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Abstract: To evaluate the prediction error (PE) obtained in Phacoemulsification (Phaco) or Femtosecond (Femto) surgeries without considering posterior corneal astigmatism correction (non-PCA)
versus the correction based on Abulafia-Koch + Medicontur (AK) and Barrett calculators in toric
intraocular lens (IOL) power calculation. 58 right eyes were retrospectively retrieved from our
database. Two groups formed by 28 and 30 eyes depending on the surgery type, Phaco or Femto
respectively, were defined. Astigmatism PE were evaluated considering the approach used for
calculation of the implanted IOL power (AK) versus the estimation of PEs in non-PCA and Barrett
formula. A doubly-multivariate analysis was conducted to assess the differences between-surgery
types, within-methods of calculation, and interaction. Mean centroid PE was significantly different
between non-PCA, AK and Barrett approaches (p < 0.0005), and neither differences (p < 0.239) nor
interaction (p = 0.672) between Phaco or Femto were found. Post-hoc univariate analysis showed a
higher PE for the x-component of the non-PCA method versus AK (0.15 D, p < 0.0005) and non-PCA
versus Barrett (0.18 D, p < 0.0005), though no differences were found between AK and Barrett (0.03 D,
p = 0.93). Against-the-rule under-correction and with-the-rule overcorrection were found in both
arms when PCA was not considered. Both calculators provide comparable clinical results.
Keywords: toric intraocular lens; prediction error; posterior corneal astigmatism; femtosecond;
phacoemulsification
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1. Introduction
Although traditionally only anterior corneal astigmatism has been considered to calculate
the intraocular lens (IOL) power, posterior corneal surface also contributes to total corneal
astigmatism. Koch et al. reported that ignoring posterior corneal astigmatism (PCA) may
yield an incorrect estimation of total corneal astigmatism [1]. Although the refractive power of
the posterior surface is much smaller than the anterior surface due to the small difference in
refractive index between the cornea and the aqueous humor, an overcorrection in with-the-rule
(WTR) and an under-correction with against-the-rule (ATR) anterior corneal astigmatism could
be expected if the PCA is not considered in the calculation [1].
There are different methods to assess total corneal astigmatism in order to calculate
the IOL power. Some authors estimate PCA on the basis of anterior corneal astigmatism [1–4], others measure the posterior astigmatism with tomography [5] or estimate
total corneal astigmatism based on the anterior-to-posterior corneal cylinder power ratio [6]. The Abulafia-Koch (AK) regression formula for IOL power calculates the estimated total corneal astigmatism using standard keratometry (K) measurements [4]. This
formula adjusts standard K measurements to the estimated net corneal power, thereby
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requiring independent calculation of IOL spherical power though facilitating the formula’s use with any toric IOL calculator. The Barrett toric calculator (available at
http://www.ascrs.org/barrett-toric-calculator (accessed on 1 December 2020)) uses the
Universal II formula [7] to calculate an effective lens position, which is also influenced by
the spherical equivalent and cylindrical toric IOL power. This online calculator predicts
PCA using an algorithm or allows for entering the measured PCA as well.
The main aim of this study was to evaluate the clinical results obtained without
considering PCA correction (non-PCA) versus the correction based on AK + Medicontur
and Barrett calculators. Both methods estimate PCA mathematically based on anterior
surface measurements only. A secondary aim was to evaluate whether prediction error (PE) differed between Phacoemulsification (Phaco) and Femtosecond Laser Cataract
Surgery (Femto).
2. Materials and Methods
2.1. Subjects and Procedures
This study was approved by the Ethics Committee of Research, Almería Center, Torrecárdenas Hospital Complex, and conducted in adherence with the tenets of the Declaration
of Helsinki. The data of 58 right eyes of patients, ranging from 51 to 88 years old, previously
operated on cataracts with the implantation of a monofocal toric IOL at Qvision (Department
of Ophthamology, Hospital Vithas Virgen del Mar, Almería) were reviewed. Inclusion criteria
were eyes with anterior preoperative corneal astigmatism ≥ 0.9 D measured using IOL Master
