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Clinical Evaluation of a New Approach for IOL Power 
Calculation in Keratoconus
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David P Piñero7

Ab s t r ac t​
Purpose: To obtain an expression of the adjusted IOL power (PIOLadj) in keratoconus eyes associated with minimal errors in IOL power calculation.
Materials and methods: This retrospective study included a total of 25 eyes of 25 patients with ages ranging from 20 years to 76 years. The 
following IOLs were implanted: Acrysof IQ Toric, Acrysof SA60AT in 9 eyes, Sensar in 3 eyes, Tecnis 1 in 4 eyes, and Tecnis Toric in 2 eyes. The PIOLadj 
is based on Gauss equations, using adjusted keratometric index (nkadj) specific to keratoconus eyes. From this nkadj, an adjusted keratometric 
corneal power is calculated (Pkadj). The PIOLadj calculation was performed after estimating the effective lens position (ELP) using a mathematical 
expression obtained by multiple regression analysis (named ELPadj). Comparison between the PIOLadj and the real intraocular power implanted 
in each patient (PIOLreal) was carried out.
Results: No significant differences between PIOLreal and PIOLadj were found. However, differences could be clinically relevant up to of 2.54 D as 
PIOLreal increases. But, in the range of PIOLreal between 0 and 20 D, differences were lower than 1.5 D, being most of them below 1 D.
Conclusion: A new formula of IOL power calculation (PIOLadj) based on the use of an adjusted keratometric power (Pkadj) that considers a variable 
keratometric index due to the influence of the posterior corneal surface (nkadj) and adjusted effective lens position (ELPadj) is useful for estimating 
IOL power in low-to-moderate keratoconus, with more limitation in the most advanced keratoconus.
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In t r o d u c t i o n​
Some studies have evidenced that some errors are still possible in 
the calculation of intraocular lens power (PIOL) in cataract surgery 
despite the technological advances and the latest formulas 
developed for such purpose1–5 in healthy eyes (no pathological 
eye or with previous ocular surgeries). Classic keratometric corneal 
power (Pk), which is still used in some approaches for PIOL calculation, 
assumes that the ratio between the anterior and posterior corneal 
curvature is constant. This approximation can lead to inaccuracies 
in corneal power estimation and therefore in the calculation of PIOL. 
These errors can be increased significantly in keratoconus eyes due 
to the difficulty of determining the keratometric readings in such 
cases,6–10 and the very significant variability of the ratio anterior/
posterior corneal curvature in these eyes. It should be considered 
that the most important sources of errors in PIOL calculation are the 
accuracy of the measurement of the axial length (AL), the estimation 
of the effective lens position (ELP), and the precision of the 
estimation of corneal power (Pc).1 In clinical practice, total corneal 
power is still calculated by some practitioners only considering the 
anterior corneal surface and assuming a keratometric index (nk). 
Several recalculations of nk have been proposed to compensate 
for the keratometric corneal power estimation error.11–16 It has been 
shown that the use of a single nk value leads to an overestimation of 
corneal power in healthy corneas12,13,17–20 as well as in corneas after 
laser refractive surgery.21–23 The same trend has been observed in 
keratoconus eyes,24,25 with the error in corneal power estimation 
being dependent on the second corneal radius (r2c).25

Our research group proposed a variable keratometric index 
(nkadj) depending on the radius of the anterior corneal surface 
(r1c) as a valid option for minimizing the error associated with the 

keratometric approach for corneal power calculation in healthy 
eyes19,20 and after laser refractive surgery when the technology 
for measuring the curvature of the posterior corneal surface is not 
available.23,26 With the use of nkadj, a new adjusted keratometric 
corneal power was defined (Pkadj). Comparing Pkadj with the corneal 
power obtained using the curvature of the two corneal surfaces 
(Pc

Gauss), the associated errors were below 0.5 D. Likewise, if the 
value of Pkadj was used in PIOL calculation, the error associated was 
below 0.9 D.5 The same approach has been used in keratoconic 
eyes, and similar conclusion were obtained.25 Specifically, eight 
different algorithms for nkadj calculation according to the severity 
of keratoconus have been defined, with Pkadj minimizing the 
error associated with the use of the keratometric approach for 
corneal power calculation to a range within ±0.7 D.24 Recently, 
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new algorithms for nkadj calculation have been also proposed for 
keratoconus eyes after corneal collagen crosslinking, also showing 
a minimization of the keratometric error in similar terms.27

