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ABSTRACT

PURPOSE: To evaluate the outcomes of transepithelial,
topography-guided, epithelial mapping-assisted ablation in
the treatment of regression after myopic refractive surgery.

METHODS: A retrospective consecutive case series of 70 eyes
of 52 patients with regression after previous corneal refrac-
tive surgery for treatment of myopic and compound myopic
astigmatism underwent re-treatment using transepithelial
topography-guided and epithelial mapping-assisted custom
ablation with a wide and smooth transition zone design. The
ablation profile was based on data from corneal topography,
whereas the epithelial ablation depth was decided by corneal
epithelial mapping obtained by optical coherence tomography.

RESULTS: The mean follow-up time after re-treatment was
13.6 £ 9.4 months (range: 6 to 51 months). At the patients’ last

he enhancement rate after primary laser refrac-
tive surgery varies widely in the literature. Rates
ranging from 1.8% to 22%,'® 2.3% to 5.2%,%°
and 1.1% to 4.39%°%7 have been reported for laser in
situ keratomileusis (LASIK), photorefractive keratec-

follow-up visit, 98.5% and 76.5% had uncorrected distance vi-
sual acuity of 20/40 and 20/20 or better. Safety and efficacy
indexes were 1.05 and 0.92, respectively. The mean spheri-
cal equivalent was reduced from -1.10 + 0.65 to -0.16 + 0.34
diopters. Both total root mean square, odd-order, and even-
order higher order aberrations improved significantly (P =
.021, .040, and .030, respectively), whereas corneal aspheric-
ity remained unchanged (P =.662). Epithelial thickness profile
showed significant smoothing between the central 2-mm and
2- to 5-mm paracentral areas.

CONCLUSIONS: Transepithelial topography-guided and epi-
thelial mapping-assisted custom re-treatment with a wide
and smooth transition zone design is safe and effective for
addressing myopic regression in patients who have previously
undergone myopic refractive surgery.

[J Refract Surg. 2019;35(8):525-533.]

tomy (PRK), and small incision lenticule extraction
(SMILE), respectively.

Residual refractive errors after laser refractive sur-
gery remain the most common reason for patients’
dissatisfaction and re-treatment. In addition, laser
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refractive surgery can also induce stromal irregulari-
ties, resulting in higher order aberrations (HOAs)?9
and nonconformity between corneal and stromal sur-
face due to epithelial remodeling.’®"® A custom pro-
cedure such as topography-guided treatment seems
to be proper for the treatment of residual refractive
errors and HOAs, and transepithelial phototherapeu-
tic keratectomy (PTK) combined with topography- or
wavefront-guided custom ablation has been reported
to be effective in repairing irregular corneas.® To
specifically address the effect of HOAs and the epi-
thelial remodeling induced by the primary treatment,
data derived from corneal topography/tomography
and corneal epithelial mapping were used as the basis
for planning of the custom transepithelial surface ab-
lation and evaluated in the current study.

PATIENTS AND METHODS
PATIENTS

Seventy eyes of 52 patients with residual myopia
after laser refractive surgery for myopia or compound
myopic astigmatism who underwent re-treatment
by transepithelial topography-guided and epithelial
mapping—assisted surface ablation were evaluated
retrospectively. The re-treatments were performed be-
tween April 2010 and October 2017 at SynsLaser Clin-
ic, Tromsg@, Norway. The patients provided informed
consent, and approval for anonymous use of the data
was obtained from the Norwegian data authority. The
need for ethics committee approval was waived due to
the retrospective nature of the study.

The inclusion criterion for the re-treatment was
patient dissatisfaction with uncorrected distance vi-
sual acuity (UDVA) due to residual myopia or myopic
compound astigmatism. The exclusion criteria were:
residual hyperopia with or without astigmatism; com-
plications after the primary surgery; reported signifi-
cant subjective visual disturbances such as halos and
double vision that cannot be improved by spectacles
or contact lenses; corrected distance visual acuity
(CDVA) worse than 20/20; estimated stromal pachym-
etry after re-treatment of 300 pm or less; and other eye
pathology.

