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Abstract
Purpose The present retrospective study was designed to test the hypothesis that the postoperative posterior to preoperative
anterior corneal curvature radii (PPPA) ratio in eyes with Fuch’s dystrophy undergoing Descemet membrane endothelial keratoplasty (DMEK) is significantly different to the posterior to anterior corneal curvature radii (PA) ratio in virgin eyes and
therefore renders conventional keratometry (K) and the corneal power derived by it invalid for intraocular lens (IOL) power
calculation.
Methods Measurement of corneal parameters was performed using Scheimpflug imaging (Pentacam HR, Oculus, Germany). In
125 eyes with Fuch’s dystrophy undergoing DMEK, a fictitious keratometer index was calculated based on the PPPA ratio. The
preoperative and postoperative keratometer indices and PA ratios were also determined. Results were compared to those obtained
in a control group consisting of 125 eyes without corneal pathologies. Calculated mean ratios and keratometer indices were then
used to convert the anterior corneal radius in each eye before DMEK to postoperative posterior and total corneal power. To assess
the most appropriate ratio and keratometer index, predicted and measured powers were compared using Bland-Altman plots.
Results The PPPA ratio determined in eyes with Fuch’s dystrophy undergoing DMEK was significantly different (P < 0.001) to
the PA ratio in eyes without corneal pathologies. Using the mean PA ratio (0.822) and keratometer index (1.3283), calculated
with the control group data to convert the anterior corneal radius before DMEK to power, leads to a significant (P < 0.001)
underestimation of postoperative posterior negative corneal power (mean difference (Δ = − 0.14D ± 0.30) and overestimation of
total corneal power (Δ = − 0.45D ± 1.08). The lowest prediction errors were found using the geometric mean PPPA ratio (0.806)
and corresponding keratometer index (1.3273) to predict the postoperative posterior (Δ = − 0.01 ± 0.30) and total corneal powers
(Δ = − 0.32D ± 1.08).
Conclusions Corneal power estimation using conventional K for IOL power calculation is invalid in eyes with Fuch’s dystrophy
undergoing DMEK. To avoid an overestimation of corneal power and minimize the risk of a postoperative hyperopic shift,
conventional K for IOL power calculation should be adjusted in eyes with Fuch’s dystrophy undergoing cataract surgery
combined with DMEK. The fictitious PPPA ratio and keratometer index may guide further IOL power calculation methods to
achieve this.
Keywords Hyperopic shift . Conventional keratometry . DMEK . Triple DMEK . IOL power calculation . PA ratio . Posterior to
anterior corneal curvature radii ratio
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Key messages
What is known:
Conventional Keratometry for corneal power estimation is prone to error in eyes with altered posterior to anterior
corneal curvature radii (PA) ratio.
IOL power calculation based on conventional K in eyes with Fuch´s endothelial corneal dystrophy (FECD)
undergoing Descemet membrane endothelial keratoplasty combined with cataract surgery (Triple DMEK) leads to
a postoperative hyperopic shift. Surgeons currently choose a refractive target of -0.5 to -1.0 D to compensate for
this error.
What is new:
The postoperative posterior to preoperative anterior corneal curvature radii (PPPA) ratio is the decisive ratio for
IOL power calculation in eyes with FECD undergoing Triple DMEK and is significantly different to the PA ratio in
healthy eyes.
Preoperative conventional Keratometry in eyes with FECD undergoing DMEK underestimates postoperative
posterior corneal power and thus overestimates postoperative total corneal power.
To minimize the risk of a hyperopic error after Triple DMEK conventional Keratometry needs to be adjusted. A
newly derived PPPA ratio and corresponding fictitious keratometer index represent a promising corrective tool to
achieve this.

Introduction
Intraocular lens (IOL) power calculation is traditionally based
on keratometers that estimate the corneal refractive power
from anterior corneal measurements, by using a standardized
fictitious refractive index (1.3320) referring to a theoretical
single refractive lens representing both corneal surfaces.
This so-called conventional keratometry (K) is used in IOL
Master PCI devices for corneal power estimation and assumes
a constant posterior to anterior corneal curvature radii ratio
(PA ratio or RPA) [1]. This assumption leads to sufficient
refractive outcomes when IOL power calculation is performed
in virgin eyes [2, 3].
However, when anterior corneal radius is altered by corneal
refractive surgery, the PA ratio is disrupted and the usual
Table 1

Demographic data

Subjects
Eyes
Age (year)
Sex (F:M)
Laterality (R:L)

Fuch’s dystrophy

Control

125
125
69 (± 11)
(73:52)
(62:63)

125
125
74 (± 9)
(67:58)
(63:62)

