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Purpose: To compare the repeatability of keratometry between different instruments in 
patients with hyperosmolar tear film and a control group.
Patients and Methods: Subjects with tear-film osmolarity of 316 mOsm/L or more in 
either eye or 308 m/Osm/L or lower in both eyes were assigned to the hyperosmolar and the 
control group, respectively. The test eye was the eye with higher osmolarity in the hyper-
osmolar group and randomly chosen in the control group. The repeatability of keratometry 
was compared between a reflectometry device (Haag-Streit Lenstar 900), a Scheimpflug 
device (Oculus Pentacam HR) and two optical coherence tomography (OCT) devices (Tomey 
Casia SS-1000 and Heidelberg Anterion), based on two measurements from each device.
Results: The study included 94 subjects (31 hyperosmolar and 63 controls). Both OCT 
devices had higher mean differences of average simulated keratometry (SimK) vs the Lenstar 
in both groups, though all differences in means were <0.07 D. The Casia had the highest 
mean vector difference of SimK astigmatism in the control group (differences in means 
<0.11 D). These differences of the instruments were statistically significant (p < 0.02), except 
for the Anterion in the control group. With all subjects, the coefficient of repeatability varied 
from 0.1 to 0.3 for average SimK (highest for both OCT devices) and from 0.4 to 0.7 for 
SimK astigmatism (highest for the Casia). Similar results were found for total corneal power 
(OCT devices compared to the Pentacam).
Conclusion: Both OCT devices show more variability in average SimK and the Casia more 
variability in SimK astigmatism compared to the Lenstar and the Pentacam. However, the 
results suggested that repeatability was not influenced by osmolarity.
Keywords: reflectometry, Scheimpflug, OCT, repeatability, hyperosmolarity, Placido rings

Introduction
In cataract surgery and refractive lens exchange planning, calculations of intrao-
cular lens (IOL) power depend on biometry: the measurement of corneal curvature, 
the axial length of the eye, and often the anterior chamber depth and lens thickness. 
In patients without prior refractive surgery the accuracy of the procedure is high. 
However, for patients who have previously undergone laser vision correction 
(LVC) the precision is much lower, primarily due to three factors: inaccurate 
determination of the true total corneal refractive power, incorrect estimation of 
the effective lens position, and incorrectly estimated central corneal power from 
paracentral measurements.1–4 Other factors such as corneal thickness and actual 
postoperative IOL position could also contribute. Traditional optical biometers rely 
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on good reflections of mires from the precorneal tear film 
to measure the corneal curvature. Studies have shown that 
an uneven or unstable tear film can produce optical aber-
rations, which may directly reduce the accuracy and 
repeatability of these measurements.5,6 Therefore, erro-
neous keratometric measurement due to unstable tear 
film may be an additional confounding factor in post- 
LVC IOL power calculations. Observation data can help 
us understand these sources of error and determine if it 
needs to be given extra consideration in IOL calculation 
for post-LVC patients in particular.

Dry eye disease (DED) is a common disease which 
affects hundreds of millions of people. The classification 
of dry eye is usually based on several diagnostic tests, but 
tear osmolarity has been suggested to be the best single 
metric both to diagnose and classify DED and evidence 
indicates that tear hyperosmolarity both contributes to, and 
is representative of, the mechanisms involved in the devel-
opment and progression of DED.7,8 A majority of the 
studies in a review report supported the use of tear osmo-
larity as a tool for diagnosis and severity grading, and 
Sullivan et al found tear-film osmolarity to be the single 
best marker of disease severity across normal, mild/mod-
erate, and severe DED categories.9,10 A cutoff of 316 
mOsm/L is considered best for diagnosing moderate to 
severe DED, while a cutoff of 308 mOsm/L is 
a sensitive threshold for diagnosing mild to moderate 
DED.11,12

Dry eye is the most commonly reported problem fol-
lowing laser in-situ keratomileusis (LASIK) surgery.13,14 

Corneal afferent nerve fibers are severed, and tear osmo-
larity may increase as a result of decreased secretion of 
lacrimal gland protein and water, or as a result of 
a reduced blink rate, with a corresponding increase in the 
evaporation of the tears.15 In a recent study, the prevalence 
of hyperosmolarity in a group of patients with a history of 
LASIK 5– 15 years earlier was found to be statistically 
significantly higher than in a matched control group.16

Traditional reflection-based keratometry measures the 
corneal front surface only. The corneal power is then 
calculated using an assumed refractive index to include 
the contribution of the back surface.17 Other devices, like 
those based on Scheimpflug imaging or optical coherence 
tomography (OCT), do not use reflections but tomographic 
images, and may be less dependent on tear-film quality.