Patients underwent preoperative and postoperative
ophthalmic examinations, which consisted of slit-lamp
biomicroscopy, visual acuity/subjective manifest re-
fraction (Nidek RT-2100 system; Nidek Co. Ltd., Aichi,
Japan), Placido-based corneal topography and wave-
front aberrometry (Nidek OPD Scan II; Nidek Co. Ltd.),
dynamic pupillometry (pMetrics; iVIS Technologies,
Taranto, Italy), and Goldmann applanation tonometry.
Scheimpflug-based corneal topography/tomography
by Precisio (iVIS Technologies) was performed under

526

“Refractive surgery” mode to ensure =3 pm repeat-
ability within the central 6 mm of the anterior corneal
elevation. Corneal epithelial thickness mapping was
obtained using the RTVue-100 26000-Hz optical coher-
ence tomographer (OCT) (Optovue Inc., Fremont, CA).

SURGICAL PLAN

The transepithelial custom ablation was performed
using iVIS Suite (iVIS Technologies), an integrated sys-
tem consisting of the Precisio tomographer, pMetrics
pupillometer, Corneal Interactive Programmed Topo-
graphic Ablation (CIPTA) planning software, and iRES
excimer laser (iVIS Technologies).

The refractive ablation profile was compiled us-
ing subjective refraction and corneal topography data,
aiming at achieving postoperative emmetropia and
regularization of the anterior corneal optics. Subjec-
tive or total (ray-traced) corneal astigmatism was used
in programming of astigmatism correction, depend-
ing on the amount and orientation of the lenticular
astigmatism, which was estimated as a vectorial dif-
ference between intraocular astigmatism, measured
by the OPD Scan II, and the posterior corneal astig-
matism, measured by the Precisio. In cases where the
estimated lenticular astigmatism corresponded to the
difference between the subjective and total corneal
astigmatism, the subjective astigmatism was used as
the end point for the astigmatic correction; otherwise
total cornea astigmatism was used. The size of the op-
tical zone of the refractive ablation was based on the
size of the entrance pupil measured by dynamic pupil-
lometry. A custom transition with gradually decreas-
ing refractive effect, connecting the optical zone and
the peripheral cornea outside the treatment area, was
designed by the CIPTA for each hemimeridian. This
topography-guided, homogeneous transition along all
hemimeridians yielded a larger total treatment zone of
customized size and shape. Detailed principles of the
concept are described elsewhere.'5”

Epithelial thickness map obtained by the RTVue-100
was used to assist in the determination of the lamellar
ablation depth, whereas the diameter and shape of the
lamellar ablation matched the total treatment zone. A
point-by-point analysis of the corresponding locations
on the refractive ablation map and the epithelial thick-
ness map within the optical zone or the 6-mm diam-
eter zone, when the optical zone was larger than 6 mm,
was executed by the surgeon. Four locations within
the central 2-mm area, four locations for each superior,
inferior, temporal, and nasal 2- to 6-mm paracentral
segment, and the location with the thickest epithelium
were analyzed. At the location where the epithelial
thickness exceeded the refractive ablation depth the
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Figure 1. Schematic drawing illustrating the process of program-
ing of the lamellar ablation depth. (A) Irregular epithelial thickness
profile after primary refractive surgery derived by optical coherence
tomography and refractive ablation plan profile, derived from corneal
topography and patient’s subjective refraction. The epithelial thick-
ness (AiCi) and depth of ablation (AiBi] at corresponding locations are
compared. At the location where the epithelial thickness exceeded the
refractive ablation depth the most (shown in red line), the refractive
ablation depth was subtracted from the measured epithelial thickness,
giving the depth of the lamellar part of the compound ablation (max
BC = AxCx - AxBx]. (B) Lamellar ablation and planned postoperative
stromal surface.

most, the refractive ablation depth was subtracted from
the measured epithelial thickness, giving the depth of
the lamellar part of the compound ablation. This en-
sured that the treatment would “reach” the stroma at
all points, with no unnecessary amount of tissue ab-
lated. Figures 1-2 illustrate the schematic process of
determination of the lamellar ablation depth and one
clinical example of the ablation profile programming,
respectively.