F female, M male, R right, L left

keratometric refractive index becomes invalid. As a consequence, after myopic correction, conventional K readings usually overestimate corneal power and the resulting IOL power
is underestimated, leading to postoperative hyperopia [4].
Similar, in eyes with Fuch’s dystrophy, a hyperopic shift
has been reported when cataract surgery is combined with a
Descemet membrane endothelial keratoplasty (triple DMEK)
[5–13]. This has been attributed to regression of the posterior
stroma edema associated with a steepening of the posterior
corneal curvature [5–13]. However, as the posterior corneal
curvature is not measured directly, neither a preoperative flat
posterior corneal curvature, nor a postoperative change of
posterior corneal radius is considered in the IOL power calculations based on measurement of the anterior corneal surface
and conventional K [1]. Therefore, the decisive ratio for IOL
power calculation in eyes with Fuch’s dystrophy, is the ratio
between postoperative posterior corneal radius, once stable
refraction is achieved, and preoperative anterior corneal radius, when conventional K is performed (Table 1).
We hypothesized that when this postoperative posterior to
preoperative anterior corneal curvature radii (PPPA) ratio differs from the PA ratio in virgin eyes, it will render the
keratometer index invalid and cause a hyperopic shift after
triple DMEK, similar to IOL power calculation in eyes after
myopic photoablative refractive surgery [4].
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The aim of this study was to assess the validity of conventional K for IOL power calculation in eyes with Fuch’s dystrophy undergoing triple DMEK using Scheimpflug imaging
(Pentacam HR). Therefore, we compared the postoperative
posterior to preoperative anterior corneal curvature radii
(PPPA) ratio in eyes with Fuch’s dystrophy undergoing
DMEK with the PA ratio calculated in healthy eyes.
Finally, to guide further IOL power calculation methods,
the most appropriate ratio and keratometer index for the conversion of preoperative anterior corneal radius to postoperative posterior and total corneal powers was determined in a
theoretical model.

Methods
Patients and examination
This retrospective study included patients with Fuchs endothelial corneal dystrophy (FECD), who underwent uncomplicated DMEK surgery in the Department of Ophthalmology of
the University Hospital of Muenster and a control group
consisting of eyes without corneal pathologies or prior ocular
surgery. The study was approved by the local ethics committee and adhered to the tenets of the Declaration of Helsinki.
Seventy-nine eyes included in the study have been part of a
previous study by this group [14].
Eyes with a history of other corneal diseases, corneal infection or intraocular inflammation, trauma, corneal scars,
contact lens wear 4 weeks before measurement, clinically significant graft detachment, or delayed corneal clearance were
excluded.
All eyes underwent Scheimpflug corneal anterior segment
tomography (Pentacam HR; Oculus, Wetzlar, Germany) in
the same location under the same conditions with an expert
examiner. Pentacam imaging in eyes with FECD undergoing
DMEK was performed before surgery and after attaining refractive stability (minimum 3 months after surgery) [8].
Tomographic data was used in each eye to calculate a
keratometer index and PA ratio before (ncFECD, RPAFECD)
and after DMEK (ncDMEK, RPADMEK) as well as a fictitious

Fig. 1 RPPPAFECD/DMEK combines the posterior and anterior corneal
curvature measurements when they are relevant for IOL power
calculation: preoperative anterior corneal curvature when IOL power is
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keratometer index (nc FECD/DMEK ) based on PPPA ratio
(RPPPAFECD/DMEK).
To assess the validity of conventional keratometry in
eyes with Fuch’s dystrophy undergoing DMEK, the
RPPPAFECD/DMEK was compared to the PA ratio in the control group consisting of healthy corneas. It was hypothesized that when the PPPA ratio in eyes with Fuch’s dystrophy undergoing DMEK is significantly different to the PA
ratio in virgin eyes, it will render conventional K invalid
and the corneal power derived from it by this method.
Finally, in a theoretical model, the mean anterior corneal
radius (RA) in each eye before DMEK was converted to postoperative posterior and total corneal powers, using the different calculated geometric mean PA ratios and keratometer indices. To determine the best fitting parameters, the predicted
and measured powers were compared using Bland-Altman
plots.
Calculation methods were as follows:

Calculation of the posterior to anterior corneal
curvature radii ratio

RPA ¼

RA
RP

ð1Þ

PA ratio was calculated for the FECD group (RPAFECD),
DMEK group (RPADMEK), and control group (RPAControl)
using the geometric mean ratio between posterior (RP) and
anterior (RA) corneal radii.
Furthermore, we calculated RPPPAFECD/DMEK as the geometric mean ratio between preoperative anterior corneal radius (when conventional K is performed) and postoperative
posterior corneal radius (once stable refraction is achieved)
as shown in Fig. 1.

Calculation of the keratometer indices
As for the PA ratios, the geometric mean keratometer indices
(n c ) were calculated for each group (n c FECD , n c DMEK ,
ncControl). In addition, a fictitious keratometer index was also

calculated using conventional keratometry and postoperative posterior
corneal curvature once stable refraction has been achieved
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calculated, combining preoperative (FECD) and postoperative
(DMEK) measurements (ncFECD/DMEK):
ðnCornea −1Þ  1000
RA

naqueous −ncornea  1000
DP ¼
RA  RPA

DA ¼

power (DPPred.) using different calculated geometric mean ratios (RPA = RPAFECD, RPAControl, RPPPAFECD/DMEK) (Formula
7). Results were compared with the corresponding measured
posterior corneal power after DMEK (DPDMEK) (Formula 8).

