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Abstract

Purpose: To investigate the efficacy of non-penetrating femtosecond laser in-
trastromal astigmatic keratotomy (ISAK) in terms of topographic and refrac-
tive changes. Methods: Retrospective study including 42 eyes (35 patients)
with a corneal astigmatism between 0.5 and 1.5 D. All eyes underwent femto-
second laser-assisted cataract surgery with ISAK for astigmatism management
using the Catalys laser system (Johnson & Johnson Vision). Visual acuity, re-
fraction, as well as corneal topographic and corneal endothelial cell density
(ECD) changes were evaluated during a 12-month follow-up. Astigmatic
changes were analyzed using the Alpins vector method. Results: A significant
reduction in manifest cylinder was observed at 1 month postoperatively (p =
0.03), with no significant changes afterwards (p = 0.90). A total of 38.1%,
52.4% and 59.2% of eyes had a manifest cylinder of 0.50 D or lower preopera-
tively and at 1 and 12 months after surgery, respectively. A significant reduc-
tion was found in topographic astigmatism at 1 month postoperatively (p <
0.01), with an additionally small but statistically significant reduction after-
wards (p < 0.01). No significant changes in postoperative uncorrected (p =
0.97) and corrected visual acuities (p = 0.40) were observed during the fol-
low-up. There was a trend to undercorrection of corneal astigmatism that de-
creased significantly over time. This led to some variability in changes of re-
fractive astigmatism. A small but significant reduction in ECD was observed
at 1 month postoperatively (p < 0.01), with no significant changes afterwards.
Conclusions: Femtosecond laser assisted ISAK is an effective and safe option
to reduce corneal astigmatism during cataract surgery and consequently re-
fractive astigmatism.
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1. Introduction

The use of femtosecond laser in cataract surgery has become a common practice
in cataract surgery to perform several steps of the surgical procedure: anterior
capsulotomy, lens segmentation, and creation of corneal incisions [1]. It has been
demonstrated that femtosecond lasers are able to generate clear corneal incisions
(CCI) with minimal associated changes of anterior and posterior corneal topo-
graphy, and comparable with those of single-plane angled manual incision [2]
[3]. Likewise, femtosecond laser incisions have shown to be stable, with minimal
change in higher order aberrations (HOA) [4] [5] [6]. Furthermore, the femtose-
cond laser procedure for performing the corneal incision has been shown to be
safe, efficient, and less damaging than the manual technique, as evidenced by
lower central endothelial cell loss, lower increase of corneal thickness at the inci-
sion site and better tunnel morphology compared to the manual technique [7].
Besides the creation of astigmatic corneal incisions in cataract surgery, femto-
second lasers have been demonstrated to be useful for the performance of kera-
totomy in different types of corneas, inducing significant reduction of corneal
astigmatism [8]-[19]. Day and Stevens [20] found that corneal biomechanical
parameters and the astigmatism meridian were independent predictors of fem-
tosecond laser intrastromal arcuate keratotomy efficacy. The aim of the current
study was to further investigate the efficacy of non-penetrating femtosecond la-
ser intrastromal astigmatic keratotomy (ISAK) in patients with a preoperative
corneal astigmatism between 0.5 and 1.5 D, not only in terms of topographic

changes, but also in terms of visual and refractive changes.

2. Patients and Methods
2.1. Patients

Retrospective data from consecutive patients who underwent femtosecond laser-
assisted cataract surgery with non-penetrating femtosecond laser intrastromal
astigmatic keratotomy (ISAK) for mild to moderate astigmatism management
were analyzed. All surgeries were performed by the same experienced surgeon
(TL) between September 2014 and June 2015 at the Centre for Ophthalmology
Diisseldorf. The study was performed in accordance with the Declaration of
Helsinki and approved by the local Ethics Committee. Written consent for data
processing was obtained from all patients.