500 (Carl Zeiss Meditec AG, Jena, Germany) for which the implantation of a toric IOL is recommended [8]. Eyes with postoperative corrected distance visual acuity (CDVA) > 0.3 logMAR
were excluded from the analysis according to standard recommendations [9]. Other exclusion
criteria were irregular astigmatism, acute or chronic disease or illness that would increase risk
or confound study results, history of ocular trauma or prior ocular surgery including refractive
procedures, capsule or zonular abnormalities that may affect postoperative centration or tilt of
the IOL, pupil abnormalities and AMD suspicious eyes. Subjective refraction was obtained
at 1-month follow-up by two experienced optometrists trained to follow the same procedure
of refraction measured at 4 m and adjusted to infinity by means of adding −0.25 D to the
refraction according to international standard recommendations [10]. Visual acuities were also
measured with an ETDRS chart before and after refraction procedure without and with best
correction, respectively [9].
2.2. Surgery and Intraocular Lens
All eyes were operated by the same surgeon (JF) through temporal corneal clear
incisions conducted manually (2.2 mm length) prior to Phaco surgery or conducted by laser
(2.5 mm length) prior to Femto (Victus; Technolas Perfect Vision GmbH, Munich, Germany),
according to the current clinical practice and patient’s decision. The same monofocal toric
intraocular lens Bi-Flex T 677TA (Medicontur Medical Engineering Ltd. Inc., Zsámbék,
Hungary) was implanted in all eyes. Toric IOLs were intraoperative aligned with the help
of ink marks performed with pendulum (J2281, e. Janach srl, Italy) at the surgery room
with the patient in an upright position to prevent cyclotorsion in the supine position. Next,
with the patient lying down, marks were made at the implanting IOL position using a
Mendez ring (J2295.5, e. Janach srl, Italy).
The implanted cylindrical power was calculated using the Medicontur IOL Optimizer
calculator (https://toriccalculator.net/ (accessed on 1 December 2020)) entering the anterior
corneal keratometry data measured with the IOL Master 500 and applying the AK correction [4].
Surgeon’s mean corneal surgically induced astigmatism was not considered in the calculation
of the implanted IOL power which was calculated considering the PCA estimated with AK. The
predicted residual astigmatism was obtained for the three methods (non-PCA, AK and Barrett
correction) considering the implanted IOL power. To compare the results with the Barrett Toric
Calculator (https://ascrs.org/tools/barrett-toric-calculator (accessed on 1 December 2020)),
we also registered the predicted astigmatism for the implanted IOL cylindrical power.
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2.3. Statistical Analysis
Only right eyes were included in the analysis [11]. The study endpoint was the PE
calculated as the vector difference between the actual and the predicted postoperative
refractive astigmatism at the corneal plane [12,13] for the three methods considered as
repeated measurements in the same subjects (within-subjects effect). The surgery type,
either Phaco or Femto, was considered as the independent variable (between-subjects effect).
A doubly multivariate analysis was conducted due to the characteristics of the study design:
two dependent variables (X and Y orthogonal components of astigmatism in a double angle
plot) repeated three times (non-PCA, AK and Barrett) in two independent groups (Femto
and Phaco) [14]. A post-hoc univariant analysis with Bonferroni correction was applied
for detecting the differences between prediction errors for each astigmatism component
among the three methods of calculation. All figures and vector analysis calculations were
conducted with the Refractive Analysis Toolbox (v1.0.4) for Matlab (R2019; MathWorks,
Natick, MA, USA) [15]. Data analysis was carried out using the IBM SPSS for windows
statistical software (version 24.0; SPSS, Inc., Chicago, IL, USA).
3. Results
29 men and 29 women were included in the analysis, 28 eyes operated on with Phaco
and 30 with Femto. Table 1 shows the demographic characteristics of the sample with older
subjects in the Phaco group (p = 0.004).
Table 1. Descriptive analysis for demographic variables.
Variable
N (WTR, Oblique, ATR)
Age
Anterior Corneal Preoperative
Astigmatism (D)
Axial length (mm)
Anterior chamber depth (mm)
Postoperative CDVA
Postoperative UDVA
Intraocular lens power for
Sphere (D)
Intraocular lens power for
Cylinder (D)