ð2Þ
ð3Þ

DT ¼

CCT
 DA  DP
ncornea  1000

ð4Þ

DTotal

CCT
 DA  DP
¼ DA þ DP −
ncornea  1000

ð5Þ

nC ¼

DTotal  RA
þ1
1000

ð6Þ

DPPred:


naqueous −ncornea  1000
¼
RA x RPA

ΔDP ¼ DPDMEK −DPPred: :

Formulas 2–6 were used to calculate ncFECD, ncDMEK,
Control
nc
, and ncFECD/DMEK using the anterior corneal curvature
radius, central corneal thickness, and PA and PPPA ratios
based on the thick lens formula. DA is the dioptric power of
the anterior corneal surface, RA is the mean anterior corneal
curvature radius, DP is the dioptric power of the posterior
corneal surface, RPA is the individual posterior to anterior
corneal curvature radii ratio, ncornea is the refractive index of
the cornea (1.376), naqueous is the refractive index of aqueous
(1.336), and DTotal is the dioptric power of the cornea, while
CCT is the mean central corneal thickness. For the calculation
of ncFECD/DMEK, RPA is replaced by the RPPPA in Formula 3.

Predicting postoperative posterior and total corneal
powers
Different geometric mean ratios and keratometer indices were
used to convert mean anterior corneal radius (RA) in each eye
before DMEK to postoperative posterior (Formula 7) and total
corneal power (Formula 9) respectively.
Measured anterior corneal radius (RA) of each eye before
DMEK was converted to postoperative posterior corneal

Fig. 2 Bland-Altman plot comparing the measured and predicted
postoperative posterior corneal power calculated with different PA
ratios and the PPPA ratios respectively. Mean differences are

ð7Þ

ð8Þ

where DPPredicted (DPPred.) is the mean predicted postoperative
posterior corneal power, ncornea is the refractive index of the
cornea (1.376), naqueous is the refractive index of aqueous
(1.336), RPA is the geometric mean posterior to anterior corneal curvature radii ratio for the given groups (RPAFECD =
0.900; RPAControl = 0.822; RPPPAFECD/DMEK = 0.806), and rA
is the preoperative anterior corneal radius of a single
Pentacam. DPDMEK is the measured postoperative posterior
corneal power (Formula 3) and ΔDP is the difference between
predicted and measured postoperative posterior corneal power. Three different ΔDP were calculated for each eye, based on
the mentioned geometric mean PA ratios.
Measured anterior corneal radius (RA) of each eye before
DMEK was converted to postoperative total corneal power
(DTPred.) using the different calculated geometric mean
keratometer indices (ncFECD, ncControl, ncFECD/DMEK) (Formula
9). Results were compared with the corresponding total corneal
power measured after DMEK (DTotalDMEK) (Formula 10).
DTPred: ¼

nc
−1
RA

ΔDTotal ¼ DTotalDMEK −DTPred:

ð9Þ

ð10Þ

represented by solid lines, while 95% limits of agreement (LoA) are
represented by dotted lines. a Using RPAControl 0.822, b using RPAFECD
0.900, and c using RPPPAFECD/DMEK 0.806
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Fig. 3 Bland-Altman plot comparing the measured and predicted
postoperative corneal power calculated with different keratometer
indices. Mean differences are represented by solid lines, while 95%

limits of agreement (LoA) are represented by dotted lines. a Using
ncControl = 1.3283, b using ncFECD = 1.3319, and c using ncFECD/DMEK =
1.3273

where DTPredicted (DTPred.) is the mean predicted postoperative
total corneal power, nc is the geometric mean fictitious
keratometer index for the given groups (ncFECD = 1.3319,
ncControl = 1.3283, ncFECD/DMEK = 1.3273), and RA is the preoperative anterior corneal radius of a single Pentacam.
DTDMEK is the measured postoperative total corneal power
(Formula 5) and ΔDTotal is the difference between predicted
and measured postoperative total corneal power. Three different ΔDTotal were calculated for each eye, based on the mentioned geometric mean keratometer indices.
Furthermore, we compared predicted and measured postoperative posterior and total corneal power using BlandAltman plots (Figs. 2 and 3).

9-mm descemetorhexis was performed using a Sinskey
hook.
A 2.8-mm incision was made at the limbus for the insertion
of the graft. The 8.75-–9.00-mm donor Descemet roll was
stained with a 0.06% trypan blue solution (Vision Blue,
D.O.R.C. International) and sucked in to a glass injector
(DMEK-Inserter, Geuder, Germany) for injection into the anterior chamber.
The graft was oriented in the center with endothelial side
down by indirect manipulation with air and BSS. To position
the graft onto the recipient posterior stroma, an air bubble was
injected underneath the graft. After surgery, patients were
asked to maintain a supine position for at least 4 h.

