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1. Introduction 

Corneal biomechanics is an emerging topic in ophthalmology. Non-contact 
tonometers aim at determining the intraocular pressure of the eye (IOP) and char-
acterizing the mechanical properties of corneal tissue by applying a short air jet 
(approximately 20 ms) on the cornea. Different corneal biomarkers are recorded 
as the cornea deforms, establishing an interesting framework to determine the 
mechanical properties of the corneal tissue by means of inverse optimization 
processes.1 The PopCorn European project was born as an effort to combine 
non-contact tonometers, imaging techniques (i.e., plenoptic imaging), and com-
putational methods to reconstruct the P-S geometry and predict the P-S material. 
The data from this project will be essential to reach the ultimate objective: person-
alized surgical simulations. 

2. Material and methods 

First, a theoretical in-silico study on an average cornea was designed to shed light 
on the interaction between different corneal features (geometry, material, and IOP) 
(Fig. 1, upper left).2 Second, two algorithms were developed: an automatic P-S recon-
struction of the cornea using clinical data3 and an automatic P-S material predictor 
based on clinical biomarkers4 (Fig. 1, bottom panels). The geometric algorithm 
reconstructed the 3-D finite element (FE) model including: the patient’s topography 
(i.e., point cloud describing the corneal geometry); an average orthogonal distribu-
tion of collagen fibers; the anisotropic hyperelastic response of the corneal tissue 
(i.e., a non-linear isotropic behavior related to the extracellular matrix, plus an 
exponential orientation-dependent anisotropic behavior related to the fibers);5 

and a free-stress algorithm that allows for recovering the natural pre-stress due 
to the IOP. Furthermore, the automatic non-supervised pipeline allows integrating 
a geometrical P-S simulation after the reconstruction process (e.g., a non-contact 
tonometry or surgery). The material predictor combined our former P-S geometric 
algorithm with in-silico simulations of a non-contact tonometry to sweep a range of 
P-S geometries, IOPs, and material properties (i.e., in the framework of anisotropic 
elasticity), building a dataset of ~9.000 FE simulations. The dataset contained 
the mechanical response of the cornea to inflation experiments in humans6 and 
the kinematic response of the cornea to an air puff.7 After filtering those by phys-
iological response (Fig. 1, upper right), the predictors of the material model were 
set using four mathematical strategies: support vector regression (SVR), multiple 
layer perceptron (MLP), quadratic response surface (QRS), and a clustering 
technique based on the K nearest neighbors (K-nn). Once the models were trained, 
three clinical biomarkers were used to predict the three material constants of 
our proposed model:4 the maximum corneal displacement of the non-contact 



Fig. 1. Methodology pipeline (upper left). Interplay between corneal features (bottom 
left). Patient-specific geometric reconstruction (bottom right). Patient-specific material 
prediction (upper right). Monte Carlo simulations for the normal population. Physiological 
behavior after filtering (dark red) vs non-physiological behavior (light red). Topographer 
concept (center).
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tonometry test (Umax), the corneal thickness (CCT), and the IOP. To validate our 
protocol, we performed a closed-loop validation using new unknown healthy and 
diseased real cases. First, the material parameters were predicted based on real 
clinical biomarkers (Umax, IOP, and CCT). Second, the automatic reconstruction 
algorithm reconstructed the P-S model (including IOP, geometry, and predicted 
material properties). Third, we performed the simulation of a generic non-contact 
tonometer to obtain the simulated displacement (Unum). Finally, the accuracy 
of the protocol was determined by the difference between both displacements, 
actual (Umax) and numerical (Unum). 

