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Abstract 24 

Purpose: This paper presents and clinically validates two algorithms for estimating intraocular 25 

pressure (IOP) and corneal material behaviour using numerical models that consider the fluid-26 

structure interaction between the cornea and the air-puff used in non-contact tonometry. 27 

Methods: A novel multi-physics fluid-structure interaction model of the air-puff test was 28 

employed in a parametric numerical study simulating human eyes under air-puff pressure with 29 

a wide range of central corneal thickness (CCT=445 to 645 μm), curvature (R=7.4 to 8.4 mm), 30 

material stiffness and IOP (10 to 25 mmHg). Models were internally loaded with IOP using a 31 

fluid cavity, then externally with air-puff loading simulated using a turbulent computational 32 

fluid dynamics model. Corneal dynamic response parameters were extracted and used in 33 

development of two algorithms for IOP and corneal material behaviour; fIOP and fSSI, 34 

respectively. The two algorithms were validated against clinical corneal dynamic response 35 

parameters for 476 healthy participants. The predictions of IOP and corneal material behaviour 36 

were tested on how they varied with CCT, R and age. 37 

Results: The present study produced a biomechanically corrected estimation of intraocular 38 

pressure (fIOP) and a corneal material stiffness parameter or Stress-Strain Index (fSSI), both 39 

of which showed no significant correlation with R (p > 0.05) and CCT (p > 0.05). Further, fIOP 40 

had no significant correlation with age (p > 0.05), while fSSI was significantly correlated with 41 

age (p = 0.001), which was found earlier to be strongly correlated with material stiffness. 42 

Conclusion: The present study introduced two novel algorithms for estimating IOP and 43 

biomechanical material behaviour of healthy corneas in-vivo. Consideration of the fluid 44 

structure interaction between the cornea and the air puff of non-contact tonometry in 45 

developing these algorithms led to improvements in performance compared with bIOP and 46 

SSI. 47 

  48 



  FSI-based algorithms: fIOP & fSSI 

3 

 

 
This is a provisional file, not the final typeset article 

Introduction 49 

It is of increasing clinical importance to quantify the biomechanical properties of the cornea in 50 

vivo. It would allow better evaluation of corneal ectatic diseases such as keratoconus (KC) [1]–51 

[3] and enable customisation of procedures that interact or interfere mechanically with the 52 

cornea including refractive surgeries [4], [5], collagen cross-linking treatment [2], [6], and 53 

intrastromal corneal ring segment (ICRS) implantation [7].  54 

The estimation of IOP is an essential measurement in eye examination and crucial in 55 

monitoring and treatment of ocular pathologies including glaucoma and ocular hypertension 56 

[8]. Therefore, accurate estimation of IOP is highly desirable as the risk of glaucoma 57 

progression rises by 11% for every 1 mmHg increase in IOP [9]. The gold standard of IOP 58 

measurements is the Goldmann Applanation Tonometer (GAT), which apply a contact force to 59 

a central area of the cornea and when this area flattens, it assumes that the external applied 60 

pressure equals the internal IOP [10]. This measurement technique makes IOP values sensitive 61 

to the natural variations in the central corneal thickness (CCT) and stiffness of the corneal 62 

tissue and introduces unacceptable inaccuracies [11]–[13]. This was the main motivation for 63 

several attempts to provide IOP estimates that are corrected for corneal biomechanics, such as 64 

the Ocular Response Analyzer  (ORA  Reichert  Ophthalmic  Instruments,  Depew,  NY) [14], 65 

[15], and the CorVis ST (OCULUS Optikgeräte GmbH; Wetzlar, Germany) [16], [17]. These 66 

two devices use a puff of air to applanate the central part of the cornea, where ORA used the 67 

cornea’s two applanation pressure to reduce association of IOP with CCT and developed the 68 

cornea-corrected IOP (IOPcc) estimate, while CorVis-ST uses a high speed Scheimpflug 69 

imaging to trace deformation of both the cornea's anterior and posterior profiles under effect 70 

of the external air pressure. This high speed imaging technique enabled accurate measurement 71 

of corneal thickness, curvature, and corneal deformation patient-specific parameters, which 72 
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allowed reliable representation of corneal behaviour in numerical modelling to produce the 73 

bIOP estimation algorithm. 74 

Here comes the benefit of the in vivo corneal biomechanical characterization in obtaining more 75 