A Scheimpflug device can provide a tomographic 
image of the anterior and the posterior corneal surfaces, 
as well as the anterior chamber and lens.18 One limitation 

of Scheimpflug imaging is the low resolution and poor 
quality of the anterior segment scans.19 OCT is a high- 
speed, high-resolution, noncontact optical imaging techni-
que for noninvasive cross-sectional imaging of biologic 
systems.20 Recent OCT systems have been designed to 
capture the anterior segment or even the full eye.21,22 

Spectral-domain and swept-source (SS) OCT are varia-
tions of Fourier-domain OCT, with the latter offering 
better visualization of structures and increased scanning 
speed.23 Both combined anterior/posterior and dedicated 
anterior segment (AS) systems are available for anterior 
segment assessment. While combined systems offer lower 
price and higher resolution due to shorter wavelength of 
light, the lack of collimated light at the cornea makes the 
measurements distance-dependent.24 Dedicated AS sys-
tems offers better tissue penetration and imaging depth 
due to of higher wavelength of light, and also larger 
measurement diameter.24,25

The aim of this study was to compare the repeatability 
of keratometry between different instruments in patients 
with a hyperosmolar tear film and a control group of 
patients with a normal tear film. Our hypothesis was that 
keratometers that do not rely on reflections from the pre-
corneal tear film would be less dependent on tear-film 
quality than traditional reflection-based keratometers.

Patients and Methods
This study was a cross-sectional case-control study invol-
ving data from a private eye clinic in Haugesund, Norway. 
Participants were primarily recruited from a population of 
participants in another clinical study which included mea-
surement of tear-film osmolarity. Patients who had tear- 
film osmolarity measured during an eye examination were 
also considered. Recruitment and data collection were 
performed from May 2019 to March 2020. The study 
followed the tenets of the Declaration of Helsinki and 
was approved by the Regional Committee for Medical 
and Health Research Ethics in Norway (Ref no. 2018/ 
1526). A written informed consent was obtained.

Inclusion criteria were tear-film osmolarity of 316 
mOsm/L or higher in either eye (hyperosmolar group) or 
308 mOsm/L or lower in both eyes (control group), bilat-
erally good ocular health, with no pathology or systemic 
disease involving the corneal surface. Exclusion criteria 
included ectatic disease, manifest corneal scarring, lid 
deformities, and any acute or chronic disease or illness 
that would confound the results of the study. Patients were 
instructed to not wear contact lenses on the 
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examination day and not to use any eye drops for at least 
two hours before examination. Tear-film osmolarity was 
measured with the Tearlab® Osmolarity System (Tearlab 
Corp., Escondido, CA, USA). This was always the first 
test on all patients, and both eyes were measured as 
recommended by the manufacturer. One eye of each sub-
ject was included in the analysis. In the hyperosmolar 
group, the eye with the higher osmolarity was chosen as 
a test eye and in the control group the test eye was 
randomly chosen. Three instruments were used to measure 
the biometry of all subjects: a low-coherence reflectometry 
biometer (Lenstar 900®, Haag-Streit AG, Koeniz, 
Switzerland), a rotating Scheimpflug camera tomographer 
(Pentacam® HR, Oculus, Wetzlar, Germany), and an AS 
SS OCT (Casia SS-1000, Tomey Corporation, Nagoya, 
Japan). A new AS SS OCT (Anterion®, Heidelberg 
Engineering GmbH, Heidelberg, Germany) was available 
for 48 subjects (from December 2019), and analyzed with 
corresponding data for the other instruments.

The instrument order was randomly chosen. 
Keratometry was measured twice in both eyes with each 
instrument. To allow for stabilization of the tear film, 
a timespan minimum of 1 minute was taken between 
each measurement with the same instrument and 
a minimum of 5 minutes was taken between different 
instruments. Patients were instructed to blink normally 
between measurements, and to keep both eyes open during 
the measurement. With all instruments except the Lenstar, 
the measurement was done in a single pass acquisition. 
With the Lenstar each measurement was a composite of 
five separate acquisitions. All instruments except the Casia 
provided a quality check of the acquisition. If indicated, 
the acquisition was repeated once or twice as necessary, 
and the better one used for the calculations. All measure-
ments were done by one clinician (B.G.).

The data from the measurements were extracted from 
instrument-generated tables or pdf files to an Excel spread-
sheet (Microsoft Corp., Redmond, WA, USA), and then 
imported to a Filemaker Pro database (Claris International 
Inc., Santa Clara, CA, USA) for data checking, collation, 
and preliminary analysis. For each measurement in each 
eye, the mean K reading and the keratometric astigmatism 
were calculated.