3. Results 

First, we highlight that an interplay exists between different corneal features 
(CCT, IOP, and material stiffness) when an air-puff diagnosis test is applied. The 
maximum apical displacement presents an inverse linear relation with IOP, but an 
inverse cubic relation with CCT. Meaning that, for similar geometrical features, a 
compliant (soft) cornea with a high IOP could behave as a stiff cornea with a low 
IOP.2 Second, the automatic geometric algorithm showed that the accuracy of the 
P-S reconstruction had an error of less than 1%. Disregarding the free-stress con-
figuration of the eye could lead to up to a 10% of error in the prediction of the 
displacement (Unum). Not only that, but the sensitivity analysis using P-S features 
also showed an interplay between the aforementioned variables, supporting the 
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outcomes outlined with average models.3 Third, regarding the material predictor, 
a Monte Carlo approach requires significant computational resources to build a 
reliable dataset, but at the same time, provides great flexibility. After filtering the 
data to those satisfying the physiological response in inflation and air-puff tests, 
the distribution of the material parameters was not parametric (i.e., not normal). 
Moreover, when studying the combinations of material parameters, IOP, and CCT 
that lead to the same displacement (Unum), the result demonstrates the interplay 
between parameters: different combinations of IOP and CCT gave the same 
response depending on the material. Finally, the average validation error of the 
methodology (i.e., the difference between numerical and real displacement) was 
approximately 5%, even for diseased eyes (i.e., eyes with keratoconus).4

4. Conclusion 

A computational tool applicable to clinical situations was developed. From P-S 
reconstruction to the prediction of corneal tissue stiffness, all clinical requests 
were covered. Due to the interplay of different corneal features (IOP, geometry, 
and material), physiological and non-physiological eyes cannot be differentiated 
solely in terms of material, at least not with a single diagnostic test. Therefore, 
results from non-contact tonometry tests must be handled with care to avoid 
misdiagnosing. However, this work is not exempt of limitations: we do not include 
viscoelastic effects, since the test is extremely quick;8 P-S distribution of fibers is 
disregarded, since nowadays it is unlikely to obtain them in the clinic; the internal 
structures of the eye (i.e., lens and ciliary muscles) are disregarded, the internal 
humors are treated as a uniform pressure applied over the inner surface of the 
eyeball, and do not account for mass nor compressibility; and the simulations are 
assumed to be quasi-static. Next steps should involve a more complex behavior of 
the corneal tissue, and fluid-structure simulations, currently in the final stages of 
development. Nevertheless, as the proposed methodology presents a block-wise 
design, all these features could be introduced without modifying the pipeline. 
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Abstract

Corneal endothelial transplant is the gold-standard treatment in cases of corneal 
endothelial cellular dysfunction. Preparation, delivery, and unfolding of the graft  
are technically demanding. We assessed the biomechanical behavior of Descemet’s 
membrane to better understand Descemet’s membrane endothelial keratoplasty 
(DMEK) graft  behavior, and to select the right diameter and donor age graft . The 
biomechanical behavior was tested using atomic force microscopy (AFM) on five 
corneas unsuitable for transplantation. The peripheral cornea was found to be stiff er 
than the central cornea (3171.89 MPa and 2837.20 MPa, respectively). The elastic 
modulus of both the central and peripheral cornea exhibited a trend to decrease 
with age. In addition, the central cornea becomes stiff er than the peripheral cornea 
in older patients, while the peripheral cornea was stiff er in younger patients. AFM 
is a suitable technique for evaluating biomechanical behavior of DMEK graft s. One 
interpretation of this varied behavior is that the type and quantity of collagen 
changes with age and location. 