2.2. Inclusion and Exclusion Criteria

From 337 patients undergoing femtosecond laser-assisted cataract surgery be-
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tween September 2014 and June 2015 those patients with the following inclusion
criteria were selected: Diagnosed cataract with best corrected visual acuities bet-
ter than 0.20 logMAR (20/32), a preoperative corneal cylinder between 0.5 to 1.5
D (measured with Pentacam HR, Oculus Optikgerdte GmbH), a total corneal ir-
regular astigmatism (TCIA) below 0.300 um, and ISAK treatment during femto-
second laser-assisted cataract surgery.

Exclusion criteria were: Corneal pathologies (e.g. scars, corneal thickness be-
low 480 pm), a corneal endothelial cell density below 2000/mm?, a width of di-
lated pupils below 6 mm or retinal pathologies (e.g. diabetic retinopathy, macu-

lar degeneration).

2.3. Preoperative and Postoperative Examinations

All patients underwent a preoperative examination that included ocular biome-
try (IOLMaster, Carl Zeiss Meditec AG), objective refraction (Nidek AR 660-A),
subjective refraction, noncontact tonometry (NT 530P, Oculus Optikgerite
GmbH), anterior and posterior corneal topography and pachymetry (Pentacam
HR), analysis of corneal endothelial cell density (EM 3000, Tomey), slit-lamp
evaluation, measurement of maximal dilated pupil width (Colvard pupilometer,
Oasis), and dilated funduscopy. IOL power calculation was performed using the
IOLMaster and the Haigis formula based on the measurements of axial length,
anterior chamber depth, and corneal radii.

Follow-up data at 1, 3, 6, and 12 months postoperatively were analyzed. Ob-
jective refraction, uncorrected visual acuity (UDVA), best corrected visual acuity
(CDVA), corneal topography (Pentacam HR), and corneal endothelial cell den-
sity were recorded. Corneal topography measurements were used to compare the
pre- and postoperative astigmatism. Manifest cylinder was compared between

pre- and postoperative examinations.

2.4. Surgical Procedure

All patients were informed about possible intraoperative and postoperative
complications and written informed consent was obtained. After topical anes-
thesia with oxybuprocaine hydrochloride (Conjuncain EDO) and insertion of a
lightweight lid speculum (Barraquer eye speculum, 43 mm), the 0 and
180-degree axis were marked with a pendular marker (Gerten horizontal axis
marker, Geuder AG) using a sterile disposable ink pen (Devon™ utility marker,
Covidien) with the patient standing upright.

The surgical procedure was performed under peribulbar anesthesia (prilo-
cainhydrochlorid and ropivacain, with added hyaluronidase) using the Catalys
laser system (Johnson & Johnson Vision; software version cOS 3.0). The pro-
grammed anterior capsulotomy size was 4.9 mm in all eyes and centered ac-
cording to the scanned capsule. Crystalline lens fragmentation was performed
using a standardized template (quadrants softened pattern). The lens fragmenta-

tion details included a segment-soft spacing of 350 um and a grid spacing of 600
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pum at a maximum diameter, and segmentation repetitions set at 4.

Alignment of the docking interface to the previously marked cornea was done
manually followed by the fine adjustment of the laser system integrated optical
coherence tomographic (OCT) guidance that ensured the placement of the in-
trastromal astigmatic keratotomies (AK) at the required corneal meridian. This
step was supported by the clear visibility of the ink marking in the OCT.

The nomogram according to Stevens (2015; v3) was used for intrastromal
AKs. (Stevens J. Intrastromal AK nomogram calculator v3 2015. Available at

http://www.femtoemulsification.com/.) All intrastromal AKs were 8.0-mm di-

ameter paired symmetrical arcs and were centered according to the scanned
capsule. The arcs were programmed to be intrastromal, nonpenetrating, with a
depth between 20% and 80% of corneal pachymetry as measured by the laser
system integrated OCT. Further intrastromal AK parameters were: 90-degree
side-cut angle, horizontal and vertical spot spacing of 5 um and 10 um, respec-
tively, pulse energy of 5 pJ, anterior line density of 10, anterior line distance of
30%, and central line density of 4.

