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Abstract

Purpose To identify the effect of corneal geometri-

cal and biomechanical parameters on the intraocular

pressure (IOP) measurements obtained by Goldmann

Applanation Tonometer (GAT), non-contact tonome-

ter, iCare Pro Rebound Tonometer (IRT), Tonopen

and Ocular Response Analyzer (ORA, Goldmann-

correlated IOP: IOPg, corneal compensated IOP:

IOPcc).

Methods We prospectively recruited patients with a

tomographically confirmed diagnosis of keratoconus.

IOP measurements were performed in the following

order: non-contact tonometry, ORA, IRT, GAT and

Tonopen. The means of the three IOP measurements

were used for the analysis. Correlation analyses were

performed to assess the association between tonometer

readings and the corneal geometrical and

biomechanical parameters including ORA waveform

parameters. Tonometer variability was assessed using

a stepwise linear regression analysis.

Results Fifty-one patients with keratoconus (27

females, mean age 30.8 ± 8.7 years) were evaluated.

The highest mean IOP was measured by IOPcc

(14.6 ± 2.3 mmHg) followed by IRT IOP

(13.0 ± 3.2 mmHg), Tonopen IOP

12.0 ± 2.6 mmHg), GAT IOP (11.7 ± 3.1 mmHg),

NCT IOP (10.2 ± 3.2 mmHg) and IOPg

(10.2 ± 3.6 mmHg). NCT and IOPg were affected

from all corneal parameters including thickness,

curvature and biomechanical parameters. While

GAT and IRT had significant correlations with corneal

resistance factor (CRF) and corneal hysteresis, IOPcc

only had a significant correlation with CRF. None of

the corneal factors had any statistically significant

correlation with Tonopen. CRF predicted tonometer

measurement variability in 7 of the 15 inter-device

variability assessments.

Conclusion Tonopen was the least affected from the

corneal parameters followed by IOPcc and GAT. CRF

was a strong determinant of tonometer variability.

Keywords Keratoconus � Corneal biomechanics �
Intraocular pressure � Tonometry

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10792-019-01248-9) con-
tains supplementary material, which is available to authorized
users.
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Introduction

Keratoconus is characterized by conical protrusion of

the cornea with progressive corneal thinning and

biomechanical instability [1, 2]. Although keratoconus

patients generally exhibit low intraocular pressure

(IOP) values [3–5], the risk of glaucoma is not entirely

absent as a possible relationship between keratoconus

and normal-tension glaucoma has been previously

reported [6]. Thus, measurement of IOP remains a

vital element in diagnosing and monitoring patients

with coexistent keratoconus and glaucoma.

Conventional IOP measurement systems induce

mechanical changes in the cornea from which they

indirectly derive the pressure inside the eyeball based

on certain assumptions. However, it is well known that

these assumptions may not be valid due to significant

variations in corneal thickness and curvature over the

corneal surface in keratoconic eyes. Furthermore,

techniques that involve corneal applanation may also

be affected by focal irregularities in corneal geomet-

rical and biomechanical properties given that these

devices sample a very limited area on the cornea.

Measurement of IOP in keratoconus patients is

challenging due to the influence of various corneal

geometrical and biomechanical factors on the read-

ings. More importantly, progression of keratoconus

may result in significant geometrical and biomechan-

ical alterations leading to potential IOP measurement

errors. Furthermore, contrary to previous assumptions,

findings of recent in vitro and in vivo studies in

keratoconus eyes point out to the focal nature of

biomechanical weakening with normal biomechanical

properties outside the cone area [7–9]. These features

further compound the difficulties encountered with

IOP measurement in patients with keratoconus.

It is clear from the reported inter-device inconsis-

tencies that different tonometers should not be used

interchangeably in keratoconus patients [10–13].

However, the significant influence of various corneal

properties on the IOP measurements entails the

question of whether focal changes over time in an

individual, namely keratoconus progression, would

cause erroneous IOP measurements even though the

same tonometer is used longitudinally in monitoring

IOP. Accordingly, a tonometry method that is least

affected by corneal properties would be expected to

cause fewer measurement errors over time in a

potentially progressive disease. In this study, we

assessed the effect of various corneal geometrical and

biomechanical parameters including Ocular Response

Analyzer (ORA) waveform-derived parameters on the

IOP measurements obtained by Goldmann Applana-

tion Tonometer (GAT), non-contact tonometer, iCare

Pro Rebound Tonometer (IRT), Tonopen and ORA.