Keratometry and Corneal Power (K)
To compare the repeatability of each instrument, the dif-
ference in the average K value (average of keratometry or 
corneal power in two meridians) between two 

measurements was calculated, as was the magnitude of 
the vector difference between the two astigmatism values. 
Vector differences include differences in both the magni-
tude and axis of corneal astigmatism. All instruments 
provided simulated keratometry (SimK) based on the ante-
rior curvature and a fictitious refractive index of 1.3375. 
The Pentacam, Casia, and Anterion devices also provided 
posterior corneal power (PCP) and total corneal power 
(TCP) readings based on the refractive indices of 1.376 
for the cornea and 1.336 for the aqueous humour. The 
value for TCP was calculated differently for the three 
instruments: the Pentacam True Net Power is the sum of 
the anterior and posterior surface, the Casia Real K is the 
sum of the anterior and posterior surface with cornea 
thickness correction, and the Anterion Total Corneal 
Power is calculated using ray-tracing.26–28 The differences 
in SimK were defined as the primary outcome, as this is 
the only K value provided by the reflectometry device. 
However, comparison of PCP and TCP differences 
between the Scheimpflug and the two OCT devices in 
the two groups is of interest as TCP can be useful in 
IOL power calculations. The study did not assess the 
agreement between instruments, so no conclusion about 
interchangeability of K-values could be drawn.

Sample Size
The sample size calculation was based on the mean differ-
ences in the SimK readings between two measurements. 
With an expected SD of 0.1 D for average K and 0.2 D for 
astigmatism we wanted to be able to reliably detect if the 
mean difference between two measurements of each 
instrument was of at least 0.1 D for the average K and 
0.2 D for the vector difference. Using an alpha of 0.05 and 
a power of 0.8 the power analyses revealed that we would 
need 17 subjects in each group.

Analysis
Descriptive statistics included the minimum, maximum, 
mean, and standard deviation of all measurements and 
calculated values. Statistical analysis was performed 
using the t-test, analysis of variance (ANOVA) or non-
parametric tests as appropriate. p-Values for the compar-
ison of SimK differences (primary outcome) were adjusted 
with the Holm–Bonferroni method for multiple 
comparisons.29,30 Pearson's X2 test and Fisher exact test 
were used for comparing frequencies. The coefficient of 
repeatability (CR) is the value below which the absolute 
differences between two measurements would lie with 
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95% probability.31 The CR was calculated as the within- 
subject standard deviation multiplied by 2.77.31,32 The 
within-subject standard deviation was calculated as the 
square root of half the mean of the squared differences 
between two measurements.31

Subject variances and instrument test order could possi-
bly influence the results, as could the altered central corneal 
curvature of patients with previous LVC. To control for this, 
linear mixed-effects analyses with “osmolarity group,” 
“instrument,” and “previous LVC” as fixed effects and “sub-
ject” and “instrument order” as random effects were per-
formed for each outcome variable. p-Values were obtained 
by likelihood ratio tests of (a) the full model with the effect 
in question against (b) the model without the effect in ques-
tion. “Subject” was kept as a random effect in all models.

Statistical analyses were performed using the RStudio 
data-analysis software (version 1.2.1335, RStudio Inc, 
Boston, MA, USA) and the lme4 and the ggplot2 
packages.33,34 A p-value ≤ 0.05 (two-sided) was consid-
ered statistically significant.

Post-Hoc Testing
Differences in repeatability between instruments for all 
subjects were analyzed using the t-test or nonparametric 
tests as appropriate. p-Values for the comparison of SimK 
differences (primary outcome) were adjusted with the 
Holm–Bonferroni method for multiple comparisons. CR 
was compared between instruments.

Results
Of 104 subjects who agreed to participate, 10 subjects 
were excluded because of tear-film osmolarity outside 
the inclusion criteria. The study included 94 subjects: 31 
(15 females, 16 males) in the hyperosmolar group and 63 
(34 females, 29 males) in the control group (Table 1). 

Some measurements were missing due to technical pro-
blems (seven and two subjects with the Pentacam and the 
Lenstar, respectively) and two were missed because the 
wrong eye was measured (one subject with the Pentacam 
and one with the Casia).

Keratometry and Corneal Power 
Differences
Average K
Both the Casia and the Anterion devices had statisti-
cally significantly higher mean differences of average 
SimK compared to the Lenstar in the hyperosmolar 
group (0.08 D and 0.11 D vs 0.04 D, respectively). 
Also, in the control group the Casia and the Anterion 
had higher means relative to the Lenstar (0.10 D and 
0.10 D vs 0.06 D, respectively), but this was statisti-
cally significant only for the Casia (Table 2A and 
Figure 1A).