Lens removal was performed with a standard phacoemulsification procedure
using the Infiniti® Vision System (Alcon). A 2.2 mm clear corneal temporal inci-

sion and two 1.1 mm side ports were created using a disposable steel keratome.

2.5. Statistical Analysis

Statistical analyzes were performed with a commercially available software
package (SPSS for Mac, Version 20.0; IBM Corporation, Armonk, NY, USA).
Normality of data samples was evaluated by means of the Kolmogorov-Smirnov
test. For the analysis of differences between preoperative and postoperative vis-
its, the Student t test for paired data or the Wilcoxon ranked sum test were used
depending if the samples were distributed normally or not, respectively. For all
statistical tests, a p-value of less than 0.05 was considered as statistically signifi-
cant. Cross-checks were performed to exclude bias due to the inclusion of both
eyes of some patients.

The Alpins vector analysis method was used for the analysis of the astigmatic
changes occurring after surgery [21] [22]. The following vectors were deter-
mined and evaluated: targeted induced astigmatism (TIA) as the vector of in-
tended change in cylinder for each treatment, surgically induced astigmatism
(SIA) as the vector of the real change achieved and difference vector (DV) as the
additional astigmatic change that would enable the initial surgery to achieve its
intended target. Additionally, the magnitude of error (ME) (difference between
the magnitude of SIA and TIA) and the angle of error (AE) (angle described by
the vectors of SIA and TIA) were calculated.

3. Results

The whole sample included 35 patients that received femtosecond laser-assisted

cataract surgery combined with ISAK. Table 1 shows details of the demographic
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Table 1. Demographic and clinical characteristics of the study group.

Patient characteristics

No. of study eyes 42 (22 right eyes, 20 left eyes)

Patient gender 16 males, 19 females

Mean + SD: 71.5 + 6.7
Age (years) Median: 72

Range: 59 - 86

Mean + SD: 563.4 + 33.3
Central corneal thickness (um) Median: 568

Range: 495 - 626

Abbreviation: SD, standard deviation.

and clinical characteristics of the study group. The mean preoperative and post-
operative data are summarized in Table 2. As shown, no significant changes
were detected in sphere (p = 0.57) and spherical equivalent (p > 0.48) during the
entire follow-up. In contrast, there was a significant reduction in manifest cy-
linder at 1 month postoperatively (p = 0.03), with no significant changes after-
wards (p = 0.90). This was consistent with the presence of a less scattered distri-
bution of postoperative manifest astigmatism compared to the preoperative dis-
tribution (Figure 1). A total of 38.1% (16/42) of eyes had a preoperative manifest
cylinder of 0.50 D or lower, whereas this percentage increased to 52.4% (22/42)
at 1 month postoperatively and 59.2% (25/42) at 12 months postoperatively. In
agreement with refractive astigmatic changes, a significant reduction was found
in topographic astigmatism at 1 month postoperatively (p < 0.01), with an addi-
tional small but statistically significant reduction during the remaining fol-
low-up (p < 0.01) (Figure 2) (Table 2). Regarding visual acuity outcomes, no
significant changes in postoperative UDVA (p = 0.97) and CDVA (p = 0.40)
were observed during the follow-up.

Table 3 summarizes the outcomes of the vector analysis of changes in manif-
est and corneal astigmatism. As shown, there was a trend to undercorrection of
corneal astigmatism that decreased significantly over time (increase of SIA p <
0.01, decrease of DV p = 0.04, less negative ME p = 0.04). This led to some va-
riability in the changes of refractive astigmatism, with no significant changes in
the vector parameters during the follow-up (p = 0.41).

Concerning endothelial cell density (ECD) changes, a small but statistically
significant reduction was observed at 1 month postoperatively (p < 0.01). How-
ever, no significant changes were found in ECD during the remaining follow-up
(p = 0.09).

4. Discussion

In the current study, we have demonstrated that non-penetrating femtosecond

laser-assisted ISAK is effective not only in terms of corneal topographic
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Table 2. Summary of the preoperative and postoperative data obtained in the analyzed sample.