Materials and methods

This cross-sectional study was approved by the

Clinical Research Ethical Board of the Eskisehir

Osmangazi University and was conducted in adher-

ence to the tenets of the Declaration of Helsinki.

Written informed consent was obtained from all the

patients.

Patients with an established diagnosis of kerato-

conus were prospectively recruited from the cornea

clinics of the Eskisehir Osmangazi University Hospi-

tal. The diagnosis of keratoconus was based on the

following findings: biomicroscopic signs such as

Fleischer ring, Vogt Striae and apical scarring;

keratometry values (K1/K2)[ 48D, maximum ker-

atometry (Kmax)[ 49D; and corneal tomographical

findings compatible with keratoconus such as large

irregular astigmatism, abnormal posterior elevation

and corneal thickness distribution. Patients were

excluded if they wore contact lenses within the week

prior to enrollment or had a poor ORAwaveform score

(\ 5.0) with distorted inward and outward applanation

infrared (IR) signals, glaucoma, previous corneal

hydrops, active ocular surface disease, corneal epithe-

lial defects and had undergone ocular surgery includ-

ing cross-linking. Patients underwent a standardized

ophthalmologic examination which included auto-

mated refraction (Tonoref II tonometer–refractome-

ter; Nidek Co., Ltd., Gamagori, Japan), visual acuity

assessment, slit-lamp biomicroscopy, Pentacam HR

(Oculus; Optikgeräte GmbH, Wetzlar, Germany)

imaging followed by IOP measurements.

Intraocular pressure measurements were performed

in the identical following order during the morning

session of the clinics (09:00–12:00) to minimize the

effect of diurnal variations: non-contact tonometry

(Tonoref II tonometer–refractometer; Nidek Co., Ltd.,

Gamagori, Japan), ORA (Reichert Ophthalmic Instru-

ments, Buffalo, NY, USA, hardware version 2.11,

software version 4.12), iCare Pro (Tiolat Oy, Helsinki,

Finland), GAT (Haag-Streit, Koniz, Switzerland) and
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Tonopen XL (Reichert Ophthalmic Instruments). To

avoid the order effect and the potential IOP reducing

effects of contact methods, applanation methods were

performed lastly and a 1 min and approximately

15 min recovery times were given between successive

measurements performed with the same and different

tonometers, respectively. Each tonometry was oper-

ated by a different observer with each observer being

masked to the IOP readings obtained by other

tonometers. For each tonometer, three consecutive

measurements were obtained, and mean results were

used for the analysis. ORA measurement with the best

waveform score was considered for the analysis as

recommended by the manufacturer.

The ORA is an air-pulse tonometer that evaluates

IOP in adjusted forms (corneal compensated IOP

[IOPcc], Goldmann-correlated IOP [IOPg]) along

with two corneal biomechanical properties (corneal

resistance factor [CRF] and corneal hysteresis [CH]).

A software update in 2009 (version 2.0) introduced 37

new variables derived from the non-smoothed infrared

signal and has been termed waveform parameters. The

first set of parameters with a single number annotation

describe the upper 75% of the peak height (p1area,

p2area, h1, h2, w1, w2, aspect1, aspect2, uslope1,

uslope2 dslope1, dslope2, slew1, slew2, mslew1,

mslew2, path1, path2, aindex, bindex, dive1, dive2,

aplhf), whereas the second set with a two number

annotation characterizes the upper 50% of the peak

height (p1area1, p2area1, h11, h21, w11, w21, aspec-

t11, aspect21, dslope11, dslope21, uslope11,

uslope21, path11, path21).

Statistical analysis

Statistical analysis was performed using the statistical

package IBM SPSS Statistics for Windows (SPSS for

Windows, version 20.0; IBM SPSS, Chicago, IL).