The ablation plan was executed using a 1-KHz,
0.6-mm, 250-mJ/cm? dual flying-spot laser (iRES). To
prevent haze, 0.02% mitomycin C was applied to the
cornea for 30 seconds after the treatment in cases with
history of haze after the primary treatment. Finally, a
bandage contact lens (Acuvue Oasys; Johnson & John-
son, New Brunswick, NJ) was applied and worn for
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Figure 2. Ablation programming example in a case after laser in situ
keratomileusis with subjective refraction of -0.75 -0.50 x 155. (A)
Significant epithelial thickening in the central and superior paracen-
tral cornea. (B) Topography-guided ablation simulation with sphero-
cylindrical correction according to subjective refraction. The average
simulated ablation depth of the superior sector from a 2- to 3-mm
radius was 4 pm, whereas the epithelial thickness in the corresponding
area was 66 to 68 pm (shown with arrows). A 64-pym lamellar ablation
depth was programmed to ensure that the ablation would reach the
stroma even under the thickest epithelium.

5 days or until complete reepithelialization was con-
firmed. The detailed surgical protocol has been de-
scribed elsewhere.%17

DATA ANALYSIS

All visual acuity values were recorded as Snellen
values and converted to logMAR units for statistical
analysis and then converted back to Snellen values for
presentation purposes.

Vector analysis was used to analyze the changes in
astigmatism according to the Alpins method.'® Target
induced astigmatism (vector of intended change in
cylinder) and surgically induced astigmatism (vector
of the actual change in cylinder) were evaluated. Cyl-
inder values were kept in minus format.

Statistical analysis was performed using SPSS
software (version 13.0; IBM Corporation, Armonk,
NY). The paired ¢ test and related-samples Wilcoxon
signed-ranks test were used to compare the preopera-
tive and postoperative parameters with normal distri-
bution and non-normal distribution, respectively. A
P value of less than .05 was considered statistically
significant.

RESULTS

All 70 eyes were available for postoperative evalua-
tion at 13.6 + 9.4 months (range: 6 to 51 months) after
the re-treatment, of which 57% (n = 40) were evalu-
ated at 12 months or later. The maximal diameter of
the optical zone was 5.88 = 0.83 mm and the maximal
diameter of the treatment zone was 8.14 + 0.54 mm.
The maximal ablation depth of the refractive compo-
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nent was 34.74 + 12.74 pm. The ablation depth of the
lamellar component was 61.78 + 7.95 pm.

SAFETY

Figure 3A shows the change in the Snellen lines
of CDVA. At their most recent follow-up visit, no eye
lost two or more lines. CDVA improved from 20/17 to
20/16 (P = .003), yielding a safety index of 1.05.

528

There were no significant sight-threatening compli-
cations. No case of ocular infection was reported post-
operatively. Two eyes (2.9%) presented with a trace of
haze at 1 month postoperatively, in which spontane-
ous clearance was registered at the 3-month follow-up
for both cases. Eyes with late-onset corneal haze were
not observed in this cohort. In addition, two cases
(2.9%) reported mild diplopia and four cases (5.7%)

Copyright © SLACK Incorporated
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had mild to moderate dry eye after the re-treatment at
their most recent follow-up visit.

EFFICACY

Two eyes that were not targeted for emmetropia
were excluded from the efficacy analysis. The cumu-
lative data on postoperative UDVA compared to pre-
operative CDVA are shown in Figure 3B. At the most
recent follow-up visit, the UDVA was 20/20 or better
in 76.5% of cases (n = 52) and 20/40 or better in 98.5%
of cases (n = 67). The efficacy index was 0.92.

PREDICTABILITY

The mean spherical equivalent was reduced from
-1.10 = 0.65 diopters (D) (range: -3.63 to -0.25 D) to
-0.16 + 0.34 D (range: -1.00 to +0.63 D). Of all eyes,
87% (n = 61) were within +0.50 D of the intended re-
fraction and 100% (n = 70) were within +1.00 D (Fig-
ures 3C-3D).