Mean (SD) Preoperative
Median (Range) P
Topographic cylinder -0.91 (0.27)
(D) ~0.90 (1.5 to —0.5)
Total corneal
. ) . 0.16 (0.05)
irregular astigmatism
0.15 (0.07 to 0.28)
(um)
Endothelial cell 2529.7 (298.5)

density (cell/mm?)  2488.5 (2007 to 3575)

LogMAR UDVA
Sphere (D) 0.507((1?0&128).00)
Cylinder (D) ,osgffféﬁff )0.00)
SE (D) 0,067(1;(;.12(53';237)50)

LogMAR CDVA

~0.70 (—1.00 to 0.00)

0.18 (0.09 to 0.34)

2312.5 (1363 to 3338)

0.07 (0.00 to 0.52)

0.25 (-2.75 t0 2.75)

~0.50 (—1.75 to 0.00)

0.00 (—3.25 t0 2.13)

0.00 (—0.08 to 0.22)

3 months
postoperative

—0.58 (0.35)
~0.60 (—1.00 to 0.00)

0.18 (0.07)
0.17 (0.08 to 0.35)

2380.3 (394.6)
2417.5 (1771 to 3298)

0.14 (0.19)
0.05 (0.00 to 0.70)

—0.28 (1.41)
0.25 (-2.75 to 2.00)

~0.59 (0.39)
~0.50 (—1.75 to 0.00)

—0.58 (1.44)
—0.13 (=3.00 to 1.75)

0.02 (0.08)
0.00 (—0.08 to 0.30)

6 months
postoperative

—0.58 (0.33)
~0.60 (—1.00 to 0.00)

0.18 (0.07)
0.16 (0.07 to 0.37)

2317.1 (395.7)
2323.0 (1566 to 3347)

0.13 (0.17)
0.05 (0.00 to 0.70)

—0.27 (1.40)
0.25 (-2.50 to 2.00)

-0.56 (0.37)
~0.50 (—1.75 to 0.00)

—0.55 (1.43)
0.00 (—2.88 to 1.75)

0.03 (0.08)
0.00 (—0.08 to 0.22)

P-value P-value

12 months
. (preop-1  (1-12
postoperative month)  months)
—0.55 (0.34)
<0.01 <0.01
—0.50 (—2.00 to 0.00)
0.19 (0.06)
<0.01 0.44
0.18 (0.10 to 0.39)
2379.7 (368.7)
<0.01 0.09
2378.0 (1716 to 3333)
0.11 (0.15) 0.97
0.02 (-0.08 to 0.52) :
-0.21 (1.37)
0.81 0.57
0.25 (=2.75 to 2.00)
-0.63 (0.37)
0.03 0.90
—0.50 (—1.75 to 0.00)
-0.52 (1.39)
0.69 0.48
0.00 (=3.00 to 1.75)
0.02 (0.09) 0.40

0.00 (—0.08 to 0.30)

Abbreviations: SD, standard deviation; D, dioptre; UDVA, uncorrected distance visual acuity; SE, spherical equivalent; CDVA, corrected distance visual

acuity.

u Preoperative

B 1 month postoperative

135°

Range: 0-2 dpt

— 1.0 dpt step
0.5 dpt step

Figure 1. Polar plot showing the distribution of the preoperative (red dots) and 1 month postoperative (blue dots) manifest cy-

linder.
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1 Preoperative
B 1 month postoperative

0°/180°

135° Range: 0-2 dpt

— 1.0 dpt step
0.5 dpt step

Figure 2. Polar plot showing the distribution of the preoperative (red dots) and 1 month postoperative (blue dots) corneal topo-
graphic cylinder.

Table 3. Summary of the vector analysis changes in manifest and corneal astigmatism in the analyzed sample.

