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Abstract

Purpose: To evaluate surgically induced astigmatism as computed by means of either simulated keratometry (Kqy) or
total corneal refractive power (TCRP) after temporal incisions.

Methods: Prospective observational study including 36 right eyes undergoing cataract surgery. Astigmatism was
measured preoperatively during the 3-month follow-up period using Pentacam. Surgically induced astigmatism was
computed considering anterior corneal surface astigmatism at 3mm with Kq and considering both corneal surfaces
with TCRP from | to 8mm (TCRP; for 3mm). The eyes under study were divided into two balanced groups: LOW with
Kgnm astigmatism <0.90 D and HIGH with K astigmatism >0.90 D. Resulting surgically induced astigmatism values were
compared across groups and measuring techniques by means of flattening, steepening, and torque analysis.

Results: Mean surgically induced astigmatism was higher in the HIGH group (0.31 D @ 102°) than in the LOW group
(0.04 D @ 16°). The temporal incision resulted in a steepening in the HIGH group of 0.15 D @ 90°, as estimated with
Kqm, versus 0.28 D @ 90° with TCRP;, but no significant differences were found for the steepening in the LOW group
or for the torque in either group. Differences between K¢y~ and TCRP;-based surgically induced astigmatism values
were negligible in LOW group.

Conclusion: Surgically induced astigmatism was considerably higher in the high-astigmatism group and its value was
underestimated with the K approach. Eyes having low astigmatism should not be included for computing the surgically
induced astigmatism because steepening would be underestimated.
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Introduction

Cataract surgery is one of the most widely performed oph-
thalmologic surgical procedures.! It not only pursues the
removal of the opacified lens but also achieves perfect
vision for the patient.?

More than 30% of the eyes have corneal astigmatism
that exceeds 1.0 diopter (D); this refractive error should be
corrected during cataract surgery.>#

It is well known that posterior corneal astigmatism
plays an important role in total astigmatism,>® but way
too often only anterior astigmatism is measured to
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calculate the power of the toric intraocular lens (IOL) to
be implanted.

The incision that is required for IOL implantation dur-
ing cataract surgery induces astigmatism—this is referred
to as surgically induced astigmatism (SIA)—so the total
amount of astigmatism to be corrected with the toric IOL
must consider the flattening (FE) or steepening (SE) effect
on the meridian of the preoperative corneal astigmatism on
which the IOL is going to be aligned.” The SIA will depend
on several factors, including incision type, location and
size, and its design or architecture.®1!

Keratometers and placido-disk-based topographers
have been traditionally used to measure pre- and post-
operative astigmatism, based on the assumption of a fixed
anterior/posterior corneal ratio. Thus, with these tech-
niques, it is not possible to discern between anterior or
total corneal SIA.!2 The use of ray-tracing technology—
from the center to the peripheral cornea—would allow us
to obtain more accurate data and to know total SIA.!3

An accurate measurement of these astigmatism values—
both preoperative and induced ones—is crucial for optimum
surgical outcomes and patient satisfaction to be achieved,
especially when the implanted lens is a multifocal 1OL,
since the presence of residual astigmatism disperses each
point of focus resulting in multifocality failure.'*

The various studies in the literature have drawn differ-
ent conclusions: regarding SIA on the posterior surface of
the cornea, Nemeth et al.!> suggested that it may play a
significant role, while Klijn et al.'® reported that it had a
negligible clinical relevance. Both studies evaluated eyes
with an anterior corneal astigmatism lower than 1.00 D.

Thus, besides of the LOW preoperative astigmatism,
the purpose of our study was to evaluate total SIA (obtained
from TCRP) and anterior SIA (obtained from Kg,) in
patients who were split into two groups (LOW and HIGH)
according to preoperative anterior corneal astigmatism. As
a secondary outcome, we wanted to compare total SIA, as
measured with ray tracing at different corneal chords, ver-
sus SIA yielded by a conventional method relying on a
fixed anterior/posterior ratio at 3 mm.

