberration significantly correlated with its preoperative 
value in the LASIK and PRK groups (P < 0.001) [Figure 3]. 
When the preoperative total HOA for 6 mm pupil size 
was <0.29 μm, the mean change of total HOA was 
0.13 ± 0.15 μm and 0.23 ± 0.18 μm in the PRK and LASIK 
groups, respectively (P = 0.02). When preoperative total 
HOA for 6 mm pupil size was ≥0.29 μm, the mean 
change was 0.05 ± 0.25 μm and 0.06 ± 0.13 μm in the PRK 
and LASIK groups, respectively (P = 0.73).

Influential factors on total HOA RMS including 
attempted correction, preoperative sphere, cylinder, 

and optical zone were assessed using multiple stepwise 
regression analysis. These factors accounted for 51% 
(R² = 0.51) and 42% (R² = 0.42) of the variance of changes 
in total HOA RMS for 6 mm pupil zone in the PRK and 
LASIK groups, respectively. For the change of spherical 
aberration and influential factors, R² value was 0.041 and 
0.039 for the PRK and LASIK groups, respectively. For the 
change of horizontal coma, 42% (R² = 0.42) and 16% (R² = 
0.16) of the variance could be explained by the influential 
factors in the PRK and LASIK groups, respectively. 
R² value, correlation between the vertical coma and 
influential factors, was lower for vertical coma (0.16 for 
PRK and 0.15 for LASIK groups). The linear regression 
analysis revealed that the attempted SE significantly 
affected the increase in the postoperative spherical 
aberration (b = 0.60; P < 0.001), total HOA RMS (b = 0.70; 
P < 0.001) [Figure 4], horizontal coma, (b = 0.36; 
P < 0.001), and vertical coma (b = 0.35; P < 0.01) in the 
PRK group. Attempted SE also significantly affected the 
increase in postoperative spherical aberration (b = 0.54; 
P < 0.001), total HOA RMS (b = 0.57; P < 0.001), vertical 
coma (b = 0.31; P = 0.02), but not horizontal coma (b = 0.14; 
P = 0.18) in the LASIK group [Figure 4].

DISCUSSION

Corneal wavefront profiles provide important information 
regarding the optical quality of vision. It is generally 
believed that wavefront‑guided refractive surgery 

Figure 2b. Comparison of HOA changes after PRK and 
LASIK (RMS: root mean square).

Table 3. Mean changes of wavefront data (6 mm)

LASIK PRK

Change Increase 
factor Min

P** Change Increase 
factor SD

P** Min P†

Z 4,0 0.13±0.16 4.09±5.5 P=0.001 0.03±0.12 4.23±8.6  P=0.23 P=0.001
V. coma 0.07±0.18 3.43±4.19 P=0.01 0.04±0.18 2.33 ±3 P=0.1 P=0.37
H. coma 0.06±0.12 3.84±5.17 P=0.001 0.09± 0.19 4.36±6.26 P=0.001 P=0.69
LASIK, laser in situ keratomileusis; PRK, photorefractive keratectomy; Min, minimum; SD, standard deviation; **based on Wilcoxon  test. †LASIK 
versus PRK, based on Mann-Whitney test. Preoperative versus postoperative Z4.0: primary spherical aberration. V.coma: vertical coma, H.coma: 
horizontal coma. Mean change and increase factor for Z4,0, H.coma, V.coma reflect the mean increase of |Z4,0|,|V. coma|, |H. coma| *Increased 
factor of RMS reflect the change of a wavefront error in relation to the preoperative value

Figure 2a. Changes of HOAs after PRK (a) and LASIK (b); (RMS: root mean square).