Only 1 eye per patient was selected randomly for the

analysis using a computer-generated randomization

list. Descriptive statistics were performed to calculate

demographic characteristics of the patients. Normal

distribution was assessed using the Kolmogorov–

Smirnov test. Keratoconus severity was assessed using

Pentacam topographical keratoconus classification

(TKC): TKC 1 and 1–2 were grouped as grade I,

TKC 2 and 2–3 were grouped as grade II, and TKC 3

and TKC 3–4 were grouped as grade III. Repeated

measures analysis of variance (ANOVA) with

Bonferroni correction was used to compare differ-

ences between IOP measurements obtained by differ-

ent tonometers. The strength of the association

between IOP measurements and corneal geometrical

(apical corneal thickness [CT], minimum CT, corneal

front astigmatism [CFA], average K [Kavg] and

Kmax) and biomechanical (CRF, CH and 37 wave-

form parameters) parameters was assessed using

Pearson’s or Spearman’s correlation analysis based

on the normality of the data. False discovery rate

method was used to correct for the effect of multiple

comparisons. This method was shown to offer a better

trade-off between committing a Type I or Type II error

when the number of tests and hence the denominator

required for Bonferroni correction is substantial

[14, 15]. For the correlation analyses, the following

guidelines were used: an r value of[ 0.3 or\- 0.3

indicated moderate correlation, whereas an r value[
0.5 or\- 0.5 indicated large correlation [16].

Stepwise multiple linear regression (significance level

to enter p\ 0.05) was used to identify variables

(corneal geometrical and biomechanical parameters)

that predicted measurement variability between the

tonometers. Variables were entered into the explana-

tory model based on the greatest improvement in R2,

and those variables with variance inflation factor[ 5

were removed so as to diminish the effect of multi-

collinearity. Statistical significance was assumed at

P\ 0.05 levels.

Results

Sixty-two patients were enrolled of whom 11 were

excluded due to poor-quality ORA measurement

leaving a total number of 51 patients for the analysis.

There were no statistically significant differences

between the included and excluded patients in terms

of gender (27/51 females and 8/11 females, respec-

tively, p = 0.195, Fisher’s exact test) and age (median

28.8 years, range 16.2–53.3 years and median

29.2 years, range 22.2–51.3 years, respectively,

p = 0.352). Excluded patients had significantly lower

IRT IOP readings (median 11.5 mmHg, range

7.7–13.3 mmHg vs. median 13.2 mmHg, range

7.3–20.2 mmHg, p = 0.033) and waveform scores

(median 3.8, range 1.60–4.8 vs. median 6.6, range

5.0–8.8, p\ 0.001), while the other parameters were
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not statistically significantly different (Supplementary

Table).

Of the included eyes, 28 (54.9%) had grade I, 17

(33.3%) had grade II, and 6 (11.8%) had grade III

keratoconus. Fifteen eyes (29.4%) had mild degree of

scarring as denoted by a single (?) on the Pentacam

topometric/keratoconus staging screen. All cones

were located within a diameter of 2 mm from the

corneal apex (mean 1.11 ± 0.39 mm, range

0.45–1.94 mm). Table 1 shows the mean IOPs mea-

sured by different tonometers along with the pairwise

differences between the tonometers. Among the mean

IOPs, the highest was IOPcc (14.6 ± 2.3 mmHg)

followed by IRT IOP (13.0 ± 3.2 mmHg), Tonopen

IOP 12.0 ± 2.6 mmHg), GAT IOP

(11.7 ± 3.1 mmHg), NCT IOP (10.2 ± 3.2 mmHg)

and IOPg (10.2 ± 3.6 mmHg). IOPcc values were

statistically significantly higher compared to IOPs

obtained by other tonometers (all p\ 0.001). While

the mean NCT IOP was similar to mean IOPg

(p[ 0.05), the measurements of the two tonometers

were significantly lower than the other tonometers (all

p\ 0.05). Although the mean IOP recorded by

Tonopen was similar when compared to IRT and

GAT (all p[ 0.05), IRT was found to overestimate

IOP when GAT was considered as reference (mean

difference 1.2 mmHg, p\ 0.05).

Figures 1 and 2 illustrate the correlations between

IOPs measured by different tonometers along with

their relationship with corneal geometrical and biome-

chanical parameters. NCT had statistically significant

correlations with all the other tonometers. Although

GAT, IRT, IOPg and IOPcc were correlated with each

other, Tonopen only had a correlation with NCT, GAT

and IRT. Regarding the influence of corneal param-

eters on the IOP measurements, NCT was affected

from all the parameters while IOPg was correlated

with all except CFA. While GAT and IRT had

significant correlations with CRF and CH, IOPcc only

had a significant correlation with CRF. None of the

corneal factors including the waveform parameters

had any statistically significant correlation with the

Tonopen (Fig. 2).

The stepwise multiple linear regression analysis in

Table 2 shows the corneal geometrical and biome-

chanical parameters that predict measurement vari-

ability between the tonometers. None of the corneal

parameters predicted the variability between GAT/

Tonopen and GAT/IOPcc. The influence of CRF was

greatest, predicting measurement variability in 7 of the

15 inter-device variability assessments. Notably, CRF

was able to explain 97% of the variability between

IOPg and IOPcc and 42% of the variability between

IRT and IOPg as a single predictor.