Journal of Refractive Surgery ¢ Vol. 35, No. 8, 2019

PREDICTABILITY OF MANIFEST ASTIGMATISM CORRECTION

Seven eyes with zero preoperative astigmatism and
no astigmatism correction were excluded from the
astigmatism analysis. The preoperative and postopera-
tive manifest astigmatism in 63 cases are demonstrated
in Figure 3E and in double-angle plots (Figures 4A-4B).
The mean magnitude of error and angle of error at the
last follow-up visit were -0.04 = 0.32 D (range: -0.65
to +1.13 D) and -1.40 + 15.49 degrees (range: -43.15 to
45.00 degrees), respectively (Figures 4C-4D).

STABILITY

The stability of refraction is shown in Figure 3F.
Postoperative spherical equivalent refraction stabil-
ity was achieved at 1 month, with no statistically sig-
nificant difference between each two follow-up points
thereafter (P = .912, .911, .971, and .844, between 1
and 3 months, 3 and 6 months, 6 months and 1 year,
and 1 year and the last follow-up, respectively).
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TABLE 1
Preoperative and Postoperative HOAs and Asphericity (Mean * Standard Deviation)

Time Total HOAs HOAs (3rd + 5th) HOAs (4th + 6th) Asphericity
Preoperative 0.62 + 0.41 0.49 +0.33 0.36 + 0.30 0.69 +0.73
Postoperative 0.50 + 0.24 0.40 +0.18 0.27 + 0.20 0.66 + 0.74
P .021 .030 662

HOAs = higher order aberrations

HOAS AND ASPHERICITY

We analyzed ocular HOAs up to the sixth order
within a 6-mm diameter and anterior corneal asphe-
ricity within a 3-mm diameter. The re-treatment re-
duced both total root mean square, odd-order (third
+ fifth), and even-order (fourth + sixth) HOAs signifi-
cantly. Central anterior corneal asphericity remained
unchanged (Table 1).

CORNEAL EPITHELIAL THICKNESS PROFILE

The epithelial thickness profile was analyzed in both
the central 2-mm area and 2- to 5-mm paracentral area.
Before re-treatment, the epithelium was 2.03 pm thick-
er in the central area (60.96 + 5.48 mm) compared to
that of the paracentral area (58.93 + 6.64 mm) (P <.001).
After re-treatment, the epithelium in the paracentral
area (62.19 + 5.37 mm) was 0.85 pm thicker compared
to that of the central area (61.34 + 6.22 mm) (P = .002).

DISCUSSION

Several mechanisms have been proposed as the
cause of residual refractive errors after excimer laser
refractive surgery, among which corneal biological di-
versity, including stromal healing response and epi-
thelial remodeling, are thought to be major factors.'®
Different options are available for enhancement,
among which flap-relift LASIK has been most widely
used for re-treatment after primary LASIK,»222 due
to the good outcomes, quick visual recovery, and ease
of the procedure. The major complication of this pro-
cedure is epithelial ingrowth,'?'?? whereas the major
drawback is further decrease of residual stromal bed
thickness. Surface ablation is another good alternative
and is preferred in cases where reduction of the resid-
ual stromal thickness would compromise preservation
of the corneal biomechanical strength and where flap-
relift is estimated to be difficult or risky (eg, increased
risk of epithelial ingrowth).

The refractive outcomes of re-treatment procedures
are usually inferior to those of primary refractive sur-
gery. The induction of HOAs® and change in corneal
physiological asphericity® by the primary procedure
decrease the efficacy and predictability of re-treatment.
Therefore, customized re-treatment with topography-
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or wavefront-guided ablation may be more effective in
an enhancement procedure.

One of the main issues in planning topography-
guided treatments is the possible discrepancy be-
tween the subjective and topographic cylinders.?32*
Studies demonstrated that analysis of the origin of
the subjective astigmatism by accounting for the re-
spective influence of the lenticular astigmatism, cor-
neal odd-order aberrations,?® and posterior corneal
astigmatism?® is crucial in determining the astigmatic
end-point in topography-guided treatments.