Both the Casia and the Anterion had a statistically 
significantly higher mean difference of average TCP ver-
sus the Pentacam in the hyperosmolar group (0.09 D and 
0.12 D vs 0.06 D, respectively). In the control group, the 
Casia and the Anterion had higher mean difference of 
average TCP versus the Pentacam (0.10 D and 0.12 D vs 
0.07 D, respectively), but again the mean difference was 
statistically significant only for the Casia (Table 2A and 
Figure 1A).

Both OCT devices had statistically significantly lower 
mean differences of average PCP compared to the 
Pentacam in both groups but all the differences in means 
were <0.02D (Table 2A and Figure 1B).

In the control group, the Anterion had significantly 
more subjects with average TCP difference greater than 
0.25 D compared to the Lenstar [4 of 32 (12%) vs 0 of 58] 
(Figure 2A).

Table 1 Demographics, Osmolarity and Keratometry by Osmolarity Group

Hyperosmolar,  
n = 31

Control,  
n = 63

p

Mean ± SD (Range) Mean ± SD (Range)

Sex, f 48.4% 54.0% 0.77a

Age 44.7 ± 8.4 (30 to 68) 42.4 ± 8.3 (27–62) 0.04b,*

Previous LVC 38.7% 31.7% 0.66a

Osmolarity 326 ± 12 (316 to 365) 298 ± 7 (281–308) <0.01b,*
Average SimKc (D) 42.39 ± 2.14 (36.24 to 46.53) 43.01 ± 1.93 (38.25–47.49) 0.02b,*

SimK Astigmatismc,d (D) 1.06 ± 0.65 (0.12 to 3.35) 1.3 ± 1.1 (0.02–6.38) 0.23b

Notes: aPearson’s χ2 test. bWilcoxon rank-sum test. cMean of all instruments. dMagnitude of astigmatism. *Statistically significant. 
Abbreviations: LVC, laser vision correction; SimK, simulated keratometry.
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Vector Astigmatism
The only statistically significant difference in SimK and 
TCP vector differences was found in the control group; the 
Casia had a significantly higher vector difference for SimK 
compared to the Lenstar (0.29 D vs 0.19 D, respectively) 
and for TCP compared to the Pentacam (0.31 D vs 0.18 D, 
respectively) (Table 2B and Figure 3A). The Casia and the 
Anterion had a statistically significantly lower PCP vector 
difference compared to the Pentacam in both groups, but 
all differences in means between instrument were less than 
0.04 D (Table 2B and Figure 3B).

Figure 2B shows the percentage of subjects with vector 
differences of SimK or TCP greater than 0.5 D and vector 
differences in PCP greater than 0.1 D. In the hyperosmolar 

group, both the Casia and the Anterion had fewer subjects 
(0 of 31 and 0 of 16) with a PCP vector astigmatism 
difference greater than 0.1 D compared to the Pentacam 
[5 of 28 (18%)], but this was statistically significant only 
for the Casia.

Linear Mixed-Effect Models
The model was designed with “Osmolarity group,” 
“instrument,” and “previous LVC” as fixed effects and 
“subject” and “instrument order” as random effects. 
Likelihood ratio tests were used to compare the full 
model to a model with one effect removed. If not sig-
nificantly different, the simpler model was kept and 
compared to a new model without another effect. 

Table 2 Mean Absolute Difference and Standard Deviation Between Repeated Measurements of (A) Average K and (B) Astigmatism

Hyperosmolar Group Control Group

A Average 
K absolute 

difference (D)

Lenstar 
n = 31

Pentacam n = 
28

Casia  
n = 31

Anterion  
n = 16

Lenstar 
n = 61

Pentacam 
n = 58

Casia  
n = 62

Anterion  
n = 32

Mean ± 
SD 

(Range)

Mean ± SD 
(Range)  

p (padj)

Mean ± SD 
(Range)  

p (padj)

Mean ± SD 
(Range)  

p (padj)

Mean ± 
SD 

(Range)

Mean ± SD 
(Range)  

p (padj)

Mean ± SD 
(Range)  

p (padj)

Mean ± SD 
(Range)  

p (padj)

Average SimK 0.04 ± 

0.03  
(0–0.11)

0.04 ± 0.04  

(0–0.11) 
0.89a (1a)

0.08 ± 0.06 (0– 

0.14) 0.001a  

(0.011a,*)

0.11 ± 0.08  

(0– 0.28) 
0.004a  

(0.032a,*)