Material and methods

Subjects

A total of 36 right eyes from 36 patients undergoing cata-
ract surgery at [IOA Madrid Innova Ocular were included
in this study.

Participants’ inclusion criteria were being 18 years old
or older, having cataractous eyes, regular astigmatism, no
comorbidities, and the availability and willingness to com-
ply with examination procedures.

Exclusion criteria were any corneal disease that might
have an impact on corneal topography, dry-eye syndrome,
a history of corneal surgery, and intraoperative or post-
operative complications that could influence the resulting

corneal curvature (e.g. incision suture and wound burnt).
In addition, subjects requiring an IOL power >26.0 D were
excluded, as those lenses may require a larger than usual
incision.

The included patients were divided into two groups:
Group LOW (n=18), comprising patients with anterior
corneal astigmatism <0.90 D, and Group HIGH (n=18),
made up of patients with anterior corneal astigmatism
>0.90D (as measured with a Pentacam system).

This study was approved by the local ethical commit-
tee. All patients read and signed the corresponding patient’s
consent form and the study was carried out in accordance
with the Declaration of Helsinki.

Surgical procedure

All surgical procedures were performed by the same expe-
rienced surgeon (F.P.) under topical anesthesia, using the
computer-assisted cataract surgery system CALLISTO®
eye from Zeiss’ Cataract Suite markerless (Carl Zeiss,
Jena, Germany). A 2.2-mm, angled 45°, bevel up Beaver®
Xstar® Safety Slit Knife (Beaver-Visitec International,
Waltham, MA, USA) was used to create a 2.2-mm self-
sealing clear corneal incision at 180° (temporal) and about
1 mm anterior to the limbus.

Next, a continuous curvilinear capsulorhexis of approx-
imately 5.5mm in diameter was created. Two ophthalmic
viscosurgical devices (OVDs) were used during surgery:
the cohesive Healon (Abbott Laboratories Inc., Abbot
Park, IL, USA) and the dispersive Amvisc (Bausch &
Lomb Inc., Rochester, NY, USA). The chosen IOL was
then implanted in the capsular bag aided by the single-use
Accuject 2.2-1 Pinjection system (Medicel Accuject,
PhysIOL, Liege, Belgium). Following IOL implantation,
all traces of OVDs were removed. No sutures were
required upon surgery completion. Neither intra- nor post-
operative complications occurred in any patient.

IOL description

The IOL models implanted of this study (POD F and POD
FT) are both aspheric trifocal diffractive IOLs manufac-
tured by PhysIOL. They both have the exact same diffrac-
tive pattern and a similar refractive index, but the POD F is
a spherical lens, while the POD FT is the toric counterpart.
They have a double C-loop IOL with 5° angulation.

Patient assessment

Patients were assessed preoperatively and at days 1, 7, 30,
and 90 after surgery, but in this article, we only include the
data collected at the 3-month (i.e. 90days) post-operative
follow-up visit. The examinations included refraction, slit-
lamp examination, fundus evaluation, biometry, posterior
optical coherence tomography, and corneal topography.
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Corneal-curvature measurements were carried out with
a Pentacam HR Topographer (Oculus, Wetzlar, Germany),
which provides the flat and steep central radii in the 3-mm
zone on the anterior corneal surface and the flat and the
steep radii from both surfaces in the optical zones ranging
from 1 to 8mm. The corneal power was then computed
based on the keratometric index (Kgy,) for the anterior
3mm surface and the total corneal refractive power
(TCRP) by ray-tracing considering both surfaces for each
one of the diameters, ranging from 1.0 to 8.0mm.!” The
keratometric index of refraction for the Ky, is 1.3375. By
convention, most keratometers use the refractive index of
1.3375 when calculating the dioptric power from the ante-
rior radius assuming the cornea were a single refracting
surface. However, it has been known that this keratomet-
ric index is not the best approximation for the physiologi-
cal power of the cornea. Due to the contribution from the
posterior surface and the refractive index of the cornea (n
cornea=1.376), the true net power of the cornea which
can be calculated using thick lens models or using exact
ray-tracing is lower than the value reported by standard
keratometry.[AQ: 1] Concerning the measurement of the
TCRP, the light is refracted according to the correct
refractive index (1.376/1.336), the slope of the surfaces,
and the exact location of the refraction. This is necessary
because the anterior and posterior surface have principal
planes that are located slightly different due to corneal
thickness. '8