Epithelial thickness profile change after primary
laser refractive surgery was another important fac-
tor to be considered in re-treatment, especially with
the topography-guided approach. Due to the flat-
tened stroma after primary myopic ablation, the post-
operative epithelium thickness over the central area
increases as a compensatory response after LASIK,®
PRK," and SMILE.'? In the current study, the average
epithelial thickness before re-treatment was thicker
in both the central and paracentral areas compared to
virgin cornea®” and the central epithelium was signifi-
cantly thicker than that of the paracentral area by 2.03
pm. The unevenly thickened epithelium affected the
corneal topography significantly, introducing incon-
formity between the anterior corneal surface covered
by the epithelium and the stromal surface, in terms
of astigmatism, irregularities, and asphericity."® Un-
der such circumstances, if conventional topography-
guided PRK preceded by complete epithelial removal
had been selected for the re-treatment, a topography-
guided ablation profile, based on the corneal topogra-
phy with epithelium-on, would have been incorrectly
applied on the stromal surface containing different ir-
regularities and curvature, consequently introducing
ablation error and suboptimal outcomes.?

The transepithelial topography-guided surface ab-
lation used in the current study consists of: (1) the cus-
tom refractive component for treatment of the residual
myopia, astigmatism, and corneal HOAs and (2) the
PTK/lamellar component, containing both the epithe-
lium and the protruding, remodeled stromal irregular-
ities. That way the positive effect of the epithelial re-
modeling is preserved and the issue of nonconformity
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between the stromal surface and the measured corneal
surface'®?? is circumvented. Under such circumstanc-
es, if the epithelial thickness was underestimated, it
would leave a part of the stroma only partially treated,
whereas an overestimation of the epithelial thickness
would lead to unnecessary waste of corneal tissue. Ep-
ithelial mapping—assisted transepithelial topography-
guided ablation addressed this issue.

The proportions of ablated epithelium and stroma in
the lamellar component are different at different points
on the cornea, especially in corneas with an irregular
stromal surface and highly irregular epithelial thick-
ness profile. In eyes with previous myopic treatment,
the epithelium will usually be thicker centrally to par-
tially compensate for the stromal tissue removal, and
thinner paracentrally to partially compensate for the
biomechanical stromal thickening.'%3%3" A transepithe-
lial PTK ablation will thus break through the thinner
peripheral epithelium, resulting in stromal ablation
in the periphery while still ablating epithelium in the
center. Under the assumption that a similar epithelial
remodeling as after the primary treatment would oc-
cur after the re-treatment, this would have a hyperopic
treatment effect (a myopic shift) and would affect the
nomogram for a transepithelial PRK re-treatment. How-
ever, the epithelium will regenerate after surgery with
a thickness profile defined by the curvature gradient of
the new stromal surface.!%2%-32 Therefore, the difference
between the epithelial thickness profile before and after
the transepithelial PRK treatment will also contribute a
refractive shift.

The topography-guided ablation profile in the cur-
rent study uses a wide transition zone with a gradual
dioptric change from treated to untreated cornea that
is designed to create a consistent curvature gradient
on the stromal surface, meaning that the epithelial
thickness profile is more likely to return to the appear-
ance of a virgin untreated cornea within the central
optically active zone, because only the unevenness of
the stromal curvature gradient leads to an uneven epi-
thelial thickness profile. If the uneven gradient change
is removed, the epithelium should be expected to re-
turn without a “lenticule” configuration (Figure A,
available in the online version of this article). If this is
achieved, the refractive shift induced by the peripher-
al stromal ablation from the transepithelial PTK is bal-
anced by the refractive shift due to the change in the
epithelial thickness profile, resulting in a refractive-
neutral effect, and there does not need to be a change
to the nomogram. Such a conclusion has also been
supported by the results of the current study. This
goal may only be achieved for myopic corrections up
to a certain limit because of the tissue constraints of
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the human cornea when the final myopic correction
is higher than a certain amount where it seems impos-
sible to have a completely regular gradient change (eg,
-10.00 D).

