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Purpose: To evaluate real-world outcomes of astigmatism management with femtosecond
laser arcuate incisions in patients with low corneal astigmatism (<1.0 D) using a novel
formula for arcuate incision calculation compared to outcomes after conventional cataract
surgery without surgical management of astigmatism.

Patients and Methods: The Wortz-Gupta™ Formula (available at www.lIricalc.com) was
used to calculate femtosecond laser arcuate parameters for 224 patients with <1 D of corneal
astigmatism who underwent cataract surgery; lens power was determined with the Barrett
Universal II formula. Uncorrected distance visual acuity (UCDVA) and refractive astigma-
tism measurements were obtained, with an average follow-up of 4 weeks.

Results: The average preoperative cylinder was similar (0.61 D in the femtosecond group
[n=124] and 0.57 D in the conventional group [n=100] (P>0.05)). More patients had <0.5
D of postoperative corneal astigmatism in the femtosecond group (n=110/124, 89%) than in
the conventional group (n=71/100, 71%), respectively (P=0.001). The mean absolute post-
operative refractive astigmatism was higher in the conventional surgery group than in the
femtosecond group (0.43 + 0.4 D vs 0.26 + 0.28 D); these differences were statistically
significant (P<0.001). The percentage of patients with UCDVA of 20/20 or better vision was
higher in the femtosecond group (62%) than the conventional group (48%) (P=0.025).
Conclusion: Using the femtosecond laser for arcuate incisions in combination with a novel
nomogram can provide excellent anatomic and refractive outcomes in patients with lower
levels of preoperative astigmatism at the time of cataract surgery.

Keywords: femtosecond laser-assisted cataract surgery, arcuate incision, visual acuity,

refractive outcome, corneal astigmatism

Plain Language Summary

This goal of this study was to analyze the real-world outcome of patients undergoing
femtosecond laser assisted cataract surgery (FLACS) with corneal arcuate incisions in the
management of low-level astigmatism under 1 diopter. 224 patients (124 study eyes, 100
control eyes) with less than 1D of astigmatism were studied to determine if correcting lower
levels of astigmatism would have an impact on post-operative uncorrected visual acuity. It
was found that patients who had FLACS with arcuate incisions were 1.8 times more likely to
achieve 20/20 uncorrected visual acuity (UCVA) or better and 3.54 times more likely to
achieve 20/25 UCVA or better. There was a corresponding statistically significant reduction
in pre-operative astigmatism in the treatment group, but not in the control group. This paper
provides statistically significant evidence that correcting astigmatism, however it is done, is
vitally important to the post-operative vision of cataract patients, even when it is below 1
diopter. Furthermore, it supports that the femtosecond laser is effective in treating low-level
astigmatism at the time of cataract surgery.
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Introduction

Cataract surgery is one of the most prevalent refractive
procedures worldwide annually, and modern refractive
cataract surgery aims to provide enhanced uncorrected
vision. Reducing or eliminating pre-existing corneal astig-
matism is recognized to play an important role in achiev-
ing optimal uncorrected visual outcomes after cataract
surgery. Astigmatism remains the most common refractive
error worldwide, with studies showing that more than 75%
of patients have >0.5 D of corneal astigmatism and
between 40 and 50% of cataract patients have >1 D.'*
Correcting corneal astigmatism at the time of cataract
surgery has been suggested as a means to provide patients
with better refractive outcomes at the time of surgery.’
Several techniques exist to surgically correct astigmatism
at the time of cataract surgery, the most common of which
is the implantation of toric lenses and corneal arcuate
incisions/limbal relaxing incisions that can be created
manually or via a femtosecond laser.*® However, a large
percentage of astigmatism is left untreated at the time of
surgery. In a Marketscope Q1 2017 survey of cataract
surgeons, 42.8% of patients with >1 D of corneal astigma-
tism were left untreated. For patients with <I D of astig-
matism, the number of patients left untreated is unknown.
It is possible that an even greater proportion of patients
with these lower levels of astigmatism are left untreated
because meaningful evidence to support surgical treatment
is lacking.