Surgical procedure

Statistics

At two and ten o’clock positions, two paracenteses were
performed. After filling the anterior chamber with air, a

Microsoft Excel 2010 was used for data management.
Statistical analyses were performed with IBM SPSS®

Table 2

Comparison of preoperative and postoperative tomographic data
FECD
Mean ± SD; *

DMEK
Mean ± SD; *

DP (D)
CCT (μm)
RPA
DTotal (D)

7.80 ± 0.33;(7.70[7.57, 8.01])
48.30 ± 2.04;
(48.39[46.94, 49.67])
6.98 ± 0.80;
(6.82[6.48, 7.25])
−5.80 ± 0.62;(−5.87[−6.17, −5.51])
660 ± 106;(640[605, 690])
0.90 ± 0.10(0.87[0.84, 0.93)]
42.63 ± 2.04;(42.77[41.28, 43.91])

nc

1.3319 ± 0.005;(1.3331[1.330, 1.334])

RA (mm)
DA (D)
RP (mm)

Change (Δ) ± SD

P value

7.84 ± 0.31(7.83[7.63, 8.08])
47.98 ± 1.89;
(48.02[46.53, 49.28])
6.28 ± 0.35;
(6.29[6.09, 6.53])
−6.39 ± 0.37;(−6.36[−6.57, −6.12])
530 ± 50;(527[497, 560])
0.801 ± 0.04;(0.80[0.78, 0.83])
41.72 ± 1.72; (41.78[40.25, 42.75])

0.05 ± 0.19
− 0.31 ± 1.10

= 0.0011
< 0.0011

− 0.70 ± 0.81

< 0.0011

− 0.59 ± 0.66
− 130 ± 113
− 0.1 ± 0.11
− 0.92 ± 1.47

< 0.0011
< 0.0011
< 0.0011
< 0.0011

1.3270 ± 0.002;(1.3270[1.326, 1.328])

− 0.005 ± 0.006

< 0.0011

significant P values: bold; SD standard deviation * = (median [25, 75 percentiles]); 1 = Wilcoxon, CCT central corneal thickness, RA average reading of
the anterior corneal curvature, RP average reading of the posterior corneal curvature, DA anterior corneal power; DP posterior corneal power, DTotal total
corneal power, RPA posterior to anterior corneal curvature radii ratio, nc fictitious keratometer index

1.3319 ± 0.005;(1.3331[1.330, 1.334])

42.63 ± 2.04;(42.77[41.28, 43.91])

0.90 ± 0.10(0.87[0.84, 0.93)]

48.30 ± 2.04;
(48.39[46.94, 49.67])
6.98 ± 0.80;
(6.82[6.48, 7.25])
− 5.80 ± 0.62;(− 5.87[− 6.17, − 5.51])
660 ± 106;(640[605, 690])

7.80 ± 0.33;(7.70[7.57, 8.01])

Mean ± SD;*

FECD

7.84 ± 0.31(7.83[7.63, 8.08])
47.98 ± 1.89;
(48.02[46.53, 49.28])
6.28 ± 0.35;
(6.29[6.09, 6.53])
− 6.39 ± 0.37;(− 6.36[− 6.57, − 6.12])
530 ± 50;(527[497, 560])

> 0.054
> 0.053

0.801 ± 0.04;(0.80[0.78, 0.83])
41.72 ± 1.72; (41.78[40.25, 42.75])
1.3270 ± 0.002;(1.3270[1.326, 1.328])

< 0.0014
< 0.0013
< 0.0014

< 0.0014
< 0.0014

< 0.0014

Mean ± SD;*

P

DMEK

< 0.0014

> 0.053

< 0.0013

< 0.0014
< 0.0013

< 0.0013

> 0.053

> 0.054

P

*0.806 ± 0.03;
(0.80[0.79, 0.83])
42.03 ± 1.86;
(42.20[40.63, 43.24])
1.3273 ± 0.002;
(1.3272[1.326, 1.329])

Mean ± SD;*

FECD/DMEK

< 0.0014

> 0.053

= 0.0013

P

Significant P values: bold; SD standard deviation * = (median [25, 75 percentile]); 3 = unpaired t-test; 4 = Man-Whitney U test; CCT central corneal thickness, RA average reading of the anterior corneal
curvature, RP average reading of the posterior corneal curvature, DA anterior corneal power, DP posterior corneal power, DTotal total corneal power, RPA order PA ratio posterior to anterior corneal curvature
radii ratio, nc fictitious keratometer index; * = calculated using the RPPPA

nc

DTotal (D)

RPA

7.83 ± 0.28;
(7.80[7.64, 7.98])
48.09 ± 1.71;
(48.21[47.12, 49.21])
6.44 ± 0.27;
(6.43[6.27, 6.57])
− 6.23 ± 0.26;(−6.22[− 6.39, −6.09])
553 ± 36;
(556[530, 578])
0.822 ± 0,02;
(0.82[0.81, 0.83])
41.98 ± 1,50;
(42.14[41.09, 42.94])
1.3283 ± 0.001;
(1.328[1.328, 1.329])