Mean (SD)

Median (Range) 1 month postoperative 3 months postoperative 6 months postoperative 12 months postoperative P-value (1 - 12 months)

REFRACTIVE ASTIGMATISM

0.94 (0.62)
TIA (D
® 0.88 (0.00 to 2.50)
SIA (D) 0.93 (0.57) 0.81 (0.55) 0.87 (0.54) 0.88 (0.56) 085
0.77 (0.00 to 2.75) 0.75 (0.00 to 2.75) 0.75 (0.00 to 2.75) 0.83 (0.00 to 3.00)
DV (D) 0.63 (0.45) 0.59 (0.39) 0.57 (0.37) 0.65 (0.36) 097
0.50 (0.00 to 1.75) 0.50 (0.00 to 1.75) 0.50 (0.00 to 1.75) 0.50 (0.00 to 1.75)
ME (D) 0.04 (0.60) —0.07 (0.59) 0.00 (0.53) 0.02 (0.54) 085
0.08 (—1.75 to 1.50) ~0.09 (—1.75 to 0.75) 0.00 (—1.24 to 0.75) 0.00 (—1.08 to 0.99)
AE () 4.96 (18.39) —0.64 (14.40) 0.02 (15.53) 1.26 (17.80) 041
0.33 (=45.00 to 51.53) 0.0 (—45.00 t0 30.03)  0.00 (=45.00 t0 30.03)  0.75 (~43.00 to 41.31) ’
CORNEAL ASTIGMATISM
0.91 (0.27)
TIA (D
®) 0.90 (0.50 to 1.50)
SIA (D) 0.55 (0.33) 0.65 (0.33) 0.59 (0.32) 0.65 (0.30) 001
0.44 (0.07 to 1.19) 0.71 (0.15 to 1.45) 0.57 (0.00 to 1.47) 0.67 (0.00 to 1.31)
DV (D) 0.69 (0.31) 0.57 (0.34) 0.59 (0.31) 0.54 (0.36) 0.04
0.70 (0.10 to 1.40) 0.60 (0.10 to 1.30) 0.60 (0.10 to 1.40) 0.50 (0.00 to 1.60)
—0.34 (0. -0.23 (0. —0.28 (0. -0.23 (0.
ME (D) (0.36) 0.23 (0.33) 0.28 (0.34) 0.23 (0.30) 0.04
—0.38 (~1.14 to 0.44) —0.20 (=0.95 to 0.40) —0.26 (~1.00 to 0.37) —0.22 (~0.88 to 0.46)
0.80 (39.36 -1.33 (31.51 8.02 (30.56 4.40 (29.33
AE (%) ( ) ( ) ( ) ( ) 0.65

10.00 (—84.55 to 90.00)

0.00 (—83.56 to 65.55)

6.78 (=73.00 to 78.56)

1.49 (-69.73 to 84.05)

*Abbreviations: SD, standard deviation; D, dioptre; TIA, targeted induced astigmatism; SIA, surgically induced astigmatism; DV, difference vector; ME,

magnitude of error; AE, angle of error.
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astigmatism reduction, but also in terms of refractive astigmatic reduction. We
included patients with a preoperative corneal astigmatism between 0.5 and 1.5
D; for eyes with higher corneal astigmatism we prefer to implant toric intraocu-
lar lenses. A significant reduction of the magnitude of refractive and corneal as-
tigmatism was found in our series of healthy corneas after ISAK. This reduction
of the magnitude of corneal astigmatism has been also reported by different au-
thors not only in healthy eyes undergoing penetrating or non-penetrating fem-
tosecond laser-assisted keratotomy [8] [11] [12] [13] [16], but also after refrac-
tive surgery [18] or even in post-keratoplasty corneas with high levels of asso-
ciated astigmatism [9] [10] [14] [15]. Comparable to our study, Loffler et al. [8]
have recently reported a reduction of the magnitude of anterior corneal astig-
matism in a prospective study enrolling 27 healthy corneas undergoing pene-
trating femtosecond laser-assisted keratotomy, with minimal effect on the mag-
nitude of posterior corneal astigmatism. Chan ef a/ [11] found in a retrospective
study including 50 healthy corneas that had undergone single, 450-pum deep, ar-
cuate keratotomy paired at the 8-mm zone that anterior corneal astigmatism de-
creased significantly from 1.35 + 0.48 D preoperatively to 0.67 + 0.54 D at 2
months and 0.74 £ 0.53 D at 2 years postoperatively. These authors found a rela-
tive stability of the astigmatic reduction over a 2-year follow-up [11]. In our se-
ries, we also found this trend in a 1-year follow-up, although the reduction at the
end of the follow-up reached statistical significance in spite of its low magnitude.
These results are in contrast to those reported by Day and Stevens [12], who
found small but statistically significant regressions in SIA after ISAK between 1
and 6 months postoperatively. Differences in the nomogram used by these au-
thors may account for this trend as well as differences in corneal biomechanics
and astigmatism magnitude between samples.