0.06 ± 

0.06  
(0– 

0.23)

0.05 ± 0.06  

(0– 0.20)  
0.85a (1a)

0.10 ± 0.10  

(0– 0.56) 
0.002a  

(0.020a,*)

0.10 ± 0.09  

(0– 0.39) 
0.026a (0.210a)

Average PCP 0.022 ± 0.016 

(0.001–0.063)

0.008 ± 0.009  

(0– 0.045) 

0.002b,*

0.006 ± 0.004  

(0– 0.011) 

0.001b,*

0.013 ± 

0.011  

(0 – 0.056)

0.009 ± 0.011  

(0– 0.083) 

0.006b,*

0.004 ± 0.005  

(0– 0.017)  

<0.001b,*

Average TCP 0.06 ± 0.04  

(0–0.15)

0.09 ± 0.07  

(0– 0.28) 0.03b,*

0.12 ± 0.09  

(0– 0.32) 0.04b,*

0.07 ± 0.06  

(0– 0.25)

0.10 ± 0.11  

(0– 0.60) 
0.015b,*

0.12 ± 0.10  

(0– 0.42) 0.08b

B Astigmatism vector difference (D)

SimK 

Astigmatism

0.16 ± 

0.12 
(0.01– 

0.52)

0.14 ± 0.08 

(0.01– 0.34)  
0.52a (1a)

0.21 ± 0.14 

(0.01– 0.61) 
0.12a (0.84a)

0.17 ± 0.10 

(0.05– 0.38) 
0.46a (1a)

0.19 ± 

0.15 (0– 
0.76)

0.18 ± 0.11 

(0– 0.60) 
0.674a (1a)

0.29 ± 0.23 (0– 

1.55) <0.001a  

(0.006a,*)

0.18 ± 0.11 

(0–0.41) 
0.442a (1a)

PCP 

Astigmatism

0.060 ± 0.04 

(0.011– 0.189)

0.033 ± 0.019 

(0.007– 0.076) 

0.03b,*

0.021 ± 0.009 

(0.009– 0.037) 

0.006b,*

0.049 ± 

0.028 

(0.01- 0.117)

0.037 ± 0.047 

(0.01– 0.367) 

<0.001b,*

0.021 ± 0.013  

(0– 0.049)  

<0.001b,*

TCP 

Astigmatism

0.17 ± 0.08 

(0.04– 0.36)

0.22 ± 0.15 

(0.03– 0.63) 
0.45b

0.18 ± 0.11 

(0.06– 0.38) 
0.78b

0.18 ± 0.12 

(0.01– 0.79)

0.31 ± 0.25 

(0.06– 1.77) 
0.007b,*

0.19 ± 0.11 

(0– 0.40) 
0.769

Notes: aWilcoxon signed-rank test comparison with the Lenstar; bWilcoxon signed-rank test comparison with the Pentacam. *Statistically significant. 
Abbreviations: K, keratometry or corneal power; SD, standard deviation; SimK, simulated keratometry; PCP, posterior corneal power; TCP, total corneal power; Average, 
difference in average K; Astigmatism, magnitude of vector difference of astigmatism; padj, Holm–Bonferroni adjusted p-value for 12 comparisons (Sim K average and 
astigmatism).
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“Subject” was kept as a random effect for all models. 
For all outcome variables the models suggested that 
“instrument” was a statistically significant effect (p < 
0.01) but “osmolarity group,” “previous LVC,” and 
“instrument order” was not (p > 0.05, p > 0.1, and p > 
0.3, respectively). One subject in the control group had 
a SimK and TCP magnitude of vector difference of >1.5 
D with the Casia. When the linear mixed-effects models 
were run without this outlier, the significance level was 
p > 0.2 for the “osmolarity group” term.

Coefficient of Repeatability
The OCT devices had the highest CR for average SimK 
and average TCP in both groups. The Casia had the 

highest CR for SimK and TCP vector astigmatism in 
both groups (Table 3).

Post-Hoc Analysis
Analysis with all subjects showed statistically significant 
differences in means of the instruments (Figure 4A and B): 
both the Casia and the Anterion had significantly higher 
mean difference of average SimK compared to the Lenstar 
(0.1 and 0.1 vs 0.05, respectively, adjusted p < 0.03), and 
average TCP compared to the Pentacam (0.10 and 0.12 vs 
0.06, p < 0.01). The Casia had statistically significantly 
higher mean magnitude of SimK vector differences com-
pared to the Lenstar (0.27 vs 0.18, adjusted p < 0.01) and 
of TCP vector differences compared to the Pentacam (0.27 

Figure 1 Absolute difference of repeated measurements of (A) average SimK and TCP and (B) average PCP. 
Notes: aWilcoxon signed-rank test comparison with the Lenstar; bWilcoxon signed-rank test comparison with the Pentacam; cHolm–Bonferroni adjusted p (12 
comparisons). *Statistically significant. 
Abbreviations: Difference, absolute difference of repeated measurements; Avg, average; SimK, simulated keratometry; TCP, total corneal power; PCP, posterior corneal 
power; SD, standard deviation.
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vs 0.18, p < 0.01). Both OCT devices had significantly 
lower mean difference of average PCP and PCP vector 
difference compared to the Pentacam(p < 0.01).