Concerning the impact of using the adjusted keratometric 
approach in PIOL calculation, our research group confirmed that 
the use of the adjusted intraocular lens power (PIOLadj) in healthy 
eyes for three different types of IOL would allow a minimization of 
the myopic residual trend occurring with these IOLs.28–30 In these 
studies, a recalculation of ELP value, named adjusted ELP (ELPadj), 
was necessary. Furthermore, in another previous study of our 
research group (currently in press), the differences in PIOL calculation 
for four conventional IOL power formulas used in keratoconus eyes 
have been evaluated, confirming that the most comparable results 
are provided by the Hoffer Q and Holladay I formulas, whereas the 
Haigis formula provides the most discrepant outcome. In the same 
line of our previous investigations, the aim of the current study was 
to obtain an expression of PIOLadj in keratoconus eyes associated 
with minimal errors in IOL power calculation.

Mat e r ia  l s a n d Me t h o d s

Patients
This retrospective study included a total of 25 eyes of 25 patients 
with ages ranging from 20 years to 76 years. All eyes had 
undergone cataract surgery with implantation of a monofocal 
spheric, aspheric, or toric IOL. Specifically, the following IOLs were 
implanted: Acrysof IQ Toric (Alcon Laboratories, Inc, Fort Worth, TX, 
USA), Acrysof SA60AT (Alcon Laboratories, Inc, Fort Worth, TX, USA) 
in 9 eyes, Sensar (Johnson & Johnson Vision, Santa Ana, CA, USA)  
in 3 eyes, Tecnis 1 (Johnson & Johnson Vision, Santa Ana, CA, 
USA) in 4 eyes, and Tecnis Toric (Johnson & Johnson Vision, Santa 
Ana, CA, USA) in 2 eyes. Inclusion criteria for this study were 
keratoconus eyes according to the standard diagnostic criteria 
that considers the presence of an asymmetric bow tie corneal 
topographic pattern with or without skewed axes, combined 
with at least one biomicroscopic sign, such as conical protrusion 
of the cornea at the apex, Vogt’s striae, stromal thinning, Fleischer 
ring, or anterior stromal scar,25 and previous cataract surgery 
with implantation of a spheric or aspheric IOL, or even a toric IOL 
due to the presence of significant preexisting anterior corneal 
astigmatism. Exclusion criteria were patients with any other 
previous ocular surgery and eyes with other active pathologies 
different from keratoconus. All volunteers were adequately 
informed and signed a consent form following the tenets of the 
Helsinki declaration.

Surgery
All surgeries had been performed by the same experienced 
examiner using a standard technique of phacoemulsification 
under topical anesthesia and after pupillary dilation. After 
performing a corneal incision on the steepest meridian, a 
paracentesis 60°–90° clockwise from the main incision and the 
filling of the anterior chamber with viscoelastic material, the 
crystalline lens material was removed, and the IOL was implanted 
through the incision into the capsular bag using the specific 
injector developed by the manufacturer for each type of IOL. 
Finally, the surgeon proceeded to retrieve the viscoelastic material 
using the irrigation–aspiration system. A combination of topical 
steroid and antibiotic drops was prescribed to be applied four 
times daily for a week after the surgery and three times daily the 
second postoperative week.

Clinical Evaluation
A full ophthalmologic examination was performed in all cases, 
including manifest refraction, corrected distance visual acuity, 
slit-lamp biomicroscopy, Goldmann tonometry, fundus evaluation, 
and corneal analysis by a Scheimpflug photography-based 
tomography system (Pentacam system, software version 1.14r01, 
Oculus Optikgërate GmbH, Germany). Specifically, the following 
parameters were recorded and analyzed with the Pentacam 
system (see Table 1): anterior (r1c) and posterior corneal radius (r2c) 
in the central 3-mm corneal area, anterior and posterior corneal 
astigmatism (ACA and PCA, respectively), and minimum (MCT) and 
central corneal thickness (CCT).