Once the corneal power had been estimated, the
required IOL power was then computed using either
Barrett II Universal or Barrett toric formulae with an opti-
mized constant (119.02). The target refraction was calcu-
lated with the K;,, value. Finally, the IOL leading to a
refraction closest to emmetropia was chosen.

Statistical analysis

The Student t-test was used to compare the LOW and
HIGH groups, the Mann—Whitney U test for those varia-
bles that were not normally distributed, and Fisher’s test for
qualitative variables. Cohen’s k was run to determine the
level of agreement between Kg;,, and TCRP; when it comes
to classifying preoperative astigmatism. Paired result com-
parisons within the same group were conducted with the
paired t-test or Wilcoxon-signed rank test. Normality was
tested with the Shapiro-Wilk test in all the cases. A
Friedman test and pairwise comparisons were performed
with a Bonferroni correction for multiple comparisons to
determine whether there were statistically significant dif-
ferences between K, and the TCRP along several chord
lengths for preoperative astigmatism assessment and SIA
estimation. SPSS version 20 software (SPSS Inc, Chicago,
IL, USA) was used for the statistical analysis. The
Refractive Analysis toolbox for MATLAB'!® (R2009;
MathWorks, Natick, MA, USA) was used for vector analy-

sis by the Alpins method?? and plot representations accord-
ing to the standard.?!

Results

Comparison between methods for preoperative
astigmatism

Patient demographics and baseline characteristics are
summarized in Table 1. Age, axial length, and anterior-
chamber depth were not significantly different between
the two patient groups, whereas mean corneal power and
corneal astigmatism were higher in the HIGH group. A
lower agreement level (with the rule (WTR), against the
rule (ATR), Oblique) between Kg, and TCRP; was
found in the LOW group (k=0.27, p<0.09) versus the
HIGH one (k=0.68, p<0.001) and no significant differ-
ences were found between HIGH and LOW groups in the
number of eyes classified according to each type of astig-
matism (Table 2).

The preoperative mean corneal astigmatism was
WTR (Figure 1). The WTR astigmatism was overesti-
mated with the K¢, for both groups, 0.20D @ 90°
(t=-4.99, p<0.001) for the LOW and 0.32D @ 90°
(z=3.46,p=0.001) for the HIGH (Table 1). The oblique
component at 135° of the astigmatism was also overes-
timated for the K, in the LOW group 0.11D @ 135°
(t=-2.69, p=0.02) but not in the HIGH, 0.09D @ 135°
(t=-2.03, p=0.06).

SIA for HIGH and LOW preoperative
astigmatism

The SIA for each group is represented in Figure 2. The
temporal incision resulted in a SE of 0.15D @ 90° (FE at
180°) for Kgyy (t=2.22, p=0.04) and 0.28D @ 90° for
TCRP, (t=2.93, p=0.009) in the HIGH group; however
not significant, SE was obtained in the LOW group or for
the torque in both groups (p>0.05).

FE at 180° was higher in the HIGH group than in the
LOW one, the difference being twice as large with TCRP;
versus Kgp, (Table 3). An intra-group analysis of HIGH
resulted in an underestimation of the FE with K¢, that
amounts to 0.13+0.27D compared with the TCRP,
approach (t=-2.08, p=0.05).