a b



Higher Order Aberrations after Wavefront‑guided LASIK and PRK; Hosseini et al

354 Journal of ophthalmic and Vision research 2016; Vol. 11, No. 4

can decrease the amount of HOAs. Several studies[19,20] 
have also demonstrated better visual outcomes with 
wavefront‑guided PRK and wavefront‑guided LASIK 
than with respective comes back to the conventional 
platforms (PRK and wavefront‑guided LASIK); 
nonetheless, the increase in HOA is still a concern even 
with customized ablations.[21,22] According to our results, 
both personalized Zyoptix PRK and LASIK significantly 
increased the total HOA RMS for a 6 mm pupil size. The 
increase was 1.71 for 6 mm pupil size which is similar to 
that reported by Moshirfar et al (1.74) and slightly more 
than that was reported by Kohnen et al (1.52).[17,22]

Our results demonstrated that the mean change 
of total HOA between wavefront‑guided PRK and 
wavefront-guided LASIK was not statistically significant 
for both pupil sizes although each technique had 
different influences on Zernike coefficients. To the 
best of our knowledge, few studies have compared 
wavefront‑guided PRK and wavefront‑guided LASIK. 
Our results were in contrast to a previous study by 
Moshirifar et al who showed that wavefront‑guided 
PRK induced fewer HOAs than wavefront‑guided 
LASIK.[22] In a bilateral prospective randomized clinical 
trial, Wallau and Campos also showed a lower mean 
HOA in the PRK eyes compared with the LASIK 

eyes.[23] The difference observed between our study 
and the above‑mentioned studies can be explained 
by the follow‑up period which was longer in our 
study (12 months) than their studies (6 months). Manche 
et al showed that wavefront‑guided LASIK was superior 
to wavefront‑guided PRK with respect to the increase 
in total HOAs at postoperative month 1. At 3 months 
postoperatively, however, this difference was not 
statistically significant.[5] In a prospective, comparative, 
contralateral study, Hatch et al did not find a significant 
difference between PRK and thin-flap LASIK in terms 
of the increase in HOA.[24] The absence of postoperative 
pain and rapid visual recovery are the advantages for 
LASIK. PRK eliminates complications related to the 
corneal flap and reduces the risk of iatrogenic ectasia. The 
results of the present study and other studies indicate 
that PRK and LASIK are comparable in visual outcomes 
and alterations in HOAs.[22,25] These features make PRK 
a more favorable refractive procedure. In our study, 
spherical aberration was induced more for LASIK eyes 
compared to PRK eyes.

In the present study, spherical aberration was shifted 
to a negative value after LASIK and PRK. In the LASIK 
group, the total HOA RMS for a 6 mm pupil reduced 
or remained unchanged in 20% of the eyes. This rate is 

Figure 3. Change (∆) in higher order aberrations as a function of its preoperative value for the 6 mm pupil. (a) the total HOA 
RMS of PRK group; (b) the total HOA RMS of LASIK group; (c) spherical aberration of LASIK group; (d) spherical aberration 
of PRK group.

a b

c d
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similar to the rate (20.6%) previously reported by Kohnen 
et al.[17] The total HOA RMS for 5 and 6 mm pupil sizes 
reduced or remained unchanged in more proportion 
of eyes that underwent PRK compared to those that 
received LASIK. These outcomes can be attributed to 
the creation of the LASIK flap and its effect on induction 
of aberrations.

Our results showed that the change in total HOA 
RMS had a significant correlation with its preoperative 
value; the lower the preoperative HOA RMS, the higher 
increase in the postoperative value. When preoperative 
total HOA RMS was <0.29 μm, the mean change in 
total HOA RMS was 0.13 ± 0.15 μm and 0.23 ± 0.18 μm 
in the PRK and LASIK groups, respectively. However, 
when for baseline total HOA RMS was ≥0.29 μm, the 
change was not statistically significant. Considering 
patients with higher preoperative HOA values, Kirwan 
et al compared HOA after conventional LASIK and 
laser epithelial keratomileusis for myopia and found a 
13.8% decrease in HOA after conventional LASIK and a 
48.5% decrease in HOA after laser‑assisted subepithelial 
keratectomy.[26] Other studies using other platforms 
reported similar results.[27] Although these studies 
did not involve wavefront-guided PRK, the findings 
suggested that wavefront‑guided technology provides 
the greatest benefit for patients with larger preoperative 
HOA values.