Phaco
Mean ± SD; Median (IQR)

Femto
Mean ± SD; Median (IQR)

Statistic; p-Value

28 (8, 3, 17)
73.93 ± 10.43; 75 (12)

30 (12, 8, 10)
67.43 ± 8.36; 69 (13.75)

χ2 = 4.82; 0.1
z = 605; 0.004 *

1.89 ± 0.70; 1.70 (0.74)

1.76 ± 0.63; 1.57 (0.63)

z = 490; 0.276

24.06 ± 1.58; 23.87 (1.08)
3.09 ± 0.34; 3.08 (0.50)
0.12 ± 0.1; 0.1 (0.2)
0.21 ± 0.15; 0.2 (0.2)

24.25 ± 1.85; 23.81 (2.32)
3.07 ± 0.45; 3.02 (0.63)
0.04 ± 0.08; 0 (0.1)
0.13 ± 0.15; 0.1 (0.22)

z = 416; 0.85
t = −0.245; 0.808
z = 540; 0.057
z = 608; 0.002 *

19.20 ± 3.72; 20 (4)

17.58 ± 5.56; 19.5 (6.63)

z = 476; 0.383

2.42 ± 1.09; 2.25 (1.50)

2 ± 0.84; 2.25 (0.88)

z = 513; 0.136

WTR: with-the-rule; ATR: against-the-rule; N: Number of eyes; SD: Standard deviation; IQR: Inter-quartile range; χ2 : chi-square; t: student
t-test for independent samples; z: Mann-Whitney test; * p < 0.05.

PE for the Phaco group in Non-PCA, AK and Barret are shown in Figure 1B–D,
respectively. On the other hand, Figure 1F–H show the respective results for the Femto
group. Under-correction of the ATR was found in the Phaco group for the non-PCA
correction (0.14 ± 0.62) 174◦ , even though the 95% CI for the centroid contained the
zero value (center of coordinates) (Figure 1B), whereas the Femto group resulted in an
overcorrection of the preoperative WTR astigmatism (0.22 ± 0.46) 9◦ (Figure 1F) with the
95% CI for the centroid not containing the zero value. The under-correction of ATR and
overcorrection of WTR from both groups decreased in both cases, after AK correction
(Figure 1C for Phaco and Figure 1G for Femto) and Barret correction (Figure 1D for Phaco
and Figure 1H for Femto).
Figure 1A,E show the double angle plot for the preoperative astigmatism in the Phaco
and Femto groups, respectively. Mean centroid was located at the ATR side for Phaco
(0.66 ± 1.94 D)@8◦ and in the WTR side for Femto (0.32 ± 1.88 D)@103◦ even though no
significant differences in proportions were found (Table 1).
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Figure 1. Preoperative anterior corneal astigmatism in the Phaco group (A) and prediction errors without considering
Figure 1. Preoperative anterior corneal astigmatism in the Phaco group (A) and prediction errors without considering
posterior corneal astigmatism (B), estimation with Abulafia-Koch formula (C) and Barrett formula (D). Preoperative anposterior corneal astigmatism (B), estimation with Abulafia-Koch formula (C) and Barrett formula (D). Preoperative anterior
terior corneal astigmatism in the Femto group (E) and prediction errors without considering posterior corneal astigmatism
corneal
astigmatism
in the Femto group
(E) and
prediction
without
(F), estimation
with Abulafia-Koch
formula
(G) and
Barrett errors
formula
(H). considering posterior corneal astigmatism (F),
estimation with Abulafia-Koch formula (G) and Barrett formula (H).