The difference in the ablation rate between the epi-
thelium and the stroma may induce an ablation error
in transepithelial ablation and influence the predict-
ability of postoperative refraction. But even if the
achieved ablation is equal to the planned ablation, a
factor not accounted for would be the effect of the dif-
ferent epithelial and stromal refractive indexes after
redistribution of the relative amounts and shapes of
the epithelium and stroma that occurs with the cur-
rent transepithelial treatment. This redistribution may
cause the change in both local and global corneal re-
fractive indexes and may account for a certain addi-
tional postoperative refractive change. This is in line
with the findings of Reinstein et al.,’>3* who reported
myopic or hyperopic shift after PTK in the treatment
of corneas with irregular irregularities.

Epithelial thickness mapping—assisted PTK followed
by wavefront- or topography-guided custom ablation has
been used in treatment of highly irregular corneas.*'5
As an alternative to the current concept, ablation based
on stromal surface topography after epithelial removal
is another proper solution for cases with epithelial re-
modeling. Treatment of highly aberrated corneas using
intraoperative stromal topography-based, wavefront-
guided ablation, after removal of the epithelium,** and
stromal surface topography-guided custom ablation in
a post-LASIK flap complication case, where the stromal
surface information was obtained by subtracting the
very high-frequency digital ultrasound-derived epithe-
lial thickness profile from the Orbscan-derived corneal
front surface elevation,* have been reported with satis-
factory refractive outcomes.

In our transepithelial treatments, special attention was
given to the following three conditions to minimize the
discrepancy between the planned and achieved ablation:
(1) use of excimer laser with radial ablation efficiency
compensation; (2) ablation planning that takes into ac-
count the different ablation rates between the epithelium
and the stroma; and (3) design of a smooth transition to
contribute to a refractive-neutral postoperative epithelial
thickness profile. We presume that the increase in the
epithelial thickness smoothness was achieved due to
the wide and smooth customized transition between the
treated and untreated cornea, as well as the smoothing
of the underlying stromal surface created by topography-
guided ablation used in the ablation design.3!3

The issue of postoperative haze used to be an argu-
ment against surface ablation for enhancements after
laser refractive surgery.®® Since the use of mitomycin
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C became prevalent, the incidence of severe haze has
declined steadily, whereas the increased smoothness
of the ablated surface with modern, small flying spot
lasers also seems to play an important role.?” In the
current study, due to the smooth stromal surface cre-
ated by the 0.5-mm spot laser, the low postoperative
ambient ultraviolet exposure in subarctic Norway,
preoperative and postoperative use of vitamin C, and
intraoperative use of mitomycin C in cases with his-
tory of haze after the primary treatment, only a trace
of haze at 1 month postoperatively was registered in
two cases.

The incidence of infection after surface ablation
has been reported to be higher than after LASIK, and
Gram-positive organisms are the most common patho-
gens.’®39 Patients enrolled in the study all received
antibiotic prophylaxis with broad spectrum, including
Gram-positive coverage (ciprofloxacin 0.5%, Cilox; Al-
con Laboratories, Inc., Fort Worth, TX), and a detailed
education on postoperative ocular hygiene, as well as
confirmation of total reepithelialization on slit-lamp
before bandage contact lens removal. No postoperative
infection was reported in our case series.

Compared with studies on re-treatment of residual
refractive error after previous refractive surgery (Table
A, available in the online version of this article) pub-
lished in the past 10 years,!6:20-22:4046 our procedure
showed favorable outcomes in terms of safety, effica-
cy, and predictability.

To the best of our knowledge, this is the first study
using transepithelial topography-guided, epithelial
mapping—assisted ablation featuring a customized
wide and smooth transition zone that contributes to
even postoperative epithelial remodeling with negli-
gible refractive contribution. It appears to be safe and
highly effective for addressing myopic regression in
patients who have previously undergone myopic re-
fractive surgery.
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Figure A. Epithelial thickness map (ETM] in two cases before and after the transepithelial photorefractive keratectomy (PRK], showing the change
from a positive epithelium lenticule before surgery to an epithelium with no power after surgery. Case A: 6-mm ETM taken by RT-Vue 100, OptoVue
OCT (OptoVue, Fremont, CA) and case B: 9-mm ETM taken by Avanti, OptoVue OCT.
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