Calculation of the Gaussian and Keratometric IOL 
Power
Almost all theoretical formulas for IOL power calculation are based 
on the use of a simplified eye model, with thin cornea and lens 
models.1 According to this approach, the power of the IOL (PIOL) can 
be easily calculated using the Gauss equations in paraxial optics:5
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where Pc is the total corneal power, ELP is the effective lens plane, 
AL is the axial length of the eye, nha is the aqueous humor refractive 
index, nhv is the vitreous humor refractive index, and Rdes represents 
the postoperative desired refraction calculated at corneal vertex. 
The PIOL estimation obtained using the keratometric corneal power 
(Pk) was defined as PIOL

k , whereas it was defined as PIOL
Gauss  when 

the Gaussian corneal power Pc
Gauss( ) was used. The procedure of 

calculation of Pk, Pc
Gauss , PIOL

k  and PIOL
Gauss  had been described in 

detail in a previous article.5,19

Calculation of the Adjusted Keratometric Index in 
Keratoconus Eyes
As in some of our previous studies,19,20,23 the adjusted keratometric 
index (nkadj) was defined as the value associated with an equivalent 
difference in magnitude between keratometric and Gaussian 
corneal power for extreme values of r2c for each r1c value.

In a recent study,24 eight linear equations were defined for 
obtaining eight theoretical algorithms for the calculation of corneal 
power only depending on r1c in keratoconus eyes. Specifically, the 
expressions shown in Table 1 was defined using the Gullstrand eye 
model.24 Using this algorithm for estimating the most appropriate 
keratometric index to be used in each case, a new keratometric 
corneal power, named adjusted keratometric corneal power (Pkadj), 
was calculated using the classical keratometric approach for corneal 
power estimation without clinically relevant error.19 In the current 
study, an adjusted IOL power (PIOLadj) was calculated, which was 
defined as the IOL power calculated from the eq. (1) using the nkadj 
value for the estimation of the corneal power (Pkadj), as well as the 
nha and nhv values corresponding to the Gullstrand eye model 
(1.336). In such calculation, the postoperative spherical equivalent 
at corneal vertex really obtained was considered as the desired 
refraction (Rdes = SEpost). This adjusted IOL power (PIOLadj) was 
compared with the real power of the IOL implanted (PIOLReal). The 
PIOLadj calculation was performed after estimating the ELP using a 
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mathematical expression obtained by multiple regression analysis 
(named ELPadj), as described in detail in the next section.

Estimation of Adjusted ELP by Multiple Regression 
Analysis
Considering in each patient the eq. (1), the values of PIOLReal, Pkadj, 
and Rdes = SEpost, ELP was estimated after clearing this term from 
the equation. This ELP value was designed as calculated ELP 
(ELPcalc). With the values of ELPcalc obtained in each eye included in 
the study, a multiple regression analysis was performed to obtain 
a mathematical expression predicting the best as possible the 
calculated ELP from different preoperative clinical data. This ELP 
was named adjusted effective lens position (ELPadj). In addition, 
the ELP corresponding to each PIOLReal was also calculated using the 
theoretical formula and was named as real effective lens position 
(ELPReal). In this study, PIOLReal was calculated using the Haigis, 
Hoffer Q, SRK/T and Holladay I formulas, all of them implemented 
in an Excel software sheet version 14.0.0 for Mac to obtain the 
corresponding ELPReal.

Differences between the Adjusted and Real IOL Power 
Calculation Using the Adjusted Keratometric Index
The eight algorithms of Table 224 were applied for each patient 
to obtain nkadj and its corresponding Pkadj. After this, PIOLadj was 
calculated using the eq. (1), the nkadj value for the estimation of 
corneal power (Pkadj), and the ELP value obtained by the linear 
regression equation predicting ELP (ELPadj). After that, the difference 
(ΔPIOL) between the adjusted (PIOLadj) and the real IOL power (PIOLReal) 
was also calculated as follows:
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Statistical Analysis
The statistical analysis was performed using the SPSS statistics 
software package version 19.0 for Windows (IBM, Armonk, NY, 
USA). Normality of data samples was confirmed by means of the 
Shapiro–Wilk test. The Student’s t test was used for comparing 
the different approaches for ELP and PIOL calculation. Differences 
were considered as statistically significant when the associated 
p < 0.05. Pearson coefficient was used to assess the correlation 
between ELPadj and the ELP value calculated with the approach 
defined by each PIOL calculation formula, as well as to assess the 
correlation between PIOLadj and PIOLReal. Regarding the analysis of the 
interchangeability between pairs of methods used for obtaining ELP 
and PIOL, the Bland–Altman analysis was used.31 This is a graphical 
method for assessing if there is an agreement between two clinical 
procedures.31 The limits of agreement (LoA) are defined as the mean 
±1.96 standard deviation (SD) of the differences.31 If the limits are 
clinically relevant, the 2 methods cannot be used interchangeably.