Moshirifar et al also stratified the preoperative total 
HOA RMS values to <0.2 μm, between 0.2 and 0.4 μm, 
and >0.4 μm and reported no decrease or increase 
trend in postoperative total HOA RMS based on the 
preoperative values.

When we classified our patients based on the 
preoperative total HOA, we found a significant 
association between the change of total HOA RMS 
and its preoperative value. This may reflect either the 
effect of different ablation depths on HOAs or better 
ability of personalized ablation to correct HOA in 
patients with preoperative high amounts of HOA. In 
fact, wavefront‑guided ablation induces some amount 
of new HOAs and corrects some amount of preexisting 
HOAs. In patients with lower baseline total HOA, the 
net effect was an increase in the postoperative HOA 
value, and more induction of new HOAs than correction 
of baseline HOAs. In patients with higher preoperative 
HOA values, the net effect was no significant change in 
the postoperative HOA values.

Multiple stepwise regression analysis showed that 
the influential factors including attempted correction, 
preoperative sphere, cylinder, and optical zone only 
predicted 51% and 42% of the variance of change in 
total higher aberration for 6mm pupil for the PRK 
and LASIK groups, respectively. The contribution of 
spherical aberration, horizontal and vertical coma, 

Figure 4. Change in total HOA RMS and spherical aberration as a function of the attempted spherical equivalent in both PRK 
(b and c) and LASIK (a and d) groups.

a b

c d
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was even lower. This means that other factors such as 
decentered ablation, flap reconstruction, wound healing, 
and epithelial hyperplasia may influence these changes. 
In addition, inconstant laser fluence per pulse and 
potential misalignment of measurement and treatment 
may contribute to undercorrection and induction of 
aberrations.[3,17,26,28] Zywave measures 70–78 point in the 
pupil area. This means that each measured point has a 
surface area of nearly 0.50 mm² for a 6 mm pupil zone, 
but laser spot size is 1 mm².[26] This spot size is not fine 
for ablation and, therefore, undercorrection or induction 
of aberrations may occur. R² value was lower for vertical 
and horizontal coma than spherical aberration. These 
findings uncover the fact that factors may exist which 
affect more on coma induction such as decentered 
ablation and corneal dehydration. Low coma R² value 
for LASIK compared to its PRK value suggests that coma 
may be induced mainly as a function of factors related 
to flap creation and its possible complications such as 
flap decentration.

According to our results, attempted spherical 
equivalent correction has had a significant correlation 
with the change of total HOA RMS. In the majority of 
the eyes with low myopia, compared to baseline values, 
total higher order aberration reduced in both LASIK 
and PRK groups but for the eyes with moderate and 
high myopia, total HOA increased. A similar change 
was seen for spherical aberration. In eyes with low 
myopia correction, spherical aberration was decreased, 
however, the opposite effect occurred for moderate and 
high myopic correction. It can be concluded that, slightly 
steeper slope of the regression line for PRK indicates that 
the change of HOA and spherical aberration per diopter 
spherical equivalent (SE) treatment is more predictable 
than LASIK. This may be due to the flap creation in 
LASIK. Change in coma aberration is more influenced 
by the attempted correction in the PRK group. This may 
again show the effect of flap creation in the LASIK group.

In conclusion, both wavefront‑guided LASIK and PRK 
induce higher order aberrations. For the 5 mm pupil size, 
the total HOA did not change after wavefront‑guided 
PRK but it increased after wavefront‑guided LASIK; 
for the 6 mm pupil size, both personalized PRK and 
LASIK led to an increase in the total HOA with no 
significant difference between the two groups (P = 0.21, 
P = 0.13 for pupil size of 5 and 6 mm, respectively). 
Change of total HOA RMS had a significant correlation 
with its preoperative value for both LASIK and PRK 
groups. Wavefront‑guided treatment was successful for 
reduction of HOA in low myopia however, new HOAs 
were induced postoperatively especially in eyes with 
low preoperative HOA.
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