Discussion

In this cross-sectional study, IOPcc, an ORA param-

eter, gave the highest IOP readings, whereas the other

ORA parameter IOPg gave the lowest IOP readings

along with NCT (Table 1). The mean IOP measured

by GAT and Tonopen was similar and followed mean

IOPcc and mean IOP measured by IRT in a decreasing

order. Virtually, all tonometers were correlated with

each other with the exception of Tonopen showing the

lack of statistically significant correlation with ORA

IOP parameters (IOPg and IOPcc) (Fig. 1). Corneal

Table 1 Mean ± SD intraocular pressures obtained by different tonometers and pairwise comparisons among the tonometers

Mean ± SD (range) D NCT D GAT D TNP D iCare Pro D IOPg D IOPcc

NCT 10.2 ± 3.2 (4.3–20.0) - 1.5� - 1.8* - 2.7* - 0.05 - 4.3*

GAT 11.7 ± 3.1 (6.3–20.0) 1.5� - 0.3 - 1.2� 1.5� - 2.8*

Tonopen 12.0 ± 2.6 (7.3–18.0) 1.8* 0.3 - 0.9 1.8� - 2.5*

iCare Pro 13.0 ± 3.2 (7.2–20.2) 2.7* 1.2� 0.9 2.7* - 1.6*

IOPg 10.2 ± 3.6 (2.8–22.0) 0.05 - 1.5� - 1.8� - 2.7* - 4.3*

IOPcc 14.6 ± 2.3 (10.3–21.9) 4.3* 2.8* 2.5* 1.6* 4.3*

D mean difference, NCT non-contact tonometry, GAT Goldmann applanation tonometry, IOPg Goldmann-correlated intraocular

pressure (IOP), IOPcc corneal compensated IOP

* and � denote statistical significance at p\ 0.001 and p\ 0.05, respectively
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resistance factor and CH were observed to influence

all tonometers except Tonopen. Similarly, none of the

waveform parameters were found to affect Tonopen

measurements (Fig. 2). Stepwise multiple linear

Fig. 1 Correlation matrix illustrating the linear relationship

between the intraocular pressure (IOP) obtained by different

tonometers and the corneal parameters. Warmer colors indicate

increasing positive (uphill) linear relationship, while cooler

colors indicate increasing negative (downhill) linear relation-

ship. Cells annotated with an asterisk denote statistically

significant correlations after adjusting for multiple comparisons.

NCT non-contact tonometry, GAT Goldmann applanation

tonometry, TNP Tonopen, IOPg Goldmann-correlated IOP,

IOPcc corneal compensated IOP, CRF corneal resistance factor,

CH corneal hysteresis, Apex CT apical corneal thickness, Min

CT minimum corneal thickness, CFA cornea front astigmatism,

Kavg average keratometry, Kmax maximum keratometry

Fig. 2 Correlation analyses of the waveform parameters with

the tonometers. Shaded areas indicate moderate correlations

with an r value of[ 0.3 or\- 0.3. No statistically significant

correlation was found for this analysis. NCT non-contact

tonometry, GAT Goldmann applanation tonometry, TNP

Tonopen, IOPg Goldmann-correlated IOP, IOPcc corneal

compensated IOP
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regression analysis did not reveal any corneal geo-

metrical and biomechanical parameters that predicted

GAT/Tonopen and GAT/IOPcc variability. Corneal

resistance factor was the most frequently observed

predictor of tonometer variability independently

explaining 97% and 42% of IOPg/IOPcc and IRT/

IOPg variability, respectively.

There is equivocal evidence in the literature

regarding the effect of corneal curvature and corneal

thickness on IOP readings in keratoconus patients. In

this study, IOPg and NCT IOP were significantly

affected by corneal thickness (Apex CT and Min CT)

parameters, corneal curvature (Kavg and Kmax) and

corneal hysteresis (CH) (Fig. 1). On the other hand,

IRT only had a statistically significant correlation with

min CT. Although the majority of the work published

in this field suggest no effect of corneal thickness on

IOP measurements in keratoconic eyes [5, 12, 17–20],

several authors have documented the contrary

[10, 21–23]. Likewise, uncertainty exists regarding

the effect of corneal curvature on IOP measurements

with some suggesting a significant correlation

Table 2 Stepwise multiple linear regression analysis of tonometer variability versus corneal parameters

No. of variables in model Variable b regression coefficient (95% CI) Partial R square Model R square

GAT/NCT 1 Path1 0.60 (0.37–0.83)* 0.35 0.35

2 Dslope2 0.33 (0.12–0.55)� 0.10 0.45

GAT/Tonopen No variables entered into the equation

GAT/IRT 1 Kmax 0.31 (0.04–0.59)� 0.08 0.08

GAT/IOPg 1 CRF - 0.59 (- 0.82 to - 0.36)* 0.34 0.34

GAT/IOPcc No variables entered into the equation.