Control
Mean ± SD;*

Comparison of measured control group data with FECD, DMEK, and FECD/DMEK group data

DP (D)
CCT (μm)

RP (mm)

DA (D)

RA (mm)

Table 3
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Table 4 Comparison of predicted and measured postoperative posterior (ΔDP) and total corneal powers (ΔDTotal) using different ratios and fictitious
keratometer indices
FECD
RPA = 0.900
nc = 1.3319

Control
RPA = 0.822
nc = 1.3283

ΔDP
ΔDTotal

FECD/DMEK
RPPPA = 0.806
nc = 1.3273

Mean ± SD

P value

Mean ± SD

P value

Mean ± SD

P value

− 0.14 ± 0.30
− 0.45 ± 1.08

< 0.001
< 0.001

− 0.68 ± 0.30
− 0.92 ± 1.08

< 0.001
< 0.001

− 0.01 ± 0.30
− 0.32 ± 1.08

> 0.05
< 0.001

Significant P values: bold; SD standard deviation, ΔDTotal difference between predicted and measured total corneal power, ΔDP difference between
predicted and measured postoperative posterior corneal power, nc fictitious keratometer index, RPA posterior to anterior corneal curvature radii ratio,
RPPPA postoperative posterior to preoperative anterior corneal curvature radii ratio, Control control group data; FECD preoperative data of eyes with
FECD, FECD/DMEK postoperative posterior and preoperative anterior corneal curvature data of eyes with FECD undergoing DMEK surgery

Statistics 22 for Windows (IBM Corporation, Somers, NY,
USA).
Data were reported as mean ± standard deviation (median
[25, 75 percentiles]).
The normality of the data distribution was tested using the
Kolmogorov–Smirnov test.
A normal distribution was not found for RPA, RP, DP,
CCT, or the keratometer index in eyes with FECD; nor
was the distribution normal for DP and the keratometer
index in eyes after DMEK surgery or for RA in the control
group.
Depending on the normality distribution, postoperative data were compared to baseline using the paired t test or twosided Wilcoxon signed-rank test, while the differences in relation to control group data were determined using an unpaired t test or Man-Whitney U test.
Bland-Altman plots were used to evaluate the agreement
between measured and predicted postoperative corneal parameters (ΔDP and ΔDTotal). Bland-Altman plots allow one to
determine whether there are systematic differences between
measured and calculated parameters. The mean difference is
the estimated bias, and the standard deviation of the difference
measures the random fluctuations around this mean. The level
of statistical significance was set at P ≤ 0.05. A post hoc power
analysis (G*power, version 3.1) was conducted to determine
the study power.

Results
A total of 125 eyes of 125 patients who underwent DMEK or
triple DMEK and 125 eyes of 125 patients without corneal
pathologies were included in this retrospective study. Patients’
characteristics are summarized in Table 1. Postoperative
changes relative to baseline are shown in Table 2.
Eyes after DMEK surgery showed a statistically significant
thinner central corneal thickness, steeper posterior corneal

radius, and lower PA ratio when compared to eyes without
corneal pathologies (Table 3).
The PPPA ratio and keratometer index determined in eyes
with Fuch’s dystrophy undergoing DMEK was significantly
different (P < 0.001) to the keratometer index and PA ratio in
eyes without corneal pathologies (Table 3). In a post hoc power analysis, the calculated effect size was 0.62 (ratios) and 0.63
(keratometer indices). With an alpha of 0.05, this led to a
power of 0.99 in both cases.
Using the geometric mean RPAControl (0.822) and ncControl
(1.3283) to convert the anterior corneal radius before DMEK
to power leads to significant (P < 0.001) underestimation of
the negative postoperative posterior (ΔDP = − 0.14D ± 0.30)
and thus overestimation of the total corneal power
(ΔDTotal = −0.45D ± 1.08) (Table 4).
The lowest prediction errors were found using the mean
fictitious RPAFECD/DMEK (0.806) and ncFECD/DMEK (1.3273)
to predict the postoperative posterior (ΔDP = − 0.01D ± 0.30)
and total corneal powers (ΔDTotal = − 0.32D ± 1.08) (Table 4).
Figures 2 and 3 show the Bland-Altman plots comparing
predicted and measured postoperative posterior and total corneal powers (Figs. 2 and 3).