The reduction in corneal topographic astigmatism was associated with a re-
duction in refractive cylinder, as observed in other studies evaluating the effect
of femtosecond-assisted ISAK in virgin [13], post-refractive surgery [18], and
post-keratoplasty corneas [9] [10] [15]. Day and colleagues [13] found in a
prospective case series including 196 eyes undergoing femtosecond laser-assisted
ISAK that 0% of the eyes had a refractive cylinder of 0.50 D or less preoperative-
ly, with an increase to 32.1% postoperatively. In our sample, better outcomes
were obtained, with 38.1% and 52.4% of eyes having a manifest cylinder of 0.50
D or lower preoperatively and at 1 month after surgery, respectively. Possibly,
the fact of including astigmatisms of lower magnitude in our series may have
accounted for this finding as well as other factors. For example, corneal biome-
chanical parameters and the astigmatism meridian have been found to be inde-
pendent predictors of femtosecond laser ISAK efficacy even after adjusting for
AK arc length, AK start depth, and preoperative corneal cylinder [20]. Venter et
al. [18] found in a sample of 112 eyes with previous refractive surgery that the
mean absolute subjective cylinder decreased significantly from 1.20 + 0.47 D

preoperatively to 0.55 + 0.40 D postoperatively.
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Changes in corneal and refractive astigmatism were also analyzed by vector
analysis. This analysis revealed a trend to undercorrection, with a mean DV val-
ue of 0.57 + 0.34 D 3 months postoperatively. This trend has been also reported
in previous studies [13] [16]. In our series, this trend to undercorrection was
maintained during the 12-month follow-up. Similarly, Day and colleagues [13]
found in a group of eyes undergoing ISAK a mean DV of 0.74 £+ 0.38 D (range
0.00 to 2.25 D), with a mean corneal astigmatism correction of 63%. It should be
considered that although the first corneal surface is the main source of astigmat-
ism in healthy eyes, there are also other sources of astigmatism, such as the
posterior corneal surface or the crystalline lens. Therefore, a partial or variable
correction of anterior corneal astigmatism may be acceptable. For this reason,
we also performed a vector analysis but based on refractive astigmatism. This
analysis also showed a trend to undercorrection, but with a higher level of varia-
bility, including some cases of predictable correction and some cases of overcor-
rection. This may be explained by the interaction of internal astigmatism with
corneal astigmatic changes. It should be noted that no significant changes in DV,
ME and AE were found during the 1-year follow-up, indicating that the refrac-
tive change induced by ISAK was stable. Thus, we consider the follow-up of 12
months as an adequate time to state the effectiveness of the ISAK treatment.

Finally, we evaluated the potential induction of endothelial changes with sur-
gery. We obtained a low magnitude reduction in ECD, although statistically sig-
nificant at 1 month postoperatively, with no additional changes afterwards. This
endothelial change may be related to the surgical manipulation and not directly
to the performance of the ISAK treatment. Indeed, other studies have reported

no significant changes in ECD with femtosecond laser-assisted ISAK alone [19].

5. Conclusion

Femtosecond laser assisted ISAK is an effective and safe option to reduce corneal
astigmatism during cataract surgery and consequently refractive astigmatism.
This option does not induce a clinically significant corneal endothelial damage.
The impact on refractive astigmatism is dependent on the interaction between

internal and anterior corneal astigmatism after surgery.
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