NCT/TNP 1 CRF 0.58 (0.81–0.34)* 0.32 0.32

2 Path1 - 0.34 (- 0.12 to - 0.57)� 0.10 0.42

3 P2area - 0.25 (- 0.007 to - 0.48)� 0.03 0.45

NCT/IRT 1 Path1 0.39 (0.12–0.66)� 0.14 0.14

NCT/IOPg 1 Uslope1 - 0.44 (- 0.18 to - 0.70)� 0.18 0.18

2 CRF - 0.35 (- 0.11 to - 0.59)� 0.11 0.29

3 Kmax - 0.40 (- 0.12 to - 0.68)� 0.09 0.38

NCT/IOPcc 1 Apex CT 0.50 (0.25–0.75)* 0.23 0.23

2 Uslope1 - 0.39 (- 0.62 to - 0.17)� 0.14 0.37

3 Uslope2 0.37 (0.16–0.59)� 0.12 0.49

Tonopen/IRT 1 CRF - 0.34 (- 0.60 to - 0.06)� 0.09 0.09

Tonopen/IOPg 1 CRF - 0.68 (- 0.89 to - 0.46)* 0.44 0.44

2 P2area 0.23 (0.02–0.45)� 0.05 0.49

3 Uslope1 - 0.31 (- 0.50 to - 0.12)� 0.03 0.52

4 Dslope1 0.30 (0.11–0.49)� 0.08 0.60

5 bindex 0.22 (0.04–0.40)� 0.04 0.64

6 H1 - 0.50 (- 0.93 to - 0.07)� 0.03 0.67

Tonopen/IOPcc 1 Dslope1 0.30 (0.03–0.58)� 0.07 0.07

2 Uslope1 - 0.36 (- 0.64 to - 0.09)� 0.11 0.18

IRT/IOPg 1 CRF - 0.66 (- 0.87 to - 0.43)* 0.42 0.42

IRT/IOPcc 1 CH 0.33 (0.06–0.60)� 0.09 0.09

IOPg/IOPcc 1 CRF 0.98 (0.93–1.04)* 0.97 0.97

NCT non-contact tonometry, GAT Goldmann applanation tonometry, IOPg Goldmann-correlated intraocular pressure (IOP), IOPcc

corneal compensated IOP, Kmax maximum keratometry, CRF corneal resistance factor, CH corneal hysteresis, Apex CT apex corneal

thickness

*Regression coefficient is significant at P\ 0.001, and �regression coefficient is significant at P\ 0.05
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[10, 19, 23, 24], whereas the others reporting null

relationship [18, 21].

In our study, CRF had a significant impact on all

tonometers except Tonopen (Fig. 1). Moreover, CH

was associated with GAT, IRT, NCT and IOPg, while

no statistically significant correlation was observed for

IOPcc. The association of CRF with IOPcc [11, 25]

and IOPg [11, 25–27] as well as with the IOP

measurements obtained by dynamic contour tonome-

try [25] and GAT [11, 25, 26] has been previously

reported in keratoconus eyes. Although the effect of

CCT on the IOP measurements obtained by iCare [28]

and iCare Pro [22, 29] has been demonstrated in eyes

with keratoconus, there is no study that has shown the

effect of corneal biomechanical properties on rebound

tonometry measurements in eyes with keratoconus.

We have shown that IRT measurements were corre-

lated with both CRF and CH (correlation coefficient

for CRF[CH) (Fig. 1). This finding is in agreement

with that of Jorge et al. [30] and Chui et al. [31] who

have found a stronger correlation of rebound tonom-

etry with CRF than CH in healthy eyes. The depen-

dence of IRT on CRF and CH may render this IOP

measurement method disadvantageous in keratoconus

owing to the potential impact of focal biomechanical

variations with respect to where the IRT probe hits on

the cornea during the measurement. Furthermore,

rebound tonometry may be more prone to incidental

errors due to its very small area of contact [32]. Similar

to our study, Mollan et al. have shown, in keratoconus

eyes, that although CRF had an influence on GAT and

IOPg, it did not affect measurements obtained by

Tonopen [26]. The same study also found no influence

of CH and CCT on Tonopen [26].

