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Abstract: The paper deals with the influence of various biomechanical parameters on the intraocular pressure 

(IOP). The IOP is a very important factor in more accurate diagnosis and better management of glaucoma. To get 

a more realistic value of IOP the measurement methodology must reflect the patient´s individual biometric and 

biomechanical parameters, for example age, sex, race, biomechanical properties of cornea, etc. Many measuring 

methods are based on the applanation of cornea during its loading by the measuring device - tonometers. These 

tonometers apply the Imbert – Fick law [1], which determines their size. This work also addresses the current 

approaches to creating more realistic IOP data. 
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1 Introduction 

The higher mean value of IOP – ocular hypertension (OHT) is a significant risk factor for 

glaucoma development and its progression [1]. IOP is known as a dynamical variable. It can 

fluctuate during the day. The highest value of IOP can be measured in the morning and it will 

decrease during day-time period. There is no sufficient evidence to support 24-hour IOP 

fluctuation as a risk factor for glaucoma development or progression. The posture is an 

important variable in the measurement of IOP. The IOP in the sitting position is generally lower 

than in the supine position [1]. 

The relationship between glaucoma and the corneal biomechanical properties has gained 

increasing attention during the last decades. [1 - 14]. Better understanding of the corneal 

parameters can lead to a more accurate diagnosis and better management of glaucoma. 

IOP can be measured by applying tonometry: contact or non-contact. The most well-known 

tonometry devices is the Goldmann applanation tonometer (GAT), TonoPen XL, ocular blood 

flow tonograph (OBF), and non-contact tonometer (NCT) – for example ocular response 

analyser (ORA) [3, 21, 22]. 

Recent research has focused on developing non-contact techniques to measure the 

biomechanical properties in vivo, on determining structural and molecular abnormalities in 

pathological corneas, developing and optimising techniques to reinforce the corneal tissue and 

on the computational simulation of surgical interventions [7 - 13]. 

This paper deals with results obtained with GAT, its modification and the numerical 

simulation based on ORA [15].  
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2 Biomechanical properties of cornea 

The biomechanical properties contain information about geometrical and mechanical 

properties. An excellent review of geometrical properties of cornea can be found in [11]. The 

basic geometrical corneal parameters are: corneal diameter (CD) – measured, from limbus to 

limbus, anterior corneal curvature (ACC) – relative  to the shape of the front surface of the 

cornea which  also  characterizes the optical properties of the cornea, central corneal thickness 

(CCT), posterior corneal curvature (PCC),  and peripheral corneal thickness (PCT), see Fig. 1. 

Fig. 1 Basic geometrical parameters of cornea 

The ACC and CCT provide information about the healthy cornea and possible changes 

associated with ocular diseases. For example, low CCT values may lead to the glaucoma which 

may in turn lead to visual impairment and blindness. Normal values for the CD ranges from 

10.50 to 12.75 mm, the ACC ranges from 7.06 to 8.66 mm, the PCC ranges from 6.15 to 7.38 

mm, the PCT reaches value of 1.2 mm at limbus and the CCT ranges from 512 to 569.5 μm. 

These corneal parameters vary with age, gender, ethnicity, refractive state, stature and 

anthropometric factors [11]. 

There are many different mechanical models of cornea properties [16]; from isotropic elastic 

models to viscoelastic and anisotropic [4, 12] models. The simplest mechanical model is the 

elastic one. The basic mechanical parameters are Young´s modulus and Poisson´s ratio. 

Young´s modulus ranges from 0.054 to 0.359 MPa, Poisson´s ratio has the constant value of 

0.48 [16, 17]. The average value of Young´s modulus (0.207 MPa) was applied in our 

mechanical model proposed in [15]. 

The mechanics of materials can accumulate both geometrical and mechanical properties into 

a common parameter – the stiffness. From the point of mechanics, the cornea can be represented 

by a thin walled membrane subjected to internal pressure – in our case with IOP. The stiffness 

matrix of the given membrane with constant thickness in terms of finite element method (FEM) 

[18, 19, 20] can be calculated as 

𝑆 = 𝑡
𝐸

1 − 𝜈2
(

1 𝜈 0
𝜈 1 0

0 0
1 − 𝜈

2

) (1) 

where 𝑡 is the thickness, 𝐸 is Young´s modulus, 𝜈 is Poisson´s ratio. The thickness of the 

membrane corresponds to CCT. Thus, the stiffness integrates CCT as a geometrical parameter 

and material parameters: Young´s modulus and Poisson´s. The influence of CCT was discussed 

above. 
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The typical result from non-contact measuring IOP by ORA is represented in Fig. 2. Due to 

air puff loading the response is typically viscoelastic with hysteresis. We can observe two 

applanation pressures 𝑝1, 𝑝2. The primary applanation pressure 𝑝1 is greater than the secondary 

applanation pressure 𝑝2 . The observed pressure difference is called the hysteresis ∆𝑝 = 𝑝1 −

𝑝2. For GAT measuring we usually get only the average value of pressure 𝐼𝑂𝑃 =  
𝑝1+𝑝2

2
 and we 

can not find this hysteresis. 