 
Keywords: atomic force microscopy (AFM), biomechanical behavior, corneal 
transplant, endothelial keratoplasty 
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1. Introduction

Over the last twenty years, significant advances have been made in corneal trans-
plantation techniques. The treatment of corneal pathologies has evolved from 
the replacement of full-thickness cornea to replacing only the diseased corneal 
endothelium.1 During the past several years, new surgical techniques have been 
reported, endothelial keratoplasty being the gold standard. Posterior lamellar 
keratoplasty, either Descemet’s stripping automated endothelial keratoplasty 
(DSAEK) or DMEK, eliminate surface corneal incisions or sutures, maintain much of 
the cornea’s structural integrity, and induce minimal refractive change, suggesting 
distinct advantages over standard penetrating keratoplasty. DMEK represents 
the final iteration of endothelial keratoplasty (EK), producing near-pure anatomic 
replacement therapy for patients with endothelial dysfunction, stromal edema, 
and Descemet’s membrane disfigurement. Although the visual results after DMEK 
are better on average than the published visual results after DSAEK, DMEK has 
not overtaken DSAEK because it is a technically demanding surgical procedure.2 
Handling the DMEK graft is difficult, making loading, delivery, and unfolding very 
challenging, thus taking up surgical time.3-7 In order to better understand DMEK 
graft behavior and to select the right diameter and donor age graft, we studied the 
biomechanical behavior of the Descemet’s membrane graft. 

2. Purpose 

To characterize the biomechanical behavior of Descemet’s membrane, its parts, 
and the DMEK graft.

3. Design 

Laboratory study. 

4. Methods 

Five corneas unsuitable for transplantation were collected from the Manchester 
Eye Bank Foundation, UK, with a written consent to be used for research from the 
donor’s next of kin. The donor corneas did not show indications of any systemic 
disease, dystrophy, or infections. The corneas were not suitable for transplant due 
to low endothelial cell count. 

The average age of the donors was between 54 and 77 years. The tissues were 
preserved in organ culture medium (OCM) for 20 days. 



Fig. 1. Elastic properties in MPa of the central and peripheral cornea.
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All the corneas (n = 8) were centered on the base of a trephine punch using 
the peripheral holes of the suction area as reference. A 9.5-mm diameter punch 
(Moria, SA: Antony, France) was used to create a superficial cut by gently tapping 
the endothelial surface (cut edge) of the tissue. The endothelium was submerged in 
the OCM. The membrane was lifted using a cleavage hook throughout the circum-
ference to limit the peripheral tearing of the very fragile DMEK tissue. Using acute 
forceps (E. Janach SRL; Como, Italy), the membrane was stripped with a longitudi-
nal movement from three sides, ensuring that no torsions were generated during 
this phase. 

The nanomechanical properties were measured with AFM using PeakForce Quan-
titative Nanomechanical Mapping (QNM) in air mode. The AFM probe had a 5 N/m 
of nominal spring constant of the cantilever and 8 nm of nominal tip radius. The 
resonant frequency was 150 kHz. For each sample, three random areas (5 µm2) were 
imaged in the center and periphery of the corneas. The DMEK grafts were tested 
with the corneal endothelium facing downwards, to expose Descemet’s membrane 
to the probe. 

For the nanoindentation measurements, the Peak Force set point was fixed at 
0.05 V, which gives rise to a maximum force of about 5 nN. For the data processing 
and elastic modulus calculation, unloading curves were utilized. It is worth pointing 
out that negligible hysteresis was observed during the approaching-retraction 
cycles, reasonably because of the absence of cells on the non-endothelial side of 
the membrane.

Statistical analysis was performed using Stata (StataCorp; College Station, Texas, 
USA) and a Student’s t-test was performed, deeming p < 0.05 statistically significant. 



Fig. 2. Elastic modulus of the central cornea.

Fig. 3. Elastic modulus of the peripheral cornea.
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5. Results 

The periphery of the cornea was stiffer than the center (Eperiphery = 3171.89 MPa; 
Ecenter = 2837.20 MPa) (Fig. 1). The elastic modulus of both the central and peripheral 
cornea exhibited a trend to decrease with age. Interestingly, we found that the 
center was stiffer than the periphery in older patients (75 - 80 years) (Fig.2), while 
the periphery was stiffer in younger patients (55-70 years) (Fig.3). 