Discussion
Ours is the first study to demonstrate that using conventional
keratometry to estimate postoperative corneal refractive power in patients with FECD undergoing DMEK surgery, leads to
an overestimation of corneal power. Through the introduction
of a fictitious PPPA ratio and keratometer index, we have
found a promising way to adjust conventional keratometry
and provide the necessary correction.
The 4 potential sources of error in IOL calculation are
corneal curvature measurement, axial length measurement,
effective lens position estimation, and the IOL calculation
formula [15–17].
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This study focused on corneal power measurement that
accounts for approximately two-thirds of the total dioptric
power of the eye [17]. If the calculation of corneal power is
inaccurate, it will have profound consequences on subsequent
steps in the calculation of IOL power [18–21].
Optical biometers such as the IOL Master 500 (Carl Zeiss
Meditec, Jena, Germany) do not measure the posterior cornea
directly, but instead account for it using a fictitious refractive
index of the cornea, under the assumption that the posterior to
anterior corneal curvature radii ratio is constant in all eyes [1].
In this study, the posterior corneal power changed significantly after DMEK surgery, a finding in line with all related studies presented in the literature [5–12] (Table 2).
From the combined information presented above, we conclude that the relationship between the postoperative posterior
corneal radius—once stable refraction is achieved—and to the
preoperative anterior corneal curvature—when conventional
K is performed—is decisive for IOL power calculation (IOL
Master 500) in eyes undergoing DMEK surgery (Fig. 1).
Furthermore, we have demonstrated that this ratio is significantly different to the PA ratio in healthy eyes, so that the
keratometric index and the corneal power derived from it by
this method will become invalid [18, 19].
This is similar to the situation with altered PA ratio after
myopic laser vision correction (e.g., LASIK, PRK), where
conventional K overestimates corneal power, which leads to
a biased IOL calculation and hyperopic outcome after cataract
surgery [4, 19, 22–25].
To counteract this, modern optical biometers (e.g.,
IOLMaster 700) are capable of measuring both anterior and
posterior corneal curvatures, to assess the total keratometry
(TK). With the use of innovative IOL calculation methods,
such as the Haigis-TK or Barret True-K formula, this enables
a more precise outcome after cataract surgery with previous
LASIK or PRK [4, 26, 27].
In this context, it is important to mention that in eyes with
Fuch’s dystrophy undergoing DMEK, the posterior corneal
curvature changes significantly after the performed surgery.
Therefore, considering the preoperative posterior corneal curvature in IOL power calculation would lead to an overestimation of the postoperative corneal power (Table 4).
In our study, DMEK leads to a significant thinner central
corneal thickness, steeper posterior corneal curvature, and thereby lower PPPA and postoperative PA ratios when compared to
healthy eyes (Table 3). Similar results are presented in the literature. Arnalich-Montiel et al. showed a thinner cornea with a
steeper pachymetric progression from the thinnest point to the
periphery in eyes after DMEK compared to normal corneas
[28].
This difference could be simply explained by the fact that
DMEK surgery does not replace the entire endothelium and
Descemet membrane (DMEK roll size usually lies between
8.0 and 9.25 mm).
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However, a standard IOL power calculation using conventional K is inaccurate in the case of triple DMEK and will lead
to a significant underestimation of posterior negative corneal
power and hence overestimation of total corneal power (Table 4).
In the clinical practice, DMEK surgeons have noticed this
problem and aim to achieve a more myopic postoperative outcome by choosing a refractive target of − 0.5 to − 1D to compensate for this error [8]. In the future, IOL power calculation
could be optimized for eyes with FECD undergoing triple
DMEK surgery by using adjusted conventional keratometry to
improve the predictability of IOL power calculation and account
for the postoperative hyperopic shift [18, 21, 29–31].
In comparison to that, a higher postoperative hyperopic
error has been reported in eyes undergoing Descemet stripping endothelial keratoplasty (DSEK) combined with cataract
surgery [32]. This could also be explained by a nonphysiologic postoperative posterior corneal curvature that is
also overestimated by conventional K. Goldich et al. found a
significantly steeper posterior corneal radius after DSEK compared to eyes undergoing DMEK. In contrast, there was no
difference when comparing the anterior corneal curvature preoperative and postoperative in between the groups [33].
Using the PPPA ratio presented in this study (0.806) enhances the accuracy of the refractive prediction of postoperative posterior corneal power in comparison with the PA ratio
of eyes with FECD (0.900) or healthy corneas (0.822) (Fig. 2).
Compared to that, using the fictitious keratometer index
(1.3723) to preoperatively predict postoperative total corneal
power leads to a minimal additional overestimation of that
power on average. This is caused by a significant postoperative flattening of the anterior corneal curvature in the present
data (Fig. 3).
This is similar to the results of our previous study, where
we noted a more strongly correlation between preoperative
corneal parameters (e.g., PA ratio, Asph. Q) and the change
in refractive power of the posterior corneal surface compared
to the change in total corneal power [14].
Regarding the change of the anterior corneal curvature after
DMEK, different results are presented in the literature. Kwon
et al. found no significant alteration of simulated keratometry
after surgery [10], whereas van Dijk et al. showed an ongoing
significant change in mean anterior corneal curvature [11].
The variation between predicted and measured postoperative total corneal power (± 1.08D) indicates that changes of
anterior corneal curvature could explain the problem of varying postoperative refractive outcomes after triple DMEK that
go from myopia to hyperopia.
However, a keratometer index cannot account for these
changes [34] and the prediction of the individual refractive
outcome in eyes with Fuch’s dystrophy prior to Triple
DMEK will remain a challenging task for surgeons.
This pilot study was limited by a relatively small sample
size and the retrospective design. This may have affected the
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results to a minimal extent. Nevertheless, a high power was
achieved in the post hoc power analysis.
Moreover, the results presented in this monocenter study
may be skewed by specific surgical details (incision at 12 h
and 8.75-–9.00-mm transplant); this ratio and keratometer index could easily be evaluated for the different surgeons or
different centers. In any case, multicenter studies with a higher
number of patients are needed.
In conclusion, the postoperative posterior to preoperative
anterior corneal curvature radii ratio is the decisive ratio for
IOL power calculation in eyes undergoing triple DMEK and
differs significantly from the PA ratio in healthy eyes.
Conventional K for IOL power calculation in eyes with
FECD undergoing triple DMEK surgery should therefore be
corrected to avoid overestimation of postoperative corneal
power and to minimize the risk of a hyperopic shift. The
newly derived PPPA ratio and corresponding fictitious
keratometer index ncFECD/DMEK represent a promising corrective tool. Further studies with innovative IOL power calculation methods are needed to evaluate the utility of this parameter in patients undergoing triple DMEK.