The differences between Femto and Phaco groups on the combined dependent variThe differences between Femto and Phaco groups on the combined dependent variables were not statistically significant, F (2, 55) = 1.469, p < 0.239; Wilks’ Λ = 0.949; partial
ables were not statistically significant, F (2, 55) = 1.469, p < 0.239; Wilks’ Λ = 0.949; partial
η2 = 0.051. However, significant differences were found between the combined dependent
η2 = 0.051. However, significant differences were found between the combined dependent
variables and the three calculation methods F (4, 53) = 7.921, p < 0.0005; Wilks’ Λ = 0.626;
variables and the three calculation methods F (4, 53) = 7.921, p < 0.0005; Wilks’ Λ = 0.626;
partial η2 = 0.374. No interaction was found between the surgery type and the three calpartial η2 = 0.374. No interaction was found between the surgery type and the three
culation methods F (4, 53) = 0.589, p = 0.672; Wilks’ Λ = 0.957; partial η2 = 0.043.
The postcalculation methods F (4, 53) = 0.589, p = 0.672; Wilks’ Λ = 0.957; partial η2 = 0.043. The
hoc
univariate
analysis
showed
that
differences
were
for
the
X
component
between
the
post-hoc univariate analysis showed that differences were for the X component between
non-PCA
and
both
methods,
AK
and
Barrett,
although
no
significant
differences
found
the non-PCA and both methods, AK and Barrett, although no significant differences found
were between
between AK
AK and
and Barrett
Barrett calculators
calculators (Table
(Table2).
2).
were
Table 2.
2. Pairwise
Pairwise comparisons
comparisons with
with Bonferroni
Bonferronicorrection.
correction.
Table

Preoperative Type
Preoperative Type
X (D)
X (D)
Non-PCA–AK
Non-PCA–AK
Non-PCA–Barret
Non-PCA–Barret
AK-Barrett
AK-Barrett
Y (D)
Y (D)
Non-PCA–AK
Non-PCA–AK
Non-PCA–Barret
Non-PCA–Barret
AK-Barrett
AK-Barrett

Mean Difference (97.5% CI)

Mean Difference (97.5% CI)

0.15 0.15
(0.08(0.08
to 0.23)
to 0.23)
0.18 0.18
(0.08(0.08
to 0.29)
to 0.29)
(−0.05
to 0.10)
0.030.03
(−0.05
to 0.10)
0.04 (−0.02 to 0.09)

0.04 (−0.02 to 0.09)
0.03 (−0.02 to 0.09)
0.03
(−0.02(−to
0.09)
−0.002
0.03
to 0.03)
−0.002 (−0.03 to 0.03)