 

Fig. 2 Applanation measuring – ORA diagram [21] 

3 Comparison of GAT and its modification with simulation 

We selected 7 subjects treated on glaucoma for measuring IOP by GAT and their geometrical 

properties by pachymetry. Their individual parameters are presented in Tab. 1. 

 

Tab. 1 Individual parameters of measured subjects and their IOP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subsequently we applied five modifications or corrections reviewed in [14] and our simple 

numerical simulation method based on ORA and proposed in [15]. The obtained results are 

presented in Fig. 3. 

 

Patient Age 

[years] 

Left eye IOP 

[mmHg] 

CCT  

[μm] 

ACC 

[mm] 

1 74 19 571 7,9 

2 80 28 460 7,8 

3 72 18 568 7,9 

4 66 22 476 7,8 

5 81 13 506 7,5 

6 77 14 522 7,6 

7 69 11 416 7,6 
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Fig. 3 Obtained results for GAT, its modification and numerical simulation 

CONCLUSION  

The results of IOP presented in Fig. 3 show relatively significant fluctuation in modifications 

of GAT. The maximum fluctuation is about 50% for subject 7. The presented modifications 

reflected only biomechanical parameters: age, CCT and ACC. The mechanical parameters are 

missing. Therefore, due to obtained results we can conclude that these parameters must be 

included in any modifications or improvements. The stiffness seems to be the best way. The 

corneal stiffness has been the focus of many researchers [4, 5, 8, 9, 13]. Stiffness can be 

determined experimentally for each individual patient during the diagnostics of glaucoma,  for 

example by the indentation method [8, 13]. This method allows to measure the stiffness 

repeatedly at different places and at different times. Using the dynamic contour tonometry 

provides an IOP measurement that is less dependent on corneal factors than GAT [10].  

There is a good agreement between GAT and the simulation method based on ORA [15]. 

These results are in a good agreement with [2]. 

ACKNOWLEDGEMENT 

The authors hereby express their gratitude for the financial supports of EMPIR 16PT03 - 

InTENSE project. 

REFERENCES 

[1]  Garway-Heath, D., et al: “Measurement of Intraocular Pressure, In 4th Consensus 

Meeting: Intraocular Pressure”, Fort Lauderdale, FL, edited by Robert N. Weinreb, James 

D. Brandt, David Garway-Heath and Felipe A. Medeiros, 2007. 

[2]  Tonnu, P.-A., Ho, T., Sharma, K., White, E., Bunce, C., Garway-Heath, D. “A 

comparison of four methods of tonometry: method agreement and interobserver 

variability”, Br. J. Ophthalmology 89, pp. 847 – 850, 2005. 

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7

IO
P

 [
m

m
H

g]

Patient number

IOP of left Eye

Ehlers 1975 Kolhaas 2006 Elsheik 2009 Elsheik 2011 Spoerl 2012 GAT Simulation



Volume 69, No. 2, (2019) 2019 SjF STU Bratislava 115 

 

[3]  Tonnu, P.-A., Ho, T., Newson, T., El Sheikh, A., Sharma, K., White, E., Bunce, C., 

Garway-Heath, D. “The influence of central corneal thickness and age on intraocular 

pressure measured by pneumotonometry, noncontact tonometry, the Tono-Pen XL, and 

Goldmann applanation tonometry”, Br. J. Ophthalmology 89, pp. 851 – 854, 2005. 

[4]  Garcia-Porta, N., Fernandes, P., Queiros, A., Salgado-Borges, J., Parafita-Mato, M., 

González-Méijome, J. M. “Corneal Biomechanical Properties in Different Ocular 

Conditions and New Measurement Techniques”, ISRN Ophthalmology, Article ID 

724546, 19 pages, 2014. DOI: 10.1155/2014/724546 

[5]  Liu, J., He, X. “Corneal Stiffness Affects IOP Elevation during Rapid Volume Change in 

the Eye”, Investigative Ophthalmology & Visual Science 50 (5), pp. 2224 – 2229, 2009. 