6. Conclusion

Peakforce AFM is a suitable technique for evaluating DMEK grafts. The limitation of 
the present study is the limited number of samples considered, which reduces the 
statistical significance of the results, and thus, the lack of stratification on a larger 
sample that can include a variability in age. Nevertheless, the study clearly showed 
different behaviors between the central and peripheral DMEK graft, which can be 
explained in terms of a different distribution in collagen quantity and quality. These 
findings provide some interesting areas for consideration and future research on 
the characterization of the biomechanical properties of the cornea for identification 
of potential risk factors in donor selection for DMEK surgery, allowing a potential 
reduction in complication rates and improved graft survival. 
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Abstract

The formation and stability of emulsions in vitrectomized eyes is linked to the 
properties of the silicone oil-aqueous humor interface, in particular the surface 
tension. In the presence of natural surfactants, such as serum and plasma, the 
value of the surface tension is likely to change, but little quantitative information is 
presently available. 

To this end, we perform accurate experiments measuring the interfacial 
properties of the Siluron 1000 (Fluoron GmbH, Ulm, Germany) silicone oil with an 
aqueous solution in the presence of endogenous-like proteins. It is found that the 
surface tension is significantly reduced when physiologically realistic concentra-
tions are used. Moreover, the values obtained for the dilational viscoelastic modulus 
are compatible with the formation of stable emulsions. 

Keywords: emulsion, silicone oil, surface tension, vitrectomy 

1. Introduction 

High-viscosity silicone oils (SO) are used in ophthalmology in a variety surgical 
procedures involving vitrectomy. This is the second most frequent surgical inter-
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vention and is performed to treat several pathological or traumatic vitreoretinal 
conditions, such as retinal detachment, hemorrhage, inflammation, and infection 
in the eye.

The main complication associated with the use of SOs after vitrectomy is the 
tendency of the oil to emulsify in the aqueous solution produced in the eye, causing 
several postsurgical complications from moderate to serious. Hindering emul-
sification is therefore a mandatory step to improve the success of these surgical 
treatments. 

The blood proteins produced by inflammatory processes have been identified 
as one of the co-factors responsible for the emulsification.1-3 However, so far, the 
few available studies did not address the effects of these proteins on the key chemi-
co-physical properties of the interface that are involved in the emulsion formation 
and stability. The present work is aimed at evaluating and characterizing the effects 
on the properties of the interface between SO and surfactant biomolecule aqueous 
solutions responsible for emulsification. 

2. Methods 

The interfacial tension (IT) and the interfacial dilational viscoelasticity (the response 
of interfacial tension to oscillatory perturbations of the interfacial area) have been 
measured at 35°C for the interface between SO and key serum proteins within the 
physiological concentration range in a Dulbecco alkaline buffer.4-5

The corresponding measurements have been performed in the proper charac-
teristic time windows by using a Drop Shape tensiometer (PAT1; Sinterface, Berlin, 
Germany) that allows the control of the drop interfacial area. The shapes of liquid 
menisci result from the equilibrium between hydrostatic and capillary pressure at 
each point, according to the Young-Laplace Equation: 

​P0 + Δρgz = γ ​[​ 1 _ R1
 ​ + 1 _ R2

 ​]​​							       (1) 
 

where R1 and R2 are the curvature radii, γ the interfacial tension, P0 a constant, Δρ 
the density difference, and g gravity. This relation for the axisymmetric profile of a 
drop, as shown in Figure 1, can be redrawn by the Bashforth-Adams equation for an 
axisymmetric drop as follows: 

 
​2 + 

βz
 _ b  ​ =   1 _ R/b ​ + 

sin(φ)
 _ x/b  ​​ 							       (2) 

 
where b is the curvature radius at the apex, R the curvature radius of the axial 
section at the point P (Fig. 1), and β the shape factor. The IT is obtained by the best 
fit of Equation (2) to the drop profile acquired from images of the drop. 