Corneal resistance factor has been consistently

shown to perform better in distinguishing keratoconic

eyes from normal eyes in the literature [27, 33, 34].

The calculation of this parameter differs only slightly

from CH in that an empirically determined adjustment

factor (k) is introduced into the formula (CRF = P1 -

kP2) [35]. As the k is\ 1.0, the result is weighted

toward the first applanation event emphasizing the role

of the initial elastic deformation response. In this

study, CRF has been found to be the predominant

parameter explaining tonometer variability in 7 of the

15 inter-device comparisons (Table 2). Corroborating

with this finding, Gkika et al. have previously reported

that CRF consistently predicted tonometer variability

(dynamic contour tonometry, GAT and ORA) in an

analysis of 50 keratoconic eyes [36]. Interestingly,

although GAT/Tonopen and GAT/IOPcc variability

did not have any predictors, Tonopen/IOPcc variabil-

ity was in part explained by Dslope1 (downward

slope) and Uslope1 (upward slope) (Table 2). This

latter finding is probably due to the inverse relation-

ship observed with these tonometers and the respec-

tive parameters. (Greater Uslope1 predicts a lower

Tonopen IOP and a higher IOPcc and vice versa for

Dslope1, as shown in Fig. 2.)

The importance of the first applanation in kerato-

conus diagnosis has also been substantiated using

waveform parameters in two different studies which

have reported that parameters related to the first peak,

particularly p1area and p1area1, had a better discrim-

inatory value than second peak parameters [37, 38]. A

similar weighting for the first applanation has been

found in this study for NCT and IOPg having

significant correlations with the first applanation

waveform parameters (Fig. 2). Notably Tonopen was

not associated with any of the waveform parameters.

These findings indicate that NCT and IOPg are

expected to provide unreliable longitudinal measure-

ments in eyes that show biomechanical alterations,

namely keratoconus progression. On the contrary,

Tonopen is expected to be affected least from corneal

biomechanical alterations due to its lack of association

with any of the ORA parameters.

There are several limitations in this study that must

be considered. One limitation relates to the cross-

sectional design of our study which may not hold true

in a within-subject longitudinal design where the

effect of changing corneal biomechanical properties

on tonometers is assessed. Our sample size was

relatively small increasing the likelihood of Type 2

errors, particularly for non-normally distributed wave-

form parameters. This was particularly evident in the

correlation analyses of the waveform parameters

which failed to show any statistically significant

correlation possibly due to the correction applied for

multiple comparisons. In order to avoid the Type 2

error inherent to numerous multiple comparisons, we

nonetheless considered a correlation with an r value of

at least[ 0.3 or\- 0.3 as hypothetically meaningful

for the waveform parameter correlation analyses.

Although each tonometer was operated by a single

independent observer with each observer being

masked to the readings of the other tonometers,

within-device measurements were done in an un-
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masked fashion. Furthermore, the tonometry order

was fixed with special emphasis on performing

applanation methods at the end. A recovery time of

approximately 15 min was allowed between different

devices, but it is unknown whether the impact of a

tonometer would be prolonged influencing the mea-

surement of the subsequent tonometer. This study is

also limited by not having evaluated several new

biomechanical parameters that can be assessed with

the new Corvis Scheimpflug Technology. Finally, we

did not take into account the axis of astigmatism while

measuring GAT [39]. Despite these limitations, this

study is the first in evaluating the influence of ORA

waveform parameters on IOP measurements in eyes

with keratoconus.

Our results show that the tonometer that is least

affected by the corneal geometrical and biomechanical

properties evaluated in this study is Tonopen followed

by ORA (IOPcc) and GAT. The Tonopen with its

smaller area of contact [40] and less interference with

the tear film [22] may be a better choice in a

longitudinal follow-up of a patient with keratoconus.

Non-contact tonometry and IOPg were found to be

affected by various corneal geometrical and biome-

chanical parameters and were thus considered the least

reliable indicators of IOP. Corneal resistance factor

was the strongest determinant of tonometer variability

highlighting the importance of the first applanation in

corneal biomechanics. As a future direction, conduct-

ing a similar study using Corvis would be helpful in

clarifying the role of corneal biomechanics on differ-

ent tonometers in varying stages of keratoconus.
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