accurate estimates of intraocular pressure (IOP). The nonlinearity of corneal tissue behaviour 76 

makes the determination of the behaviour in vivo quite challenging as the gradient of the stress-77 

strain curve (known as the tangent modulus, Et) is not constant but increases gradually with 78 

applied stress or pressure [19]–[21]. This characteristic creates a difficult challenge with Et (the 79 

measure of stiffness) being dependent on IOP, while the measurement of IOP using tonometry 80 

is affected by corneal stiffness. The challenge is to overcome this apparent inter-dependence 81 

and produce reliable estimates of both corneal stiffness and IOP. 82 

Progress has been made recently in producing a biomechanically-corrected IOP (bIOP) 83 

estimate that is intended to be independent of corneal stiffness [13]. A Stress-Strain Index (SSI) 84 

was also developed to estimate the cornea’s stress-strain behaviour, and hence Et at any stress 85 

or IOP level [22]. Both bIOP and SSI relied on the dynamic deformation parameters obtained 86 

in response to the rapid air-puff of the Corvis ST (OCULUS Optikgeräte GmbH; Wetzlar, 87 

Germany) [23]. Earlier studies have shown that bIOP was less influenced by corneal stiffness 88 

than both the Goldmann Applanation Tonometer (GAT) and the uncorrected Corvis readings 89 

(CVS-IOP) [24]. The studies also found SSI to be almost independent of both central corneal 90 

thickness (CCT) and bIOP, while strongly correlated with age.  91 

The present study intended to eliminate an important simplification made in the numerical 92 

analyses that led to the development of both bIOP and SSI, namely the assumption that the 93 

pressure caused by the air-puff maintained a constant distribution throughout all deformation 94 

stages. This assumption is eliminated in the numerical analyses conducted in this study through 95 

modelling a 3D air-puff impinging on the cornea using a turbulent computational fluid 96 

dynamics (CFD) and Arbitrary Lagrangian-Eulerian (ALE) deforming mesh to couple with the 97 
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finite element model of the eye [25], [26]. This method allowed fluid-structure interaction 98 

between the air-puff and the eye and enabled the air pressure distribution on the eye to vary in 99 

response to corneal deformation in a stepped approach. The corneal deformation predictions 100 

obtained with the coupled models were then analysed to develop new algorithms for bIOP and 101 

SSI that consider fluid-structure interaction, hence named fIOP and fSSI. 102 

 103 

Methods 104 

Numerical models 105 

This study was based on a novel multi-physics, fluid-structure interaction (FSI) model of the 106 

air-puff test of the Corvis ST on full eye globes subjected to the internal load of IOP. Details 107 

of the numerical model, including, its validation and the used FSI two-way coupling approach 108 

with all the co-simulation control parameters and equations were published in our earlier study 109 

Maklad et al. [26]. Here, we are giving the most important information, the air-puff was 110 

simulated using the turbulent Abaqus/CFD solver (version 6.14-2, Dassault Systèms Simulia 111 

Inc., USA) coupled with the finite element model of the eye using an arbitrary Lagrangian-112 

Eulerian (ALE) deforming mesh, Fig 1. A mesh dependence study was performed and Fig S1 113 

shows the apical deformation against number of eye model number of nodes and the pressure 114 

on Apex against the air model number of nodes along with the simulation running time, and 115 

based on this study the suitable number of elements were selected for every model. 116 

The eye model consisted of 10,000 fifteen-nodded continuum elements (C3D15H) arranged in 117 

two layers to keep a consistent aspect ratio of the elements’ dimensions, see Fig S2 in the 118 

supplementary material. Models of the air domain consisted of 103,680 six-nodded 3D fluid 119 

continuum elements (FC3D6) and used Spalart–Allmaras turbulent eddy viscosity model [27], 120 

[28] to simulate the turbulence in the air jet. To avoid excessive distortion of the air domain 121 

mesh during the coupling process with the eye model, an adaptive Arbitrary Lagrangian–122 
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Eulerian (ALE) deforming mesh was used to improve the stability of the simulation analysis 123 