 



Fig. 1. Pendent drop with symbols used in Equation (2). 
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The dilational viscoelasticity, (Eq. (3) and Fig. 2), is measured according to the 
oscillating drop method, measuring the response of the IT to sinusoidal perturba-
tions of the interfacial area, A. Here, A0 is a reference area and ϕ the phase. 

​E =   
dγ

 _ dlnA ​ = A0 
Δγ

 _ ΔA ​ exp​(iϕ)​​							      (3)

 3. Results

The presence of endogenous proteins affects the interfacial properties remarkably. 
For the investigated albumin concentrations, Figure 3 reports the ratio between the 
equilibrium values of IT in the presence of albumin and those with the bare buffer. 
The ratio decreases to approximately 0.3 for an albumin concentration of 70 g/L, 
which most likely increases the tendency to emulsify. The time to attain equilibrium 
IT decreases from two hours to a few minutes by increasing albumin concentration. 

Moreover, a typical serum protein in concentrations close to the physiological 
ones increases the dilational viscoelasticity modulus (|E|) to significantly higher 
values (Fig. 4), which are compatible with emulsions that, once formed, are expected 
to be more stable against coalescence. 



Fig. 2. Interfacial tension response to small amplitude harmonic perturbations of the 
interfacial area, A. 

Fig. 3. The interfacial tension normalized with the value corresponding to pure SO-aqueous 
solution as a function of the albumin concentration. 

Effect of serum proteins on interfacial properties of SO 55



Fig. 4. Dilation viscoelasticity modulus at adsorption equilibrium measured as a function of 
the perturbation frequency for different albumin concentrations. 
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4. Conclusions

The adsorption of proteins at the liquid interface reduces the interfacial tension 
to values compatible with an increased tendency to emulsify and provides values 
of the dilational viscoelasticities compatible with a good stability for the resulting 
emulsions. 

These observations are preliminary to design a wider study where different 
types of endogenous-like surfactants and their physiological blends will be inves-
tigated, suggesting possible strategies for the mitigation of the SO emulsification 
phenomena. 
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Abstract

Hyperelastic constitutive models of the human stroma accounting for the stochastic 
architecture of the collagen fibrils and particularly suitable for computational appli-
cations are discussed. The material is conceived as a composite where a soft  ground 
matrix is embedded with collagen fibrils characterized by non-homogeneous spatial 
distributions typical of reinforcing stromal lamellae. A multivariate probability 
density function of the spatial distribution of the fibril orientation is used in the 
formulation of the lamellar branching observed on the anterior third of the stroma, 
selectively excluding the contribution of compressed fibrils. The physical reliability 
and the computational robustness of the model are enhanced by the adoption of 
a second order statistics approximation of the average structure tensors typically 
employed in fiber reinforced models.  

Keywords: compressive fibril exclusion, hyperelasticity, lamellar branching, second 
order structure tensors

1. Introduction 

The cornea is the external lens of the eye and carries out concerted protective, 
structural, and refractive functions. Since the cornea provides one-third of the total 
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refractive power of the eye and due to its accessibility, it stands as the privileged 
site for surgical interventions to correct conditions such as myopia, presbyopia, and 
astigmatism. Corneal refractive surgery demands accurate diagnostic and surgical 
plans, but the outcomes are not always optimal.1 Advanced numerical models of the 
cornea have been developed in recent years with the aim of supporting refractive 
surgery,2,3 although they are still far to be an active part of the current clinical 
practice since they fail to be patient-specific models. Indeed, patient-specific 
models derive only from the combination of advanced diagnostic imaging, correct 
interpretation of optical and mechanical experimental observations, and efficient 
computational models. For one, the interpretation of the most promising in-vivo 
dynamical test (contactless air-puff tonometer) calls for the description of features 
of the stromal tissue that are not of relevance under more traditional quasistatic 
loading. The present study is thus concerned with the definition of accurate material 
models of the stromal tissue, based on the description of the collagen fibril archi-
tecture according to its statistical distribution, characterized by a different degree 
of interweaving across the thickness4 and inactivity of the fibrils under compressive 
loading. Starting from a second order approximation of the strain energy density 
of a statistical distribution of collagen fibrils,5 a multivariate probability density 
function (PDF)6 is introduced to incorporate recent experimental data.7