Corneal arcuate incisions are the most commonly per-
formed procedure for astigmatic reduction of lower levels
of astigmatism.® In the past decade, femtosecond laser-
assisted cataract surgery (FLACS) has gained market
acceptance and has been shown to be both stable and
effective in varying steps throughout the cataract proce-
dure, particularly in more complicated cases.® ' However,
the benefit of the femtosecond laser in creating arcuate
incisions in non-complicated cataract surgery cannot be
overlooked. Multiple studies have shown the benefit of
using femtosecond lasers via penetrating or intrastromal
astigmatic keratotomy (AK) to treat corneal astigmatism.
Additional studies have found patients with higher levels
of preoperative astigmatism have a residual postoperative
astigmatism >0.5 D."'"'® This suggests a role for the
femtosecond laser in treating lower levels of preoperative
astigmatism. For example, Day et al found 32% of eyes
that had undergone FLACS with femtosecond laser-

produced intrastromal arcuate incisions were able to

achieve <0.5 D of astigmatism postoperatively from
a baseline of 1.21 + 0.42 D preoperatively.'® Visco et al
used a modified Nichamin-Woodcock nomogram for fem-
tosecond laser-produced penetrating arcuate incisions and
showed over 95% of the 189 eyes achieved 0.5 D of
postoperative refractive astigmatism, with a preoperative
astigmatism range of 0.5 to 2.0 D."°

Little remains known about the outcomes of femtose-
cond laser arcuate incisions to treat low-level astigmatism.
The purpose of this study was to evaluate real-world out-
comes of astigmatism management with femtosecond laser
arcuate incisions in patients with low corneal astigmatism
(<1.0 D) using a novel formula for arcuate incision calcu-
lation and compare these outcomes to those from patients
who had conventional cataract surgery without surgical
management of astigmatism at the time of cataract surgery.
A secondary outcome was to report uncorrected visual
acuity (UCVA) outcomes. To the best of the authors’
knowledge, this is the first study to evaluate the femtose-
cond laser for this purpose.

Patients and Methods

This study was a retrospective review of adult subjects
who underwent cataract surgery by a single surgeon (GW),
between January 1, 2018, and December 31, 2018, who
had <1 D of preoperative corneal astigmatism. Patients
were divided into two groups: those who opted for
FLACS, including surgical correction of astigmatism by
femtosecond laser (Catalys Precision Laser System,
Johnson & Johnson, Irvine, CA) created arcuate incisions,
and those who had conventional cataract surgery and did
not have their astigmatism surgically corrected and did not
have a toric intraocular lens (IOL) implanted. All patients
were targeted for distance vision. To prevent torsional
misalignment, all FLACS patients maintained binocular
focus on a ceiling target while the laser interface was
applied to the eye. This study was approved by the
Sterling Institutional Review Board (Atlanta, GA) and
was conducted in accordance with the Declaration of
Helsinki
Accountability Act. A waiver of informed consent was

and the Health Insurance Portability and
granted due to the retrospective nature of this study.

Arcuate Incision Methods

A novel and proprietary arcuate incision formula was
developed for treating patients with <1.0 D of astigmatism
using the Wortz-Gupta™ Formula. Some clinicians have
suggested to use a modified Donnenfeld nomogram®° for
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patients undergoing femto arcuate incisions (compared to
manual incisions) by treating 80% of against-the-rule
(ATR) and 70% of with-the-rule (WTR) as determined
by the online calculator. The novel formula used in this
study makes several assumptions: that there will be tem-
poral near-clear corneal incision of <2.75 mm, that the AK
is the difference of anterior keratometry reading on the
optical biometry, that ATR is defined by having a steep
corneal axis of 0° to 40° or 140° to 180°, and that WTR is
defined by having a steep corneal axis of 41° to 139°. In
addition, the surgically induced astigmatism (SIA) rate
(0.38) was calculated for the single surgeon in this study
and has been incorporated into the calculator formula.
Given that the SIA was within <0.25 D of the average
posterior corneal astigmatism, the net effect was consid-
ered to be offsetting. Since this new formula dictates that
the incision be placed at 0° in left eyes or 180° in right
eyes, the SIA is built into the algorithm.