[29]–[31]. The finite element model of the eye was prevented from rigid body motion in the Z-124 

direction (anterior-posterior) at the equatorial nodes. Also, the posterior pole node was 125 

restricted in both X and Y directions but were free to move in the Z-direction (anterior-126 

posterior), see Fig S2 in the supplementary material. While the air model domain and its mesh 127 

were created over the cornea and a 4 mm ring of the sclera by projecting coordinates of the 128 

anterior surface nodes for a distance of 11 mm as this was the distance from the air puff nozzle 129 

to the corneal apex. The air jet inlet diameter was set to 2.4 mm, as given by the manufacturers 130 

for the nozzle of CorVis-ST, and the maximum air velocity at the inlet was set to 167.8 m/s, 131 

which corresponds to a maximum Reynolds number of 2.3×104 [26]. 132 

Models were generated with an anterior shape factor of 0.82, a limbal radius of 5.85 mm, a 133 

sclera external radius of 11.5 mm and the thickness regional variation reported in earlier studies 134 

[19], [20], [22], [32]. The eye models adopted the material stress-strain behaviour patterns that 135 

were found in earlier experimental studies to correlate with age within the range 30-100 years 136 

[22], [32], [33]. They were as presented in Equation 1 for corneal material, and Equation 2 for 137 

anterior, equatorial and posterior sclera. 138 

 139 

𝜎 = (35 × 10−9𝑎𝑔𝑒2 + 1.4 × 10−6𝑎𝑔𝑒 + 1.03 × 10−3)

× [𝑒(0.0013𝑎𝑔𝑒
2+0.013𝑎𝑔𝑒+99)𝜀 − 1] 

 

(1) 

𝜎 =
2𝜇

𝛼
. ((𝜀 + 1)𝛼−1 − (𝜀 + 1)−(1+

𝛼
2
)) , 

𝑤ℎ𝑒𝑟𝑒 

{
 
 

 
 

 

𝜇 = 1.26 𝑎𝑔𝑒 + 0.94, 𝛼 = 20.1 𝑎𝑔𝑒 + 19.8, 𝑓𝑜𝑟 𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟 𝑠𝑐𝑙𝑒𝑟𝑎

𝜇 = 0.85 𝑎𝑔𝑒 + 0.42, 𝛼 = 12.6 𝑎𝑔𝑒 + 34.16, 𝑓𝑜𝑟 𝑒𝑞𝑢𝑎𝑡𝑜𝑟𝑖𝑎𝑙 𝑠𝑐𝑙𝑒𝑟𝑎

𝜇 = 0.22 𝑒1.19 𝑎𝑔𝑒 , 𝛼 = 53.02,                                𝑓𝑜𝑟 𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑠𝑐𝑙𝑒𝑟𝑎

 

(2) 
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In Equations 1 and 2, 𝜎 is the stress in MPa and age is in years. Similar to the SSI [22], fSSI 140 

was set to 1.0 for a stress-strain relationship that corresponded to the mean behaviour found 141 

experimentally for corneas aged 50 years [33]. The patient's age is a direct parameter in 142 

changing corneal material stiffness which is a crucial input parameter in the material definition 143 

for the finite element model of the eye according to the experimental study conducted by 144 

Elsheikh et al. [33]. Increases and decreases in fSSI relative to 1.0 corresponded to stress-strain 145 

relationships for which Et at any stress level grew or reduced by the same change in fSSI. With 146 

this principle in mind, the stress-strain behaviour in the cornea that corresponded to any age 147 

could be converted into an fSSI value. 148 

The eye models were built using a bespoke software package generated in MATLAB® (Natick, 149 

Massachusetts, USA). The analysis started by finding the stress-free geometry (under zero IOP) 150 

for each eye model using an iterative approach reported earlier [34] . The coupled models were 151 

then subjected to IOP followed by Corvis air pressure, and the resulting deformation across the 152 

eye globe was stored for later analysis. Another bespoke MATLAB code was used to extract 153 

and record the corneal response parameters, example is shown in Fig 2, along with the models’ 154 

input parameters [25], [35], [36]. Fig 2(a) shows the peak point location at highest corneal 155 

concavity, at which stage the peak distance was calculated as the distance between the two 156 

corneal peaks. This calculation started with fitting the corneal curve to a polynomial, 157 

identifying the points with maximum Z-coordinate and finding the distance from corneal centre 158 