p-Value
p-Value

<0.0005
<0.0005
<0.0005
<0.0005
0.925
0.925
0.18

0.18
0.32
0.32
1.0
1.0

Figure 2 shows the descriptive statistics for the cumulative astigmatism prediction
Figure 2 shows the descriptive statistics for the cumulative astigmatism prediction
error for the Phaco (A,B,C) and the Femto (D,E,F) groups in paired comparison between
error for the Phaco (A,B,C) and the Femto (D,E,F) groups in paired comparison between
calculation methods. Higher percentage of eyes in lower prediction error levels were
obtained for both surgery types in the AK and Barrett PCA correction versus the non-
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Figure 2. Cumulated percentage of eyes below or equal to a particular value for the astigmatism prediction error in the
Figure 2. Cumulated percentage of eyes below or equal to a particular value for the astigmatism prediction error in the
Phaco group without considering posterior corneal astigmatism [non-PCA] versus Abulafia-Koch [AK] estimation (A),
Phaco group without considering posterior corneal astigmatism [non-PCA] versus Abulafia-Koch [AK] estimation (A),
non-PCA versus Barrett estimation (B) and AK versus Barrett (C). Same calculations for the Femto group in non-PCA vs.
non-PCA versus Barrett estimation (B) and AK versus Barrett (C). Same calculations for the Femto group in non-PCA vs.
AK
AK(D),
(D),non-PCA
non-PCAvs.
vs.Barrett
Barrett(E)
(E)and
andAK
AKvs.
vs.Barrett
Barrett(F).
(F).
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cluded for PCA correction, AK and Barrett, respectively.
Abulafia et al. [4] already compared the calculations obtained with AK and Barrett
Abulafia et al. [4] already compared the calculations obtained with AK and Barrett
formula, as we have evaluated with the Medicontur calculator, but with the Alcon and
formula, as we have evaluated with the Medicontur calculator, but with the Alcon and
Holladay toric calculators. In agreement with our study, their results were more accurate
Holladay toric calculators. In agreement with our study, their results were more accurate
with AK and Barrett, and both formulae yielded similar results in PE through the estimation
with AK and Barrett, and both formulae yielded similar results in PE through the estimaof PCA using anterior cornea–based K measurements. The mean centroid in PE with the
tion of PCA using anterior cornea–based K measurements. The mean centroid in PE with
Barrett toric calculator (0.05 D) was not significantly different when the AK formula was
the Barrett toric calculator (0.05 D) was not significantly different when the AK formula
applied with the Alcon (0.05 D) and Holladay (0.04 D) toric calculators. In agreement
was applied with the Alcon (0.05 D) and Holladay (0.04 D) toric calculators. In agreement
with Abulafia et al. [4], Ferreira et al. [21] also reported similar results, with no significant
differences, for the centroid PE between Holladay calculator and the AK formula to the
Barrett calculator. Nanavaty et al. [23] also reported better results with the estimation
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of PCA with the Rayner calculator, similar to the Barrett estimation, and Yeu et al. [24]
confirmed the results previously obtained by Abulafia et al. [4] for the Alcon calculator.
Unlike Abulafia et al. [4] and Ferreira et al. [21] who used the postoperative corneal
power and considered the IOL power change due to postoperative rotations, our study
followed a different approach. The approach followed by these authors lead to identify
that the PE was due to the postoperative PCA avoiding corneal SIA and IOL rotation noise,
whereas we used the total SIA as the difference between the postoperative refractive astigmatism and the preoperative corneal power [25]. Total SIA allows to evaluate the accuracy
of the calculation method, but it has the disadvantage of not allowing to identify possible
sources that can lead to an accuracy error or to the success. Despite following different
approaches, our conclusions agree with the previous authors for another calculator not
previously reported in the literature, the Medicontur calculator, which in combination with
the AK formula leads to similar results than the Barrett Toric calculator in the estimation of
PCA, according to our findings.
Our study also observed that formulas for PCA estimation improved the accuracy
for either Phaco or Femto. According to a previous study, [26] Manual and Femto temporal corneal incisions resulted in a corneal SIA of 0.14 D@65◦ and 0.24 D@92◦ (p > 0.05),
respectively, with a higher bias in the manual incisions. These corneal SIA results were
derived from anterior corneal measurements and there are no clinical studies evaluating
the impact of considering the corneal SIA in PE derived from anterior corneal measurements in combination with algorithms for PCA since previous studies avoided corneal SIA
noise, including just postoperative corneal measurements [4,21]. Only Cánovas et al. [3]
compared their own model of PCA estimation in two scenarios, combination of estimated
corneal SIA + preoperative corneal power versus postoperative corneal power, obtaining
better results in the postoperative corneal power than the combination of preoperative + estimated SIA, both without considering PCA, whereas considering PCA in both approaches
resulted in similar results. Nevertheless, Cánovas et al. [3] did not evaluate results with
preoperative corneal power and did not consider the estimated SIA, as this parameter
was provided by the surgeons based on their experience but not directly measured in
the study. In our study, considering the magnitude of the low non-significant prediction
errors in Phaco (0.07@127◦ ) and Femto (0.07@19◦ ) after the application of the AK formula
with vector addition to the previously reported anterior corneal SIA of 0.14 D@65◦ and
0.24 D@92◦ , respectively, it would have resulted in an increase of the PE to 0.11@80◦
and 0.19@86◦ , respectively. The combination of SIA derived from total cornea and these
algorithms should be also evaluated in future studies because latest research suggests
that corneal SIA differs between the derived from anterior cornea and total cornea [27,28].
Kohnen et al. [29] reported differences in the percentage of eyes with anterior corneal
SIA < 0.25 D in WTR and ATR cases but these differences were completely reduced when
total cornea was considered suggesting that these incisions can be considered as neutral
due to the minimal induced astigmatism. In our opinion, some caution should be borne in
mind by surgeons using estimated anterior corneal SIA and PCA algorithms until future
studies provide evidence if the combination improves or aggravates the results.
When Ferreira [21] compared AK and Barrett toric calculator, both calculators resulted
in ATR prediction errors. In our study, when the estimation of PCA was no considered in the
calculations, the ATR prediction error was obtained with both techniques. Kern et al. [30]
also evaluated two methods, one of them using only corneal front keratometric values and
the use of estimated PCA with Barrett calculator. He found that the use of only anterior
astigmatism may lead to postoperative under-correction of astigmatism as we have found
in our study, under correction of ATR (Phaco) and overcorrection of WTR (Femto) for the
non-PCA calculations. These results can be explained based on the expected overcorrection
in WTR astigmatism and undercorrection in ATR astigmatism, as it is often described in
the literature [31,32].
Abulafia et al. [4] found a higher proportion of eyes within ±0.50 D of the predicted
residual astigmatism when formulae that estimate the power of the PCA-based on anterior