TCRP at different chords versus K,

The Friedman test showed significant differences
between K, and TCRP; in terms of the preoperative
astigmatism. Pairwise comparisons resulted in signifi-
cant differences for both groups only for TCRP, whereas
in the HIGH group, differences also emerged at lower
zone diameters (Figure 3(a)). On the contrary, the preop-
erative astigmatism’s y component showed significant
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Table I. Demographic preoperative data for the LOW and HIGH patient groups.

LOW (n=18) HIGH (n=18) p value
mean+SD mean+SD
median (IQR) median (IQR)
Age (years) 63.22+7.71 59.89+12.2 0.44
63.5 (9) 60.5(12)
Anterior chamber depth (mm) 3.25+£0.27 3.35+£0.40 0.40
3.19 (0.51) 3.29(0.58)
Axial length (mm) 24.01+1.07 24.63+1.27 0.12
23.82 (1.52) 24.76 (2.00)
Corneal power (D)
Ksim 43.89+1.47 43.95+1.70 0.05*
42.73 (1.91) 44.25 (2.41)
TCRP, 42.18%1.49 43.23£1.67 0.03*
41.93 (2.11) 43.5 (1.93)
Corneal astigmatism magnitude (D)
Ksim 0.48+0.21 1.88+0.94 <0.001*
0.5 (0.23) 1.60 (1.15)
TCRP, 0.41+0.29 1.86+0.96 <0.001*
0.35 (0.40) 1.60 (1.20)
Preoperative Kgy— TCRP; (D)
WTR astigmatism (90°) 0.20+0.172 0.32+0.272 0.15
0.18 (0.20) 0.30 (0.23)
Oblique astigmatism (135°) 0.11+0.18 0.09+0.18 0.67
0.08 (0.13) 0.07 (0.28)

KSIM: simulated keratometry measured with Pentacam; TCRP;: total corneal refractive power at 3 mm measured with Pentacam; WTR: with-the-

rule astigmatism; IQR: interquartile range; SD: standard deviation.

An independent t-test was carried out except for the following comparisons: SD and IQR.
aSignificant differences (p<0.05) emerged between K and TCRP; paired t-test.
*Significant differences (p<0.05), independent t-test between LOW and HIGH groups.

Table 2.[AQ: 2] Percentage (number) of eyes classified
according to the astigmatism type and method of measure.

LOW % (n) HIGH % (n) p value

Ko

WTR 66.7 (12) 66.7 (12) 0.54

ATR 16.7 (3) 27.8 (5)

Oblique 16.7 (3) 5.6 (1)
TCRP,

WTR 444 (8) 55.6 (10) 0.44

ATR 33.3 (6) 389 (7)

Oblique 222 (4) 5.6 (1)

Kgm: simulated keratometry measured with Pentacam; TCRP;: total
corneal refractive power at 3 mm measured with Pentacam; WTR:
with-the-rule astigmatism; ATR: against-the-rule astigmatism.
Fisher’s test performed: *p <0.05.

differences between K¢, and TCRP only in the LOW
group and below 2mm of diameter (Figure 3(c)). There
were no statistically significant differences in mean SIA
across computing methods (TCRP; vs Kg;y,), neither for
FE nor for torque in either patient group, and the TCRP
location chords in the cornea or the Kg,, (p > 0.05)
(Figure 3(b) and (¢)).

Discussion

Comparison between methods for preoperative
astigmatism

Leube et al.22 reported that residual astigmatism could
affect the subjective depth of focus. He concluded that with
an induced WTR astigmatism of —0.5 D, the depth of focus
could be enhanced in the near viewing distance with a mar-
ginal loss in binocular visual acuity (VA). The problem
arises when a multifocal IOL has been implanted. It has
been shown that a given refractive error results in a more
pronounced drop in VA and a worsening of visual quality
for multifocal IOLs wearers than for those people implanted
with monofocal 10Ls.232* It is well known that clear cor-
neal incisions performed during cataract surgery induce
changes on corneal astigmatism, whose magnitude depends
on factors like size, location, or incision shape.2>2°
Therefore, to optimize visual performance with multifocal
IOLs, SIA should be one of the factors taken into account
for IOL selection.