(X-coordinate). Fig 2(b) shows the method used to determine the time to first applanation, and 159 

the corresponding air pressure and apical deformation. This was done by calculating the first 160 

and second derivatives of the corneal profile at apex for every time step. When the derivatives 161 

reach a value of zero, indicating a flattened corneal surface, this behaviour stage was considered 162 

the point of first applanation. On the other hand, Fig 2(c) illustrates how the applanation length 163 

is estimated by calculating the difference between the Z-coordinates at apex and neighbouring 164 
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points. Where the difference in Z-coordinate exceeded 0.01 mm was considered the end of the 165 

peak length.A parametric study was carried out to gauge the influence of model input 166 

parameters on corneal biomechanical parameters as a response to the air-puff. This was 167 

performed with wide ranges of central corneal thickness, CCT, between 445 and 645 μm, IOP 168 

between 10 and 25 mmHg, central corneal curvature, R, between 7.4 and 8.4 mm, and corneal 169 

material stiffness coefficient, µ(stiffness parameter), between 0.0422 and 0.1082. The 170 

influence matrix of each parameter on corneal response parameters is shown in Fig S3 in 171 

supplementary material and all Pearson’s correlation values are shown in Table S1, which was 172 

published in our earlier study, Maklad et al. [26]. 173 

fIOP and fSSI algorithms 174 

The numerical models had IOP, CCT, R and age as input parameters, and the output was 175 

corneal deformation profiles that resulted in response parameters including, most notably, peak 176 

distance, first applanation deformation amplitude, first applanation length, highest concavity 177 

deformation amplitude and highest concavity radius, Fig 2. Analysis of the input and output 178 

parameters allowed the development of two relationships for fIOP as a function of CCT, R, 179 

age, and corneal deformation parameter with strong correlation with true IOP and fSSI as a 180 

function of  CCT, fIOP, and corneal deformation parameter with strong correlation with 181 

material stiffness  182 

The significance of the correlations of corneal deformation parameters with IOP and age was 183 

assessed in  SPSS Version 24 (IBM Corp., USA) and confirmed with a probability value, p< 184 

0.05 or a high Pearson's correlation coefficient (r). For each of the parameters for which 185 

significant correlation was confirmed, an exercise was conducted to determine the lowest 186 

possible polynomial order that should be adopted in the fIOP equation based on the lowest 187 

route mean square error (RMSE). The objective function adopted took the form: 188 
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 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = min𝑅𝑀𝑆 = 𝑚𝑖𝑛√
1

𝑁
 ∑ (𝑓𝐼𝑂𝑃𝑖 − 𝑡𝑟𝑢𝑒_𝐼𝑂𝑃𝑖)

2𝑁
𝑖=1 ,  (3) 189 

Where RMS is the root mean square of the error, N is the number of eye models, and true_IOP 190 

is the value set in the numerical models. 191 

The development of the fSSI followed a similar route and the objective function used took the 192 

form: 193 

 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = min𝑅𝑀𝑆 = 𝑚𝑖𝑛√
1

𝑁
 ∑ (𝑓𝑆𝑆𝐼 − 𝑆𝑆𝐼)2𝑁

𝑖=1 ,   (4) 194 

Where RMS is the root mean square of the error, N is the number of eye models, and SSI is the 195 

value set in the numerical models. 196 

   197 

Clinical validation 198 

In this retrospective study, we reviewed the Corvis data of right and left eyes of 476 healthy 199 

participants from the Vincieye Clinic in Milan, Italy and Rio de Janeiro Corneal Tomography 200 

and Biomechanics Study Group, Brazil. The participants had an age range between 10 to 87 201 

years, CCT between 455 and 630 µm and IOP between 9 and 25 mmHg, Table 1. The data 202 

included the maximum deformation, first applanation pressure, first applanation time, highest 203 

concavity radius, spatial and temporal corneal deformation. The Institutional review board of 204 

the University of Liverpool ruled that approval was not obligatory for this record review study. 205 

However, the ethical standards set out in the 1964 Declaration of Helsinki and their revision in 206 

2013 were observed and all patients provided informed written consent before using their de-207 

identified data in research.  208 

The data was used to assess whether, as expected, fIOP was independent of CCT, age and R. 209 

Similarly, fSSI’s independence of CCT and IOP, and correlation with age were assessed using 210 
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the same dataset. This exercise also enabled comparing fIOP against bIOP, and fSSI against 211 