Optics 2021, 2

190

surface measurements were used (range from 76.9% to 79.5%,) compared to not considering
PCA (30.8%). Cánovas et al. [3] showed a 45% of patients within ±0.50 D with non PCA, and
57% when PCA was considered. Kane et al. [33] reported percentages of 53.7% and 53.8%
for Barret and AK, respectively. In our study, identical results were obtained for the Phaco
group with the non-PCA, AK and Barrett calculations (53.6% patients within ±0.50 D) but
significant different results for the Femto group when the three methods were compared
(60% patients within ±0.50 D, 70% and 80% for Non-PCA, AK and Barrett respectively).
We consider that it is important to highlight that although non-significant mean differences were obtained in our study between Phaco and Femto groups, standard deviation
was higher in the Phaco group as it can be seen in the double angle plots resulting in a
higher percentage of eyes achieving higher accuracy levels for the Femto group. However, due to the retrospective characteristics of the study and the older age of the Phaco
group, no conclusion may be withdrawn as the observed differences might be attributed to
surgery type or to the patients’ age, as age acts as a confounding factor. Furthermore, posthoc statistical power was calculated (G-Power 3.1.9.2, https://www.psychologie.hhu.de/
(accessed on 1 December 2020)) for n = 58 and a Type I error of α = 0.05 obtaining 1-β = 0.6
for a partial η2 of 0.076 in between factors (Phaco/Femto) comparison obtained in the study.
On the other hand, power was 1.0 for within methods of calculation (Non-PCA, AK and
Barrett) and a partial η2 of 0.375. This means that even though sample size was enough
for within calculation methods, a Type II error might be happened for the small effect
size obtained between factors (Phaco/Femto). Some theoretical explanations might be
attributed to both hypotheses. Firstly, there is a linear relationship between the difference
of total and keratometric astigmatism that might lead to a poorer performance of the
correction by the regression algorithms in older subjects [34]. However, differences might
be also explained due to surgeon corneal SIA or rotational stability of the IOL, as corneal
incisions and capsulotomy also differed between groups [26]. Future studies not based
in total SIA and with a more uniform age gap between groups are required to evaluate
whether femtosecond laser cataract surgery might result in a higher accuracy.
5. Conclusions
Based on our results and in agreement with previous authors, the importance of PCA
in predicting postoperative refraction after toric lens implantation is clear. Despite the
percentage of eyes achieving a higher accuracy was slightly better with Barrett than AK, the
lack of significant mean differences in the pairwise comparison shows that this slightly high
percentage might be attributed to chance. In any case, with both methods, the results were
better that the ones obtained when posterior astigmatism was not considered. On the other
hand, despite of the clear limitations of the study to obtain conclusions about accuracy
of Phaco or Femto, the differences between non-PCA, AK and Barrett corrections were
uniform for both procedures, as no interaction was observed between the calculation and
surgery types by the doubly multivariate profile analysis. This means, that either in Phaco
or Femto procedures, using any of both regression algorithms will improve the results in
comparison to not calculating PCA. Finally, future studies should investigate the results
in the combination of anterior or posterior corneal derived SIA with these algorithms to
estimate PCA.
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