The Casia and Anterion devices had higher CR for 
average SimK and TCP compared to the Lenstar and 
Penetacam, respectively, while the Casia had higher CR 
of SimK and TCP vector differences of astigmatism com-
pared to the Lenstar and Pentacam, respectively. Both 
OCT devices had lower CR of PCP differences compared 
to the Pentacam (Figure 5).

Discussion
The main objective in this study was to compare the 
repeatability of different keratometers in patients with 
normal and hyperosmolar tears because tear-film instabil-
ity may affect keratometry, which is a critical variable in 
the IOL power calculation at the time of cataract surgery. 

We hypothesized that keratometers which do not rely on 
reflections from the precorneal tear film would be less 
dependent on tear-film quality than traditional reflection- 
based keratometers. However, using tear-film osmolarity 
as a proxy for tear-film quality, we did not find statistically 
significantly higher differences in repeatability of simu-
lated keratometry with the reflectometry device compared 
to the Scheimpflug or the OCT devices in the hyperosmo-
lar or the normal subject groups.

In the hyperosmolar group, both OCT devices had 
statistically significantly higher mean differences of aver-
age SimK compared to the reflectometry device. Also, in 
the control group both OCT devices had higher mean 
differences, but this was only statistically significant for 
the Anterion. The Casia had a significantly higher mean 
difference in SimK vector magnitude compared to the 
Lenstar in the control group but not in the hyperosmolar 

Figure 2 Percentage of subjects with (A) average K differences and (B) vector differences greater than certain values. 
Notes: aFisher exact test comparison with the Pentacam; bthe Anterion compared with corresponding data from the Pentacam. *Statistically significant. 
Abbreviations: Avg, average; SimK, simulated keratometry; PCP, posterior corneal power; TCP, total corneal power; diff, absolute difference in average K; Ast. diff, 
magnitude of vector difference of astigmatism.
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group. Because both the Casia and the Anterion rely on the 
same type of technology, the results appear contradictory. 
Furthermore, the mixed-effects model, which controlled 
for the random effects of “subject” and “instrument 
order,” suggested that “osmolarity group” was not 
a significant factor.

Epitropoulos et al compared the repeatability of simu-
lated keratometry in a hyperosmolar and a normal group 
and found that in the hyperosmolar group 8% had 
a difference of more than 0.50 D and 5% had 
a difference of more than 1 D, while all subjects had less 
than 0.5 D in the normal group.5 There are some 

differences between these two studies that could contribute 
to the different results with reflection-based keratometry. 
In the study of Epitropoulos et al they used an IOLMaster 
in which keratometry relies on reflections of six light spots 
at 2.5 mm diameter. Keratometry is measured automati-
cally three times during approximately 3 seconds to pro-
duce a composite value. They also used a manual 
keratometer for some measurements. The relatively short 
measurement time for both these instruments may not have 
been sufficient to average the random variability created 
by an unstable tear film. With the Lenstar, reflection ker-
atometry is based on 32 measurement points located on 

Figure 3 Difference of repeated measurements of (A) SimK and TCP vector astigmatism and (B) PCP vector astigmatism. 
Notes: aWilcoxon signed-rank test comparison with the Lenstar; bWilcoxon signed-rank test comparison with the Pentacam; cHolm–Bonferroni adjusted p (12 
comparisons). *Statistically significant. 
Abbreviations: Difference, absolute difference of repeated measurements; SimK, simulated keratometry; TCP, total corneal power; PCP, posterior corneal power; Vector 
Ast., magnitude of vector difference of astigmatism; SD, standard deviation.
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two concentric rings of 16 points each at 1.65 mm and 
2.3 mm diameter, and the final K-value is a composite of 
five separate measurements taking about 2–4 minutes. This 
procedure may average the random variability produced 
by an unstable tear film and consequently give more 
repeatable measurements. In addition, in the study of 
Epitropoulos et al the subject had their two exams taken 
on separate visits, which could also give rise to higher 
variability in osmolarity between visits (mean osmolarity 
was 8.4 mOsm/L lower on second visit), while in the 
present study all the measurements were made during the 
same visit. A further possible confounding factor is that 
the average age in the Epitropoulos et al study was 71 
years and in the present study 43 years; the prevalence of 
signs of DED increase with age.35 For instance, estimates 
of prevalence based on tear break up time (TBUT) 
increase with 10% for each decade after 40–49 years of 
age.36 As such, there could have been fewer subjects with 
unstable tear film and thus less variability in keratometry 
in the present study. Even though both hyperosmolarity 
and instability of the tear film are considered hallmarks of 
DED, osmolarity is not a measure of tear stability 
itself.8,37,38 Furthermore, there is lack of evidence that 
osmolarity of a tear sample from the tear meniscus is 
representative of the osmolarity of the ocular surface.38 