SSI, in order to check whether the improved modelling adopted in this study, through 212 

consideration of the fluid-structure interaction, had led to improvements in IOP and material 213 

stiffness estimates. 214 

Results 215 

Air pressure distribution 216 

To demonstrate the effect of fluid-structure interaction on the value and distribution of air 217 

pressure acting on the cornea, the results of two typical simulations are first compared; one 218 

assuming a rigid cornea that does not change shape under air pressure and another with FSI 219 

coupling between the air domain and the finite element model of the eye. Fig 3(a-c) shows the 220 

two pressure distributions as actual and normalised values at times T=8 and 16 ms and 221 

demonstrate a small reduction in apical pressure of around 6.3% at 16 ms when FSI was 222 

considered. Additionally, Fig 3(d) shows how the temporal pressure profile changes from one 223 

model to another due to changes in the corneal biomechanical parameters. The means of these 224 

differences were small 3.4% at T=8 ms and increased to 8.4% at 16 ms. Fig S4 in 225 

supplementary material shows the air velocity and pressure coefficient distribution on the 226 

cornea explaining how the dynamic pressure converts into static pressure on the cornea and 227 

why there is a negative pressure region at 2 mm from cornea apex. 228 

 229 

Correlation analysis 230 

A bivariate correlation analysis was carried out between each of the model’s output corneal 231 

response parameters and the four main input parameters (IOP, CCT, R and age – representing 232 

corneal stiffness) and the influence matrix of each parameter on corneal response parameters 233 

is shown in Fig S2 in the supplementary material. The full correlation analysis and comparison 234 
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with the clinical corneal response parameters are available in our earlier study, Maklad et al. 235 

[25], [26], which revealed that the first applanation pressure (AP1), and the highest concavity 236 

radius (RHC) were the highest correlated parameters to IOP (r= 0.736 and 0.624, respectively, 237 

and p< 0.001). For this reason, AP1 and RHC, along with CCT, R and age were included in the 238 

fIOP equation. On the other hand, the stiffness parameter at highest concavity (SP- HC) was 239 

the most associated response parameters to corneal material change (r= 0.442, p< 0.01), and 240 

was therefore included with CCT and fIOP in the corneal material estimation algorithm. 241 

fIOP equation 242 

Using the least-squares method, the fIOP equation took the form: 243 

𝑓𝐼𝑂𝑃 =  𝐶𝐴𝑃1  × 𝐶𝐶𝐶𝑇−𝑎𝑔𝑒 × 𝐶𝑅 × 𝐶𝑅𝐻𝐶 +  𝐶    (5) 244 

where 245 

𝐶𝐴𝑃1 = (−0.005 × 𝐴𝑃1 + 0.19) 246 

𝐶𝐶𝐶𝑇−𝑎𝑔𝑒 = (0.011 × 𝐶𝐶𝑇3𝜇3 − 0.002 × 𝐶𝐶𝑇3𝜇2 + 9.17 × 𝐶𝐶𝑇3𝜇 + 8.34 × 𝐶𝐶𝑇3 247 

−6.3 × 𝐶𝐶𝑇2𝜇3 + 1.16 × 𝐶𝐶𝑇2𝜇2 − 0.05 × 𝐶𝐶𝑇2𝜇 − 0.003 × 𝐶𝐶𝑇2 248 

+0.76 × 𝐶𝐶𝑇𝜇3 + 5.67 ×𝐶𝐶𝑇𝜇2 − 4.87 ×𝐶𝐶𝑇𝜇 + 1.73 ×𝐶𝐶𝑇 249 

−0.55 × 𝜇3 + 0.76 × 𝜇2 + 1.82 × 𝜇 + 4.09) 250 

𝜇 = (0.076 𝑒0.536 𝑎𝑔𝑒)  251 

𝐶𝑅 = (0.045 × 𝑅 − 0.213 × 10−3) 252 

𝐶𝑅𝐻𝐶 = (−0.0008 × 𝑅𝐻𝐶 − 0.68) 253 

𝐶 = 9.36 254 

In this equation, fIOP and AP1 were in mmHg, CCT in microns, R and RHC in mm and age in 255 

years. With this equation form, the RMS error was 4.5%. 256 
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 257 

Validation of fIOP using clinical data 258 

Fig 4 presents an analysis of the association of fIOP, the previously developed bIOP, and the 259 

uncorrected Corvis IOP readings (CVS-IOP) with CCT, age and corneal curvature. The results 260 

show similar performance of fIOP with that of bIOP in reducing the association CVS-IOP with 261 