A multiple regression analysis was used for predicting the ELPadj 
from different preoperative anatomical and clinical parameters. 
Model assumptions were evaluated by analyzing residuals, the 
normality of nonstandardized residuals (homoscedasticity), and the 
Cook distance to detect influential points or outliers. In addition, 
the lack of correlation between errors and multicollinearity was 
assessed using the Durbin–Watson test, the calculation of the 
collinearity tolerance, and the variance inflation factor.

Re s u lts​
This study evaluated 25 eyes of 25 patients [13 women (52%)], 
with a mean range of 49.2 years ± 14.7 (SD) (range, 20–76 years). 
The sample comprised 13 right eyes (52%). Table 1 summarizes the 
preoperative visual, refractive, biometric, and IOL power calculation 
data of the eyes evaluated.

Estimation of ELPadj
From the multiple regression analysis, the following expression for 
ELPadj was obtained:

ELP 2.939 1.357 0.014 CCT 0.388 ALadj 2c= − − × + × + ×r

Table 1: Mean visual, refractive, biometric, and IOL power calculation 
data

Parameter Mean ± SD Range
SEpre (D) −5.5 ± 5.8 −15.0 to +10.0
SEpost (D) −0.6 ± 0.9 −2.5 to +1.0
r1c (mm) 7.43 ± 0.43 6.68 to 8.18
r2c (mm) 6.10 ± 0.53 4.94 to 7.14
ACD (mm) 3.31 ± 0.54 2.00 to 4.05
AL (mm) 24.80 ± 2.49 20.77 to 30.64
ACA (D) 2.66 ± 2.02 0.30 to 8.70
PCA (D) 0.64 ± 0.44 0.10 to 2.50
nkadj 1.329 ± 0.002 1.325 to 1.333
CCT (μm) 487 ± 43 390 to 570
Pkadj (D) 44.48 ± 2.53 40.62 to 48.95
Pc

Gauss (D) 44.31 ± 2.45 40.36 to 49.20
PIOLReal (D) 15.22 ± 7.17 1.00 to 26.50

SEpre and SEpost, pre- and postoperative spherical equivalent; r1c and 
r2c, radius of curvature of the anterior and posterior corneal surface, 
respectively; ACD, anterior chamber depth; AL, axial length; ACA and PCA, 
anterior and posterior corneal astigmatism; nkadj, adjusted keratometric 
index; CCT, central corneal thickness; Pkadj, corneal power obtained using 
the adjusted keratometric index; Pc

Gauss, Gaussian corneal power; PIOLReal, 
power of the intraocular lens implanted

Table 2: Algorithms of nkadj developed using the Gullstrand eye model 
for different r1c intervals

r1c (mm) nkadj algorithm
(4.2, 4.7) −0.01207 r1c + 1.3789
(4.8, 5.6) −0.01036 r1c + 1.3787
(5.7, 6.2) −0.00919 r1c + 1.3785
(6.3, 6.4) −0.00736 r1c + 1.3782
(6.5, 6.8) −0.00771 r1c + 1.3783
(6.9, 7.5) −0.00664 r1c + 1.3780
(7.6, 7.8) −0.00638 r1c + 1.3781
(7.9, 8.5) −0.00557 r1c + 1.3779
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The multiple regression analysis revealed that the ELPadj 
was significantly correlated with r2c, CCT and AL (p < 0.001). The 
homoscedasticity of the model was confirmed by the normality 
of the nonstandardized residual distribution (p = 0.88) and the 
absence of influential points or outliers (mean Cook’s distance: 0.07 
± 0.13). With this model, 44% of nonstandardized residuals were 
lower than 0.5 and 80% were lower than 1.0. The poor correlation 
between residuals (Durbin–Watson test: 2.203) and the lack of 
multicollinearity (tolerance 0.670 to 0.894; variance inflation factors 
1.493 to 1.144) was also confirmed. Table 3 shows the mean of the 
different values of ELP calculated in this study: adjusted, calculated, 
and real ELPs. As previously mentioned, ELPcalc was calculated 
considering the eq. (1), the values of PIOLReal and Pkadj, and Rdes = 
SEpost. ELPReal was the value calculated with each theoretical formula 
used in each patient.