Therefore, the question could arise whether hyperosmolar-
ity is a good indicator of short TBUT.

Our findings are supported by some other studies: 
Dogan et al compared the repeatability for a Sirius 
Scheimpflug device in patients with dry eyes to healthy 
patients and found excellent agreement of repeated SimK 

average measurements in both groups.39 Jensen et al found 
no statistically significant differences in the K-values of 
the IOLMaster 700 when comparing repeated measure-
ments with and without different artificial tear drops, 
although no evaluation of dry eyes was reported.40

For PCP, both OCT devices had statistically signifi-
cantly lower means of both average K and astigmatism 
differences compared to the Scheimpflug device in both 
groups. The Pentacam had significantly more subjects with 
a PCP astigmatism difference more than 0.1 compared to 
the Casia in the hyperosmolar group but not in the control 
group. This could indicate that tear-film stability affects 
posterior corneal power measurements with a Scheimpflug 
device, but we have found no support in the literature for 
this. Furthermore, the mixed-effects model was not statis-
tically significant for the “osmolarity group.”

The total corneal power, which is of interest in IOL 
power calculations, was calculated from both anterior and 
posterior measurements. However, the differences in pos-
terior corneal power did not appear to affect the differ-
ences of the total corneal power because of the small 
difference in refractive index between the posterior cornea 
and the aqueous humour. The results for total corneal 
power were similar to those for the simulated keratometry.

When comparing different instruments with all sub-
jects, we found statistically significant differences in 
means of both the average K and the magnitude of vector 
difference of astigmatism: Both OCT devices had higher 
differences in average SimK compared to the Lenstar and 
average TCP differences compared to the Pentacam. The 
Casia had the highest mean magnitude of SimK and TCP 

Table 3 Coefficient of Repeatability

Hyperosmolar Control

K (D) Lenstar n = 
31

Pentacam 
n = 28

Casia n = 
31

Anterion 
n = 16

Lenstar n = 
61

Pentacam 
n = 58

Casia n = 
62

Anterion 
n = 32

CR CR CR CR CR CR CR CR

Average SimK 0.10 0.11 0.20 0.26 0.16 0.14 0.28 0.26

Average PCP 0.05 0.02 0.01 0.03 0.03 0.01
Average TCP 0.13 0.22 0.28 0.17 0.29 0.30

SimK 

Astigmatism

0.38 0.32 0.50 0.39 0.46 0.41 0.73 0.41

PCP 

Astigmatism

0.15 0.07 0.05 0.11 0.12 0.05

TCP 
Astigmatism

0.37 0.51 0.41 0.43 0.78 0.43

Abbreviations: K, keratometry or corneal power; CR, coefficient of repeatability; SimK, anterior keratometry; PCP, posterior corneal power; TCP, total corneal power; 
Average, difference in average K; Astigmatism, magnitude of vector difference of astigmatism; CR, coefficient of repeatability.
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vector differences, while both of the OCT devices had 
lower mean difference of average PCP and PCP vector 
difference. Even though the mean differences in average 
K were small (<0.1 D), a CR of 0.3 shows that both OCT 
devices have greater chance of errors in average K, which 
could be clinically relevant in some cases. The newest 
OCT device, the Anterion, had similar CR for keratometric 
astigmatism compared to the Lenstar and the Pentacam 
(0.4), but the Casia had a CR of about 0.7 for both SimK 
and TCP astigmatism. This shows that variability in mea-
surements should be considered a relevant source of error 
when assessing corneal astigmatism with all devices in this 
study, but for the Casia in particular.