CCT. The figure also demonstrates better performance with fIOP than with bIOP in reducing 262 

the association of CVS-IOP with both age and R.  263 

Material stiffness (fSSI) algorithm 264 

Similar to the fIOP equation, the fSSI algorithm was developed using the least-squares method, 265 

leading to the following form: 266 

𝑓𝑆𝑆𝐼 =

{
 
 
 
 

 
 
 
 
0.5, 𝑓𝑜𝑟  𝐿𝑛(𝑆𝑃 − 𝐻𝐶) = 0.026 +  1.83 × (𝑓𝐼𝑂𝑃/20)  +  2.26 × (𝐶𝐶𝑇/545)

1.0, 𝑓𝑜𝑟  𝐿𝑛(𝑆𝑃 − 𝐻𝐶) = 0.68 +  1.44 × (𝑓𝐼𝑂𝑃/20)  +  2.36 × (𝐶𝐶𝑇/545)

1.5, 𝑓𝑜𝑟  𝐿𝑛(𝑆𝑃 − 𝐻𝐶) = 0.85 +  1.49 × (𝑓𝐼𝑂𝑃/20)  +  2.35 × (𝐶𝐶𝑇/545)

2.0, 𝑓𝑜𝑟  𝐿𝑛(𝑆𝑃 − 𝐻𝐶) = 1.11 +  1.02 × (𝑓𝐼𝑂𝑃/20)  +  2.55 × (𝐶𝐶𝑇/545)

3.0, 𝑓𝑜𝑟  𝐿𝑛(𝑆𝑃 − 𝐻𝐶) = 1.33 +  1.05 × (𝑓𝐼𝑂𝑃/20)  +  2.54 × (𝐶𝐶𝑇/545)

 (6) 267 

where fIOP is in mmHg and CCT is in microns. For intermediate values of 𝐿𝑛(𝑆𝑃 − 𝐻𝐶), 268 

interpolation between the values of fSSI could be performed. With this equation form, the RMS 269 

error was 8.83 %. 270 

 271 

Validation of fSSI against clinical data 272 

As additional validation of fSSI, its correlation with CCT, age and fIOP is assessed. Weak 273 

correlation with CCT and fIOP would be a sign of success along with positive correlation with 274 

age (where earlier evidence pointed at tissue stiffening with ageing [32], [33]). The results 275 

shown in Fig 5 present better performance than SSI in maintaining weak correlation with CCT 276 
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and IOP. Meanwhile, the correlation of fSSI with age was stronger than for SSI (r2 = 0.415 vs 277 

0.191). Moreover, as a validation against clinical corneal deformation profiles, six cases are 278 

presented in Fig S5 in terms of the spatial corneal deformations and temporal apical 279 

deformation. 280 

Discussion 281 

The main objective of this study is to investigate the influence of considering the fluid-structure 282 

interaction between the air puff and the cornea on the reliability of methods to estimate the 283 

biomechanically-corrected IOP and the corneal material behaviour. IOP is interlinked with 284 

material stiffness in a complex loop as the measurement of IOP in tonometry is commonly 285 

influenced by corneal stiffness, while the tangent modulus (a measure of stiffness) is known to 286 

increase with the level of IOP [22], [37]. The challenge to provide estimations of IOP and 287 

corneal stiffness that are independent of each other was dealt with in the present study using 288 

numerical modelling and employing the results to build algorithms to estimate fIOP and corneal 289 

material index fSSI. These algorithms included a number of Corvis deformation parameters, 290 

namely the first applanation pressure (AP1) and the highest concavity radius (RHC) in the fIOP 291 

equation, and the stiffness parameter (SP-HC) in the fSSI equation. 292 

This challenge was addressed in earlier studies in the development of bIOP and SSI [22], [24], 293 

[38], and this study aimed to use more representative numerical modelling that considered the 294 

fluid-structure interaction between the air puff and the cornea. With this new model, which 295 

employed the arbitrary Lagrangian-Eulerian deforming mesh, small changes could be observed 296 

in the temporal and spatial pressure distribution profiles on the cornea, and these changes were 297 

dependent on the eye’s geometric features and material stiffness. The FSI effect was more 298 

evident when the cornea’s deformation was high as in cases small CCT or low IOP. 299 
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Consideration of these pressure distribution profiles in the development of an algorithm to 300 

estimate fIOP resulted in better performance compared to the bIOP in reducing the association 301 

of IOP measurements with both age and R, but maintained similar low correlation with CCT. 302 