All patients had optical biometry performed using the
Lenstar LS 9000 (Haag Streit, Switzerland) and topography
was performed using the OPD-III (Nidek Inc., Tokyo, Japan)
to confirm a regular astigmatism pattern. The Barrett Universal
II formula was used for all IOL calculations. Arcuate incision
parameters included a single nasal arc on steep axis for ATR,
and paired arcs on the steep axis for WTR, at 80% depth with
a 9.0 mm zone. The Wortz-Gupta™ Formula is available for
free access at www.lricalc.com.

The primary near-clear corneal incision of 2.75 mm was
located temporally at 0° or 180° for the majority of patients,
though in four of the 124 patients the incision was moved
between 0° and 25° (or 180°-205°) so that it would be on
axis. All femtosecond laser arcuate incisions were penetrating
at 80% depth in the 9.0 mm zone, and all were opened with

Table | Patient Demographics

a Sinsky hook and then irrigated/washed out with a balanced
salt solution. All but seven patients received the Lenstec Softec
HD, a bi-aspheric IOL that uses an enhanced optic to result in
zero spherical aberration. The other seven patients received
a Symfony lens (Johnson & Johnson Vision, CA). For the
control group, all patients had conventional manual cataract
surgery with phacoemulsification, a temporal 2.75 mm near-
clear corneal incision, and received the Softec 1 lens.

Only patients records that showed a preoperative astig-
matism between 0.25 and 0.99 D and that had complete
postoperative data were included in the statistical analysis.
Patient records were excluded if patients had been lost to
follow-up, if they had other pathology preventing best-
corrected visual acuity (BCVA) of less than 20/20, if
their astigmatism at the time of surgery was <0.25 D or
>1.0 D, or if they received a toric IOL. For the control
group, patients were excluded if they had other pathology
preventing best-corrected visual acuity of less than 20/20,
if their astigmatism at the time of surgery was <0.25 D or
>1.0 D, or if they received a toric lens.

Primary Outcome Analysis

The primary outcome was postoperative residual refractive
astigmatism. Secondary outcomes included postoperative
UCVA (as measured by Snellen), and difference between
postoperative spherical equivalent and predicted spherical
equivalent from biometry. This was calculated by finding
the absolute value of the difference between the postopera-
tive spherical equivalent refraction and the predicted sphe-
rical equivalent based on preoperative biometry. Unless
otherwise noted, all analyses were calculated using the
Pearson Chi-Square test, with a 95% confidence interval.
A P-value of <0.05 was considered statistically significant.

Surgery Type
Femtosecond Laser-Assisted Surgery Conventional Surgery P-value
(n=124) (n=100)
Age (mean * SD), years 66.80 + 8.07 68.25 + 9.96 > 0.05*
Preoperative cylinder 0.611 +0.187 0.574 + 0.204 > 0.05%
(mean * SD), diopters (D)
Postoperative cylinder —0.256 + 0.284 —0.430 + 0.405 <0.001*
(mean * SD), diopters (D)
Sex (M/F) 53/71 39/61 > 0.05°
Laterality (OD/OS) 64/60 49/51 > 0.05°

Notes: *Independent Groups t-test compared ages and preoperative cylinders between surgery types. ®Pearson’s 1 test compared sex and laterality between surgery types.
Abbreviations: F, female; M, male; OD, oculus dextrus; OS, oculus sinister; SD, standard deviation.
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Results

There were 224 patient records that met the inclusion criteria.
Of these, 124 patients underwent FLACS. There were no
statistically significant differences between the two patient
groups preoperatively. The average age at the time of femto-
second laser cataract surgery was 66.8 years (range 46.6-85.1
years); there were more females (n=71, 57%) than males
(n=53, 43%). For the conventional surgery group, the average
age was 68.2 years, and there were 61 females (61%). See
Table 1. The average preoperative cylinder was 0.61 D in the
femtosecond group and 0.57 D in the conventional surgery
group; this was not statistically significant (P > 0.05). Patients
were followed for an average of 4 weeks postoperatively.