Agreement between ELPadj and ELPReal
No statistically significant differences were found between ELPadj 
and ELPReal (p = 0.785, Student’s t test). A moderate statistically 
significant correlation was found between ELPadj and ELPReal (r = 
0.594, p < 0.01) (Fig. 1). According to the Bland–Altman method, 
the range of agreement between ELPadj and ELPReal was −0.06 mm, 
with limits of agreement of −2.12 and 2.01-mm. Figure 2 shows 
the Bland–Altman plot corresponding to this agreement analysis.

Agreement between PIOLadj and PIOLReal
As previously mentioned, PIOLadj was calculated using the Pkadj value 
obtained in eq. (1) and the ELPadj value obtained by the formula 
derived from multiple linear regression. No statistically significant 
differences were found between PIOLadj (15.39 ± 7.09 D, range: 
1.04 to 25.39 D) and PIOLReal 15.22 ± 7.17 D, range: 1.00 to 26.50 D) 
when ELPadj was used and Rdes = SEpost was considered for PIOLadj 
calculation (p = 0.49, Student’s t test). A very strong and significant 

correlation was found between PIOLadj and PIOLReal (r = 0.986, p < 
0.01) (Fig. 3). According to the Bland–Altman method, the mean 
difference value between PIOLadj and PIOLReal was 0.17 D, with limits 
of agreement of −2.20 and +2.54 D (Fig. 4).

Correlation of ΔPIOL with Other Clinical Variables
The correlations of ΔPIOL with most of clinical variables evaluated 
were poor and did not reach statistical significance: r1c (r = 0.08, p = 
0.69), r2c (r = 0.13, p = 0.53), CCT (r = −0.12, p = 0.57), AL (r = −0.08, 
p = 0.71), ACD (r = −0.19, p = 0.37), SEpreop (r = −0.03, p = 0.90), age 
(r = 0.31, p = 0.13), and Pkadj (r = −0.10, p = 0.65). A very poor but 
statistically significant correlation was found between ΔPIOL and 
Pc

Gauss (r = −0.07, p < 0.01).

Di s c u s s i o n​
In this retrospective study with keratoconus patients, the potential 
validity of a new formula for IOL power calculation was evaluated 
(PIOLadj), considering that the preoperative data and the real IOL 
power implanted (PIOLreal) were known, as well as a new algorithm 
for ELP estimation (ELPadj). Unlike a previous study was conducted 
by our research group to evaluate the potential usefulness of PIOLadj 
in keratoconus,32 the current study is the first in comparing the 
outcomes of this formula with real retrospective data of cataract 
surgery. Although the results obtained with four different types 
of IOL were combined, a good correlation between PIOLreal and 
PIOLadj was found, with no significant differences between them. 
However, these nonstatistically significant differences were found 
to be clinically relevant (Fig. 4), increasing as the power of the 
implanted IOL increases, reaching a maximum value of 2.54 D. 
Specifically, differences between PIOLreal and PIOLadj were higher 
when the value of the PIOLreal was higher than 20 D. However, in the 
range of PIOLreal between 0 and 20 D, differences between PIOLreal 
and PIOLadj were lower than 1.5 D, being most of them below 1 D. 
These good results in this subgroup of patients may be due in part 
to the good correlation between ELPreal and ELPadj, not finding 
statistically significant differences between them. According to the 
trend observed with the differences between PIOLreal and PIOLadj, 
higher differences between ELPreal and ELPadj were also observed 
for eyes with high ELP values. Consequently, the development 

Table 3: Mean adjusted, calculated, and real effective lens position data

Mean ± SD (mm) Range (mm) p value
ELPReal 5.2787 ± 1.0511    3.4499–7.3643 0.69
ELPadj 5.2706 ± 1.2518    3.2802–8.2640 0.27
ELPcalc 4.1535 ± 2.1422 −4.2937–8.3869 <0.001

Fig. 1: Relationship between the adjusted ELP (ELPadj) and the real ELP 
estimated using the guidelines of the IOL power calculation formula 
used (ELPreal)