Consideration of the pressure distribution profiles in developing the fSSI algorithm resulted in 303 

similar improvements compared with the SSI with slightly weaker dependence on CCT and 304 

fIOP while maintaining similar correlation with age. 305 

The development of these algorithms could benefit clinical practice in providing 306 

biomechanically-corrected IOP measurements to improve glaucoma diagnosis and 307 

management. They can also help in keratoconus detection via increasing the effectiveness of 308 

existing biomechanical indices such as the Tomography and Biomechanical Index (TBI) [23] 309 

and the Corvis Biomechanical Index (CBI) [39], especially that the FSI effect is more evident 310 

in soft corneas such as those with keratoconus [1], [39], [40].  311 

There were some limitations in the current study, which are important to note. The eye model 312 

employed in the study did not include soft tissue filling the orbital space and surrounding the 313 

eye which gives the eye freedom to move backward. Moreover, clinically, the air puff shooting 314 

direction can be sometimes at an angle from the eye axis and a modification for the mesh was 315 

done to apply the air puff at an angle, but the problem is that it’s not known how the air puff 316 

will hit the cornea in order to make a global correction which fits with all patients. Finally, the 317 

current study concentrated on developing the numerical model and the algorithms for healthy 318 

eyes and the next step is to extend the study for keratoconic eyes before and after crosslinking. 319 

In conclusion, we developed novel algorithms for IOP and corneal material estimation in-vivo 320 

for healthy corneas by considering the fluid-structure interaction between the air-puff of the 321 

Corvis ST tonometer and the eye globe. The algorithms demonstrated slightly better 322 

performance than bIOP and SSI, contributing further to the reliability of these algorithms and 323 

assisting their application in clinical practice. 324 
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 465 

 466 

 467 

Tables 468 

 469 

470 

Datasets Participants Age (years) CCT (μm) CVS-IOP (mmHg) 

Dataset 1 (Milan) 225 38 ± 17.2 (7–91) 543 ± 31.5 (458–635) 15.7 ± 2.35 (11–25) 

Dataset 2 (Rio) 251 43 ± 16.5 (8–87) 539 ± 33.2 (454–629) 14.8 ± 3.06 (6–34) 

Table 1: Clinical dataset used in the validation of fIOP and cornea material characterisation algorithms  
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Figures 471 

  472 

Figure 1: Fluid structure interaction (FSI) model of the air puff test (a) Stress-free configuration, (b) model after 

applying internal IOP, (c) Model at highest concavity and (d) is showing the different material sections in the eye 

model. The legend on the left is the magnitude of the air velocity in mm/s from the CFD model and the legend on 

the right is the magnitude of Von-Mises stress from the finite element model of the eye. 
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 473 

  474 

Figure 2: Example results of a typical analysis showing corneal deformation parameters from 

the numerical model including (a) peak point location at highest corneal concavity to calculate 

peak distance, which is the distance between the two corneal peaks, (b) first applanation 

moment determined by using first and second derivatives of corneal profiles over the 7 mm 

diameter central zone, and (c) applanation length by calculating the difference between Apex 

Z-coordinate and its neigbouring points until a tolerance of 0.01 is broken 

 

(a) 

(b) (c) 
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  475 

Case 
IOP 

[mmHg] 

CCT 

[µm] 

R 

[mm] 

Age 

[Years] 

Gender 

1 24 582 6.95 39 F 

2 15.5 587 7.60 30 M 

3 17.5 560 7.61 73 F 

4 18 579 7.15 54 F 

5 15 548 7.48 63 M 

6 18 550 8.03 62 M 

Figure 3 Predicted pressure distribution on the cornea with and without FSI analysis in (a) actual values, 

and (b, c) normalised values at 8 ms and 16 ms after start of pressure application. Temporal pressure 

profiles for 6 different models are shown in (d). Details of the 6 cases are given in table. 

Biomechanical parameters of the six cases 

(a) 

(b) (c) 

(d) 
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Figure 4: Association of fIOP, CorVis, and bIOP values with (a) central corneal thickness, (b) age, and 

(c) corneal apical radius  
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Figure 5 Association of the corneal material parameter fSSI with (a) CCT, (b) age, and (c) fIOP 