Refractive Outcomes
Postoperative Corneal Astigmatism (Cylinder)
Comparison
There was a greater percentage of patients who had <0.5
D of postoperative corneal astigmatism in the FLACS group
(n=110/124, 89%) than in the conventional cataract surgery
group (n=71/100, 71%), respectively; Figure 1A and b).
Patients in the FLACS group were 3.2 times more likely
than the conventional surgery group to achieve <0.5 D of
corneal astigmatism postoperatively (95% CI, 1.557—6.490).
This difference was statistically significant (P = 0.001).
The mean absolute of the preoperative corneal astig-
matism was also similar between the two groups, but the
mean absolute postoperative refractive astigmatism was
substantially higher in the conventional surgery group
(0.43 + 0.4 D) than in the FLACS group (0.26 £+ 0.28
D); these differences were
(P<0.001; Figure 2A and b).

statistically ~significant

The postoperative refractive astigmatism prediction
error (defined as the vector difference between the actual
and the predicted postoperative refractive astigmatism)?'
also differed between the two groups, with the FLACS
group having a much smaller centroid (0.11 D @ 177° +
0.37 D) than the conventional surgery group (0.20 D @
176° + 0.55 D). Figure 3A and B show these differences,
although they were not statistically significant (P>0.05).

The difference between postoperative spherical equiva-
lent and predicted spherical equivalent from biometry in the
FLACS group was —0.112 + 0.383, compared to —0.176 +
0.431in the conventional group. This difference was not
found to be statistically significant based on #test (p >
0.05). However, more patients in the FLACS group achieved
20/20 postoperative VA (n=78/124) than in the conventional
cataract surgery group (n=48/100): 62.9% vs 48%, respec-
tively (Figure 4). Patients in the FLACS group were 1.8 times
more likely than those in the conventional surgery group to
achieve 20/20 vision or better postoperatively (95% CI, 1.-
075-3.138). This difference was statistically significant (P =
0.025). Additionally, more patients in the FLACS group
achieved postoperative vision of 20/25 or better (n=107/
124) than patients who had conventional cataract surgery
(n=64/100): (86.3% vs 64%, respectively). Patients in the
femtosecond laser cataract surgery group were 3.54 times
more likely than the conventional surgery group to achieve
20/25 vision or better postoperatively (95% CI, 1.84-6.814).
This difference was statistically significant (P = 0.001).

Discussion
This study is the first to show efficacy in visual and astig-
matic outcomes with a novel nomogram for femtosecond
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Figure | Preoperative corneal astigmatism and postoperative refractive astigmatism in eyes that underwent femtosecond laser cataract surgery (A) and the conventional

cataract surgery (B).
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Figure 2 Double-angle plot for eyes in the femtosecond laser cataract surgery group (A) and the conventional cataract surgery group (B).

A Postoperative refractive astigmatism prediction error

135°

Centroid: 0.11D @ 177°¢ 0.37D
Mean Absolute: ~ 0.26D +0.28D

N =124

Il Centroid Eachring = 0.50 D

O 95% confidenceellipse of the centroid O 95% confidence ellipse of the dataset

Postoperative refractive astigmatism prediction error
<0.25D 79 64%
<0.50D 98 79%
<0.75D 116 94%
<1.00 D 122 98%

O 95% confidence ellipse of the centroid

B Postoperative refractive astigmatism prediction error

0, 180°
135°
Centroid: 0.20D @ 176°t 0.55D N = 100
Mean Absolute:  0.43D +0.40D
Il Centroid Eachring = 0.50D

O 95% confidence ellipse of the dataset

Postoperative refractive astigmatism prediction error
£0.25D 50 50%
<0.50D 67 67%
£0.75D 78 78%
<1.00D 90 90%

Figure 3 Postoperative refractive astigmatism prediction error in femtosecond laser cataract surgery group (A) and the conventional cataract surgery group (B).

laser-assisted arcuate incisions to treat astigmatism of <1.0
D. Using this new nomogram produced a statistically sig-
nificant reduction in refractive astigmatism postoperatively,
even though these patients had low cylinder preoperatively.
More importantly, this reduction in astigmatism led to
improved UCVA for those patients when compared to the
patients who underwent conventional cataract surgery. The
control group used in this retrospective analysis was chosen
as the best representation of real-world patients seen in
clinics in the US; it was not the intent of this study to
compare manual LRI procedures to penetrating limbal arc-
uate incisions.