It is well known that each measuring method yields a
different corneal astigmatism value. Devices without a
Scheimpflug analyzer can overestimate WTR corneal
astigmatism.3%3! Our study findings are, in this regard,
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Figure 1. Preoperative corneal astigmatism for K (up symbols) and TCRP; (down symbols) for LOW (top) and HIGH (bottom)

groups.

wholly in line with Koch et al.’s,’* who reported an
overestimated preoperative corneal astigmatism with
K¢y versus TCRP;, the difference being larger—despite
not being statistically significant—for the higher astig-
matism patient group. Our results are also consistent
with de Sanctis’3? findings, who also reported greater
differences between K, and TCRP for astigmatism
values >1.0D.

We also evaluated the orthogonal astigmatism compo-
nents for all the TCRP radial zones versus the preoperative
values yielded by Kg;,,. Statistically significant differences
were found at 3 mm for the horizontal component (WTR/
ATR). In our opinion, it is important to highlight these

differences considering that the Kg;,, value is measured at
3mm and that is precisely that value that is used for IOL
power calculations. Furthermore, the astigmatism from
TCRP at 3mm has been proved to be the closest to mani-
fest refractive astigmatism.33-34 Those calculations would
be particularly relevant for toric lenses and even more for
multifocal toric ones.

The preoperative classification of the astigmatism
(WTR, ATR, and Oblique) showed a fair agreement
between K, and TCRP; in the LOW group. In addition,
the agreement was good according to the Landis criteria 33
in the HIGH group, despite the fact that 66.7% of subjects
had a WTR astigmatism with Kg, that decreased to
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Surgically Induced Astigmatism LOW group
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Figure 2. Surgically induced astigmatism for K, (up symbols) and TCRP; (down symbols) for LOW (top) and HIGH (bottom)

groups.

55.56% when the classification was conducted with the
TCRP; astigmatism. These differences in astigmatism
classification should be taken into account because it can
influence the final results when astigmatism data are
divided into groups based on the astigmatism type for the
creation of nomograms.

SIA for HIGH and LOW preoperative
astigmatism
As it has been detailed above, differences across devices

for astigmatism computation have been widely reported.
However, to the best of our knowledge, there are

no published studies on SIA including K¢, and TCRP at
different zones and clearly differentiating between low and
high corneal astigmatism. In our study, the incisions were
performed in both groups with the same settings and by the
same experienced surgeon. The temporal incision resulted
in greater FE in the HIGH group, for both K;,, and TCRP;,
whereas in the LOW group FE was close to zero.
Significant differences between the calculation methods
were obtained only in the HIGH group for which the FE
was underestimated with the Kg;,, compared to the TCRP;
in 0.13 D. These results are relevant because they state that
low astigmatism values should not be considered when
calculating SIA because FE would consequently be
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Table 3. Surgically induced astigmatism (SIA) in the LOW and
HIGH groups for the same clear corneal incision.

LOW (n=18) HIGH (n=18) p value
mean +SD mean +SD
median (IQR)  median (IQR)
TCP,
Flattening effect  0.04+0.45 —0.28+0.41 0.08
0.01 (0.31) —0.39 (0.55)
Torque 0.02+0.16 —0.12+0.44 0.19
-0.01 (0.29) —0.10 (0.60)
Ksim
Flattening effect —0.04+0.35 —0.15+0.29 0.32
—0.06 (0.34) —0.14 (0.32)
Torque 0.05+0.15 —0.10+0.34 0.10
0.06 (0.26) —0.05 (0.50)

Flattening effect is reported by means of positive values meaning an
increase of power and negative a decrease at incision location (180°).
Torque is reported by means of negative values meaning orientation to
clockwise and positive to counterclockwise.

Kgm: simulated keratometry measured with Pentacam; TCRP;: total
corneal refractive power at 3 mm measured with Pentacam; SD: stan-
dard deviation; IQR: interquartile range.