Our results for repeatability were comparable to some 
other studies. Two studies reported CR for average SimK 

from 0.28 to 0.35 for reflection keratometry.41,42 Wylegala 
et al reported a CR of anterior and posterior corneal power 
(in two meridians) with a spectral domain OCT (Revo NX) 
to be 0.33–0.46 and 0.10–0.11, respectively.24 One study 
reported a CR with the Pentacam for K1/K2 and astigma-
tism to be 0.07 and 0.39–0.44, respectively, for both SimK 
and TCP, and 0.11 and 0.12, respectively, for PCP.43 

Another study found that repeatability was worse for ante-
rior elevation but better for posterior elevation with the 
Casia compared to the Pentacam.44

The Casia had the highest differences of SimK and TCP 
astigmatism and the two largest outliers. This could be 
related to the fact that the Casia was the only instrument 
with fully automated alignment and the only instrument that 
did not provide a quality check of the acquisition.

Figure 4 Difference of repeated measurements of (A) average keratometry and (B) vector difference of astigmatism with all subjects. 
Notes: aWilcoxon signed-rank test comparison with the Lenstar; bWilcoxon signed-rank test comparison with the Pentacam; cHolm–Bonferroni adjusted p (six 
comparisons). *Statistically significant. 
Abbreviations: Difference, absolute difference of repeated measurements; SimK, simulated keratometry; TCP, total corneal power; PCP, posterior corneal power; Avg, 
average; Vector Ast, magnitude of vector difference of astigmatism; SD, standard deviation.
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The Pentacam had the lowest difference of average 
TCP, and together with the Anterion the lowest magnitude 
of vector difference of TCP astigmatism. TCP is calculated 
from the curvature of both the anterior and the posterior 
surface of the cornea. Arguably, for eyes with a healthy, 
regular and untreated cornea, measurements of the poster-
ior cornea to yield average total corneal power may not be 
necessary. The contribution from the posterior cornea is 
less than 1/5 of the total corneal power. However, in 
patients with irregular corneas or a history of refractive 
surgery, a corresponding erroneous ratio of the front and 
back surface of the cornea could be clinically significant. 
For instance, a cornea treated for −3 D of myopia could 
give 0.8–1.5 D of measurement error (depending on the 
assumed refractive index) when using SimK only. This 
would in most cases with moderate or high myopia out-
weigh variability of the average TCP measurements seen 
in this study.

Keratometric astigmatism based on simulated kerato-
metry has been shown to be overestimated for with-the- 
rule, and underestimated for against-the-rule 
astigmatism.45 In one study, different nomograms and 
online calculators designed to compensate for the contri-
bution of posterior cornea yielded average prediction 
errors for astigmatism around 0.5 D with two different 
reflectometry devices. However, the maximum prediction 
errors for these methods ranged from 0.9 D to more than 2 
D.46 Using total corneal power could improve the predic-
tion errors for astigmatism. Averaging two or more mea-
surements would likely give more repeatable results and 

hence improve the clinical benefit of including measure-
ments of the posterior cornea in calculation of IOL power 
or IOL cylinder.

There are some limitations to the study. The full study 
procedure took about 40 minutes to complete. We tried to 
control the influence of the measurement procedure by 
waiting at least 5 minutes between different instruments, 
but it may have influenced the tear-film quality. The 
reflectometry device used an average of several measure-
ments, but a comparison of the repeatability between sin-
gle measurements may have been better to detect the 
possible influence of the tear-film quality. Finally, the 
cohorts were smaller when the Anterion device was com-
pared to the other devices (n = 48) and this could have 
affected the results.

Conclusion
Differences in repeated measurement between instruments 
in patients with hyperosmolar tear film and a control group 
suggested that the repeatability of keratometry was not 
affected by hyperosmolar tear film. We did find statisti-
cally significant differences of instruments for all subjects, 
with the lowest differences of SimK for the reflectometry 
and the Scheimpflug devices. While the mean differences 
between measurements were low, the coefficient of repeat-
ability showed that clinically relevant errors were more 
likely to appear with both OCT devices for average kera-
tometry and with the Casia for keratometric astigmatism, 
compared to the reflectometry and the Scheimpflug 
devices. Using total corneal power in special cases, like 

Figure 5 Coefficient of repeatability for each instrument with all subjects. 
Abbreviations: SimK, simulated keratometry; TCP, total corneal power; PCP, posterior corneal power; Avg, average; Ast., magnitude of vector difference of astigmatism.
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post-LVC patients, may outweigh random errors related to 
measurement. However, when using the OCT or 
Scheimpflug devices for IOL calculations we suggest tak-
ing two measurements and averaging the results. Further 
studies of the clinical implications of using total corneal 
power is advocated. For instance, of interest is the poten-
tial effect of using total corneal power on the predictability 
of IOL calculation in post-LVC patients.
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