Fig. 2: Differences between the adjusted effective lens position (ELPadj) 
and the real effective lens position (ELPreal) plotted against the mean 
value of both. The upper and the lower lines represent the limits of 
agreement calculated as mean of differences ±1.96 SD
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of future studies improving the precision of the algorithm to 
estimate ELP would allow a better prediction in cases requiring 
higher PIOLadj values. Recently, Savini et al.33 have demonstrated 
that cataract surgery results in keratoconus patients are worse in 
advanced stages of the disease. Possibly, in this series as well as in 
our population, the prediction of ELP in this type of patients is more 
difficult due to its variability with small variations of anatomical 
parameters. It should be considered that the distance between ELP 
and anterior IOL vertex position primarily depends on IOL power, 
IOL thickness, and shape factor,34 and these factors are going to be 
significantly modified in eyes requiring high IOL powers.

The approach for IOL power calculation evaluated in the 
current study allows the clinician to use the keratometric model 
based on the use of the curvature of the anterior corneal surface, 
but with a variable keratometric index for compensating the error 
rate associated with this approximation. Therefore, in keratoconus, 
the keratometric corneal power cannot be used as it is a source of 
significant clinical errors. The only acceptable relative simplification 
is the use of the adjusted keratometric approach in eyes with low 
to moderate keratoconus. Kamiya et al.35 demonstrated that Sim 
K readings overestimate the corneal power, especially in advanced 
keratoconus, being this a possible source of hyperopic residual 
refractive error. Likewise, these same authors confirmed that a 
large amount of hyperopic shift occurred especially in advanced 
keratoconic patients, when keratometric readings were used for 
IOL power calculation, and that a slight, but significant, myopic shift 
occurred, when total corneal refractive power was used.6 Future 
studies should be performed to compare the results obtained 
with our IOL power approach compared to other algorithms for 
corneal power estimations and IOL power calculation formulas. 
Savini et al.33 have recently demonstrated that the most accurate 
formula for IOL power calculation in keratoconus seems to be the 
SRK-T formula.

One additional finding confirming the validity of the adjusted 
keratometric approach evaluated in this study is that the difference 
between PIOLreal and PIOLadj did not correlate significantly with any 
anatomical preoperative parameter, suggesting that there is no 
factor limiting the prediction of IOL power based on our adjusted 
keratometric approach. In any case, it is important to mention that 

a low number of advanced keratoconus cases were included in our 
sample and possibly, as seen in the interchangeability analysis, 
parameters that are normally increased in advanced keratoconus 
may have correlated with the difference between PIOLreal and PIOLadj. 
This should be confirmed in future studies.

Concerning the limitations of the study, the most relevant is 
the sample size, which should be higher to conduct comparative 
studies with high levels of statistical power. However, this was not 
possible as this study was performed considering data obtained 
in the daily practice and the prevalence of keratoconus eyes 
undergoing cataract surgery is limited. This may be overcome with 
the performance of multicenter studies. Another limitation was the 
retrospective nature of the study. However, the results are quite 
consistent and can be used to guide future researches in this area.

In conclusion, a new formula of IOL power calculation (PIOLadj) 
based on the use of an adjusted keratometric power (Pkadj) that 
consider a variable keratometric index due to the influence of the 
posterior corneal surface (nkadj) and ELPadj is useful for estimating 
IOL power in low to moderate keratoconus, with more limitation 
in the most advanced stages of the disease. Future prospective 
randomized comparative clinical trials should be conducted to 
consider the equivalence or superiority of this method of IOL power 
calculation compared to others.

Co m p l ia  n c e w i t h Et h i c a l Sta n da r d s​
Research Involving Human Participants and/or 
Animals
This article does not contain any studies with animals performed 
by any of the authors.

Informed Consent
Informed consent was obtained from all individual participants 
included in the study. All procedures performed in studies involving 
human participants were in accordance with the ethical standards 
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Fig. 3: Relationship between the adjusted (PIOLadj) and the real intraocular 
lens power (PIOLreal)

Fig. 4: Differences between the adjusted IOL power (PIOLadj) and the real 
IOL power value implanted (PIOLreal) plotted against the mean value of 
both. The upper and the lower lines represent the limits of agreement 
calculated as mean of differences ±1.96 SD
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