It is generally well accepted that astigmatism >0.75 D is
visually significant, and nomograms consider multiple vari-
ables (length, depth, optical zone, number of incisions) to
help surgeons perfect the accuracy of their surgical techni-
ques. Our results suggest the novel nomogram can help
further reduce astigmatism with the use of a femtosecond
laser. In this analysis, all patients had been targeted for
distance vision. Postoperatively, there was no difference
between the groups in spherical equivalent outcomes.
However, there was a statistically significant improvement
in residual astigmatism and UCVA in the FLACS group. As

wound creation can create up to 0.5 D of astigmatism;**>
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SNELLEN UCVA FEMTOSECOND VS CONVENTIONAL GROUPS

Figure 4 Postoperative visual acuity in femtosecond laser vs conventional group.

planning to leave even <0.5 D of preoperative corneal
astigmatism untreated can result in visually significant post-
operative astigmatism. This confirms that low levels of
astigmatism, if left untreated, can negatively impact
UCVA. Our study suggests that the combined use of the
femtosecond laser and a novel formula for arcuate incisions
is an effective approach to managing low levels of
astigmatism.

Lower levels of astigmatism are highly prevalent, with
one UK study finding almost 60% of patients presenting
for cataract surgery had <1.0 D (24.47% with 0.5 D or
less; 35.12% between 0.51 D and 1.0 D).* Anecdotally, to
determine how common our percentage of patients with
a specific axis of astigmatism were in this study’s popula-
tion compared to the overall patient population, the
authors evaluated 10,307 scans with complete data from
all preoperative patients from the same single center as
was used for this study’s population (unpublished data).
The average astigmatism was 1.07 D, but 50.9% of
patients had between 0.25 and 0.99 D of astigmatism
(n=5,251). This with published
studies.*** If we consider the data to be a normalized set

correlates other
and extrapolate it to a larger population, it suggests that
about 50% of cataract patients have lower levels of astig-
matism that may benefit from the combination of femto-
second laser-assisted arcuate incisions derived from the
novel nomogram. Further, the magnitude and axis of post-
operative astigmatism can influence perceived patient
satisfaction and overall refractive outcomes.® Yet the ben-

efit to patients of correcting <0.5 D has been questioned.”

20/15 20/20 20/25 20/30 20/4C 20/50 20/60
6.45% 6.45% 2339 9.68% 3.3 0
5 43% 16% 22 10% 3% 1%

There are numerous published nomograms for manu-
ally constructed LRIs, including online calculators, but
their applicability in femtosecond laser-created AKs is
unknown. Little has been reported on femtosecond laser-
created AKs, and even less in eyes with <1.0 D of pre-
operative astigmatism. Chan et al'' reported on a modified
Wallace LRI nomogram, where 33% of the subjects had
<0.5 D postoperatively, but noted further revising the
nomogram could have improved outcomes even further.
Baharozian et al*® allowed for preoperative astigmatism
between 0.25 and 2.0 D, and 50% of the 161 patients had
a postoperative astigmatism of <0.5 D, most commonly in
the oblique astigmatism group. Those authors found their
modified nomogram to be optimized for <1.25 D, and that
an increase in the magnitude or reduction of the optical
zone size may further improve refractive outcomes.

This study is not without its limitations. First, the study
is retrospective, thus impacting follow-up time. The
patients were followed for a typical postoperative period;
however, they were not followed longitudinally as could
be seen in a long-term prospective analysis. While unli-
kely, there is the possibility that outcomes would differ if
all patients had undergone a stricter follow-up schedule or
were followed for a greater time period prospectively.
Similarly, there was a difference in IOLs used in our
patients, which may have affected outcomes. We chose
to include all patients regardless of IOL used to better
reflect real-world situations. However, since both IOLs
used for the overwhelming majority of cases are mono-

focal lenses, we do not believe this would have impacted
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the measurement of postoperative astigmatism. In the
future, prospective studies with larger sample size and
longitudinal follow-up will allow for further refinement
of the nomogram. While there is some suggestion that
limbal relaxing incisions may regress over time, femtose-
cond laser-created arcuate incisions have shown both early
and late stability with no change for upwards of 5 years.?’
The authors believe the strengths of the study more than
outweigh these few limitations.

Conclusion

The present study shows that using the femtosecond laser for
corneal arcuate incisions using a novel nomogram can pro-
vide excellent anatomic and refractive outcomes in patients
with lower levels of preoperative astigmatism at the time of
cataract surgery. Surgeons should consider correcting lower
levels of astigmatism to achieve the best UCVA.
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