Independent t-test was performed: *p<0.05.

underestimated. This finding has been previously reported
by Chang et al.® who also found higher SIA for higher
preoperative corneal astigmatism. However, Chang et al.3¢
only reported SIA derived from anterior corneal surface
and our results additionally suggest that FE can be under-
estimated in high astigmatism if only anterior cornea is
considered instead of the SIA derived from the TCRP;.
Previous studies in the literature have reported SIA val-
ues computed with K, and resulting from temporal inci-
sions. Our mean results were lower in the low-astigmatism
(LOW) group (0.06D) than those obtained by Masket
et al.?¢ for a 2.2-mm incision (0.10D) but higher in the
high-astigmatism group (0.18 D). In fact, the latter value is
very close to that reported by Visser et al.?7 also in patients
with high corneal astigmatism (0.19 D).These results only
consider the SIA derived from a keratometric index of
refraction of 1.3375, but other authors have also included
the contribution of the posterior surface in SIA calcula-
tions. For example, Klijn et al.!® evaluated single-plane
and biplanar corneal incisions, concluding that the SIA of
the posterior corneal surface after cataract surgery was of
negligible clinical relevance. His study included only low
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Figure 3. Orthogonal components of the (a, c) preoperative astigmatism and (b, d) flattening/steepening and torque of the SIA in
both LOW and HIGH groups. TC indicates those astigmatism components obtained from the total corneal refractive power from
the center (I mm) to the peripheral (8mm) cornea and the number that follows represent mm from the center. The vertical bars
represent 95% confidence intervals. Asterisks indicate the zones where significant differences were found versus Ky, each asterisk
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astigmatism patients (i.e. <1.00D of anterior astigmatism
and <0.37 D of posterior astigmatism) and the mean power
changes were below 0.1 D for both incisions on the poste-
rior surface. Our results support Klijn et al.’s conclusion
but only in the low-astigmatism group, where the mean
SIA for Kq (0.04 D) was close to TCRP (0.06 D). In this
case, SIA is of negligible clinical relevance but not only in
the posterior cornea but also in the anterior corneal sur-
face. In addition, the resulting SIA was twice as large with
TCRP; (0.31D) than with Kg;,, (0.18 D). Therefore, the
clinical relevance of the posterior corneal surface is greater
among patients who are eligible for toric IOLs.

When the SIA components yielded by TCRP were com-
pared for several corneal zones, there was a trend to be
higher and more similar to the SIA for Ky, along the
4 mm, although the differences were not statistically sig-
nificant for any location. However, this comparison
between chords should be interpreted with caution because
the paired t-test between FE derived from TCRP; and Ky
in the HIGH group resulted in significant differences. This
opposition might be due to the non-parametric statistical
and post hoc analysis required for multiple comparisons
between chords. Our study is mainly limited by its small
sample size. More extended studies would be needed, in
which incisions located in different positions were created
for patients with different sorts of astigmatism.

In conclusion, we evaluated SIA relying on two differ-
ent methods—Kg;,; and TCRP—and in two subject groups:
low-astigmatism patients implanted with spherical trifocal
lenses and high-astigmatism ones implanted with toric tri-
focal ones. We have provided further evidence about how
Kgm overestimates WTR corneal astigmatism compared
to TCRP. However, the most remarkable findings are that
SIA was considerably higher in the high-astigmatism
group and that K¢, seems to significantly underestimate
FE. These findings lead to two important considerations:
first, only high-astigmatism subjects should be considered
for SIA calculation, since mixing their data with that from
low-astigmatism patients would result in an underestima-
tion of the FE in temporal clear corneal incisions. Second,
the underestimation yielded by Kg;,, suggests that the pos-
terior cornea also is an important contributor to total SIA
in subjects with high astigmatism. Moreover, if the poste-
rior surface is dismissed, it would result in an underestima-
tion of the FE. These results should be taken into account
when implanting toric lenses.
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