[6]  Jung, Y., Park, H.-Y. L., Yang, H.J., Park, Ch. K. “Characteristics of corneal 

biomechanical responses detected by a non-contact scheimpflug-based tonometer in eyes 

with glaucoma”, Acta Ophthalmologica 95, e556–e563, 2017. 

[7]  Kling, S., Hafezi, F. “Corneal biomechanics – a review”, Ophthalmic & Physiological 

Optics 37, pp. 240 –252, 2017. DOI: 10.1111/opo 

[8]  Ko, M.W.L., Leung, L.K.K., Lam, D.C.C. “Comparative study of corneal tangent elastic 

modulus measurement using corneal indentation device”, Medical Engineering & Physics 

36, pp. 1115 – 1121, 2014. 

[9]  Guarnieri, F.A. “Chapter 2, Corneal Biomechanics”, In F.A. Guarnieri (ed.), Corneal 

Biomechanics and Refractive Surgery, Springer Science+Business Media New York 

2015. 

[10]  Erickson, D.H., Goodwin, D., Rollins, M., Belaustegui, A., Anderson, Ch. “Comparison 

of dynamic contour tonometry and Goldmann applanation tonometry and their 

relationship to corneal properties, refractive error, and ocular pulse amplitude”, 

Optometry 80 (4), pp. 169 – 174, 2009. 

[11]  Mashige, K.P. “A review of corneal diameter, curvature and thickness values and 

influencing factors”, S. Afr. Optometrist 72 (4), pp. 185 – 194, 2013. DOI: 

10.4102/aveh.v72i4.58 

[12]  Simonini, I., Pandolfi, A. “The influence of intraocular pressure and air jet pressure on 

corneal contactless tonometry tests”, Journal of the mechanical behaviour of biomedical 

materials 58, pp. 75 – 89, 2016. DOI: 10.1016/j.jmbbm.2015.07.030 

[13]  Li-Ke Wang, Yan-Ping Huang, Lei Tian, Chea-su Kee, Yong-Ping Zheng “Measurement 

of corneal tangent modulus using ultrasound indentation”, Ultrasonics 71, pp. 20 – 28, 

2016. DOI: 10.1016/j.ultras.2016.05.011 

[14]  Wachtl, J., Töteberg-Harms, M., Frimmel, S., Roos, M., Kniestedt, Ch. “Correlation 

Between Dynamic Contour Tonometry, Uncorrected and Corrected Goldmann 

Applanation Tonometry, and Stage of Glaucoma”, JAMA Ophthalmol. 135 (6), pp. 601 

– 608, 2017. DOI: 10.1001/jamaophthalmol.2017.1012 

[15]  Hučko, B., Kučera, Ľ., Ďuriš, S., Pavlásek, P., Rybář, J., Hodál, J.: Modelling of Cornea 

Applanation when Measuring Eye Pressure, IN: ICDM 2018, Springer Verlag, 2019 (in 

press) 

[16]  Guarnieri, F.A. “Corneal Biomechanics and Refractive Surgery”, New York, 2015. 



116 2019 SjF STU Bratislava Volume 69, No. 2, (2019) 

 

[17]  Po-Jen Shin, et al. “Estimation of the Corneal Young’s Modulus In Vivo Based on a 

Fluid-Filled Spherical-Shell Model with Scheimpflug Imaging”, Journal of 

Ophthalmology, Article ID 5410143, 11 pages, 2017. DOI: 10.1155/2017/5410143 

[18]  Blasuwendraad, J. “Plates and FEM”, Springer Verlag, 2010. 

[19]  Hughes, T.J.R. “The finite element method: linear static and dynamic, finite element 

analysis”, NJ: Prentice-Hall, 1987. 

[20]  Écsi, L., Jarabek, R., Élesztös, P. “A study on ‘compatibity assumption’ of contemporary 

multiplicative plasticity models”, Strojnícky časopis – Journal of Mechanical Engineering 

69 (2), pp. 15 – 26, 2019. DOI: 10.2478/scjme-2019-0015 

[21]  Nema, H. V., Nema, N. “Diagnostic Procedures in Ophthalmology”, JP Medical Ltd, 

India 2014. 

[22]  Realini, T. “Occular Response Analyser”, Glaucoma Today, pp. 27 – 30, 2008. 