1069
2.
3.

4.
5.

6.

7.

8.

9.

Funding Open Access funding enabled and organized by Projekt DEAL.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Research involving human participants and/or animals All procedures
performed in studies involving human participants were in accordance with the
ethical standards of the institutional research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent This retrospective study was approved by the local
Institutional Review Board (Ethics Committee of the WWU Muenster,
Germany).

10.

11.

12.

13.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

14.

15.

16.

17.
18.

References
1.

Olsen T (1986) On the calculation of power from curvature of the
cornea. Br J Ophthalmol 70(2):152–154

19.

Olsen T (1992) Sources of error in intraocular lens power calculation. J Cataract Refract Surg 18(2):125–129
Srivannaboon S, Chirapapaisan C (2019) Comparison of refractive
outcomes using conventional keratometry or total keratometry for
IOL power calculation in cataract surgery. Graefes Arch Clin Exp
Ophthalmol 257(12):2677–2682
Giacomo S, Hoffer KJ (2018) Intraocular lens power calculation in
eyes with previous corneal refractive surgery. Eye Vis (Lond) 5:18
Alnawaiseh M, Rosentreter A, Eter N, Zumhagen L (2016)
Changes in corneal refractive power for patients with Fuchs endothelial dystrophy after DMEK. Cornea. 35(8):1073–1077
Bhandari V, Reddy JK, Relekar K, Prabhu V (2015) Descemet’s
stripping automated endothelial keratoplasty versus Descemet’s
membrane endothelial Keratoplasty in the fellow eye for Fuchs
endothelial dystrophy: a retrospective study. Biomed Res Int
2015:750567
Cheung AY, Chachare DY, Eslani M, Schneider J, Nordlund ML
(2018) Tomographic changes in eyes with hyperopic shift after
triple Descemet membrane endothelial keratoplasty. J Cataract
Refract Surg 44(6):738–744
Ham L, Dapena I, Moutsouris K, Balachandran C, Frank LE, van
Dijk K et al (2011) Refractive change and stability after Descemet
membrane endothelial keratoplasty. Effect of corneal dehydrationinduced hyperopic shift on intraocular lens power calculation. J
Cataract Refract Surg 37(8):1455–1464
Price MO, Giebel AW, Fairchild KM, Price FW Jr (2009)
Descemet’s membrane endothelial keratoplasty: prospective multicenter study of visual and refractive outcomes and endothelial survival. Ophthalmology. 116(12):2361–2368
Kwon RO, Price MO, Price FW Jr, Ambrosio R Jr, Belin MW
(2010) Pentacam characterization of corneas with Fuchs dystrophy
treated with Descemet membrane endothelial keratoplasty. J
Refract Surg 26(12):972–979
Van Dijk K, Rodriguez-Calvo-de-Mora M, van Esch H, Frank L,
Dapena I, Baydoun L et al (2016) Two-year refractive outcomes
after Descemet membrane endothelial Keratoplasty. Cornea.
35(12):1548–1555
Fritz M, Grewing V, Bohringer D, Lapp T, Maier P, Reinhard T
et al (2019) Avoiding hyperopic surprises after Descemet membrane endothelial keratoplasty in Fuchs dystrophy eyes by assessing
corneal shape. Am J Ophthalmol 197:1–6
Wacker K, McLaren JW, Patel SV (2015) Directional posterior
corneal profile changes in Fuchs’ endothelial corneal
Dystrophyposterior corneal profile in Fuchs’ dystrophy. Invest
Ophthalmol Vis Sci 56(10):5904–5911
Diener R, Eter N, Alnawaiseh M (2020) Using the posterior to
anterior corneal curvature radii ratio to minimize the risk of a postoperative hyperopic shift after Descemet membrane endothelial
keratoplasty. Graefes Arch Clin Exp Ophthalmol 258(5):1065–
1071
Wang L, Shirayama M, Ma XJ, Kohnen T, Koch DD (2011)
Optimizing intraocular lens power calculations in eyes with axial
lengths above 25.0 mm. J Cataract Refract Surg 37(11):2018–2027
Cooke DL, Cooke TL (2016) Comparison of 9 intraocular lens
power calculation formulas. J Cataract Refract Surg 42(8):1157–
1164
Melles RB, Holladay JT, Chang WJ (2018) Accuracy of intraocular
lens calculation formulas. Ophthalmology. 125(2):169–178
Tamaoki A, Kojima T, Hasegawa A, Nakamura H, Tanaka K,
Ichikawa K (2015) Intraocular lens power calculation in cases with
posterior keratoconus. J Cataract Refract Surg 41(10):2190–2195
Seitz B, Langenbucher A, Nguyen NX, Kus MM, Kuchle M (1999)
Underestimation of intraocular lens power for cataract surgery after
myopic photorefractive keratectomy. Ophthalmology. 106(4):693–
702

1070
20.

Ghiasian L, Abolfathzadeh N, Manafi N, Hadavandkhani A (2019)
Intraocular lens power calculation in keratoconus; a review of literature. J Curr Ophthalmol 31(2):127–134
21. Savini G, Calossi A, Camellin M, Carones F, Fantozzi M, Hoffer
KJ (2014) Corneal ray tracing versus simulated keratometry for
estimating corneal power changes after excimer laser surgery. J
Cataract Refract Surg 40(7):1109–1115
22. Mandell RB (1994) Corneal power correction factor for
photorefractive keratectomy. J Refract Corneal Surg 10(2):125–
128
23. Gobbi PG, Carones F, Brancato R (1998) Keratometric index,
videokeratography, and refractive surgery. J Cataract Refract Surg
24(2):202–211
24. Savini G, Barboni P, Zanini M (2007) Correlation between
attempted correction and keratometric refractive index of the cornea after myopic excimer laser surgery. J Refract Surg 23(5):461–
466
25. Koch DD, Liu JF, Hyde LL, Rock RL, Emery JM (1989) Refractive
complications of cataract surgery after radial keratotomy. Am J
Ophthalmol 108(6):676–682
26. Wang L, Spektor T, de Souza RG, Koch DD (2019) Evaluation of
total keratometry and its accuracy for intraocular lens power calculation in eyes after corneal refractive surgery. J Cataract Refract
Surg 45(10):1416–1421
27. Yeo TK, Heng WJ, Pek D, Wong J, Fam HB (2020) Accuracy of
intraocular lens formulas using total keratometry in eyes with previous myopic laser refractive surgery [published online ahead of
print, 2020 Aug 31]. Eye (Lond). https://doi.org/10.1038/s41433020-01159-5

Graefes Arch Clin Exp Ophthalmol (2021) 259:1061–1070
28.

Arnalich-Montiel F, Mingo-Botin D, Diaz-Montealegre A (2019)
Keratometric, pachymetric, and surface elevation characterization
of corneas with Fuchs endothelial corneal dystrophy treated with
DMEK. Cornea. 38(5):535–541
29. Kim M, Eom Y, Lee H, Suh YW, Song JS, Kim HM (2018) Use of
the posterior/anterior corneal curvature radii ratio to improve the
accuracy of intraocular lens power calculation: Eom’s adjustment
method. Invest Ophthalmol Vis Sci 59(2):1016–1024
30. Saad E, Shammas MC, Shammas HJ (2013) Scheimpflug corneal
power measurements for intraocular lens power calculation in cataract surgery. Am J Ophthalmol 156(3):460–7.e2
31. Kirgiz A, Atalay K, Kaldirim H, Cabuk KS, Akdemir MO,
Taskapili M (2017) Scheimpflug camera combined with placidodisk corneal topography and optical biometry for intraocular lens
power calculation. Int Ophthalmol 37(4):781–786
32. Lee WB, Jacobs DS, Musch DC, Kaufman SC, Reinhart WJ, Shtein
RM (2009) Descemet’s stripping endothelial keratoplasty: safety
and outcomes: a report by the American Academy of
Ophthalmology. Ophthalmology. 116(9):1818–1830. https://doi.
org/10.1016/j.ophtha.2009.06.021
33. Goldich Y, Artornsombidth P, Avni-Zauberman N et al (2014)
Fellow eye comparison of corneal thickness and curvature in
descemet membrane endothelial keratoplasty and descemet stripping automated endothelial keratoplasty. Cornea. 33(6):547–550
34. Olsen T (2007) Calculation of intraocular lens power: a review.
Acta Ophthalmol Scand 85(5):472–485
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