2. Hyperelastic fibril distributed models 

2.1. Second order structure tensor approach 
Stochastic models for fiber reinforced tissues8 derive from the seminal work of 
Lanir,9 where the contribution of fiber orientation to the mechanical response of soft 
tissues is formulated from a theoretical point of view. The computational challenge 
of describing the microstructural properties in a reliable manner motivated the 
development of several approximations.10-18 The present study departs from the 
second order approximation of the strain energy density ​​ψ​ f​ *​​ of the collagen fiber 
distribution illustrated in Pandolfi and Vasta.5 The approximation is based on the 
second order Taylor expansion of the fiber strain energy density about the fourth 
pseudo-invariant ​​ ̄  I4 ​ = ​ ̄  C​ : A​, where ​A = a ⊗ a​  is the structure tensor associated to the 
mean direction a of the fiber distribution, i.e., ​ψ​:

​​ψ​ f​ *​ ≃ ​ψ​ f​ 0​ + ​​ ̄  ψ​​ f​ *​ ​(1 + K * ​σI​ 4​ 
2​)​​							      (1)

with

​​ψ​ f​ 0​ = - ​  k1 _ 2k2
 ​  		​  ψ​ f​ *​ = ​ 

k1 _ 2k2
 ​ exp​[k2​(​I​ 4​ * ​ - 1)​2]​​​  ​

​​I​ 4​ * ​ = ​⟨​​​ ̄  I​4​⟩​​ = H : ​ ̄  C​,	​σ​ I4
​ 2 ​ = ​⟨​​​(​ ̄  I​4 - ​I​ 4​ * ​)​2​⟩​​ = ℍ : ​ ̄  C​  ​					   



Fig. 1. Representative example of the multivariate von Mises PDF for three different combina-
tions of the material parameters, bθ, bφ. 

M. Vasta, A. Gizzi and A. Pandolfi60

and H and ℍ define the second and forth order averaged structure tensors, respec-
tively. The model provides a closed form expression of the second Piola-Kirchhoff 
stress tensor: 

 	
​​​ ̄  S​​ f​ *​ ≃ α ​(​I​ 4​ * ​, ​σ​ I4

​ 2 ​)​H + β​(​I​ 4​ *​, ​σ​ I4
​ 2 ​)​ℍ : ​ ̄  C​​  						      (2)  

which is effective and robust in computational applications.14,15,18

2.2. Computational modeling of interweaving variability 
The collagen fibril architecture of the stroma is characterized by a regular variation 
across the thickness, with a marked interweaving in the anterior third and a 
predominant surface tangent (planar) orientation distribution in the posterior 
third.4,7 The organization of the fibrils can be modelled through a multivariate von 
Mises distribution, ruling both the in-plane and transverse orientation of the fibrils. 
Using the spherical angles ​​[𝛩, Φ]​ Є ​[0, π]​, ​[0, π]​​ the generic orientation 𝒂 is:

​𝒂 = sin 𝛩 cos φ e1 + sin 𝛩 sin φ e2 + cos 𝛩 e3​				    (3)

The corresponding PDF, ρ(α), decomposes in out-of-plane term ρ𝜃(𝜃) and in-plane 
term ρφ(φ) as ρ(a) = ρ𝜃(𝜃)ρφ(φ):

​ρθ​(θ)​ = Nθ exp​[bθ cos 2θ]​​
ρφ​​(φ)​ = Nφ exp​[bφ cos​(φ - π/2)​]​​						      (4)
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Fig. 2. Representative example of the integral coefficients derived from the multivariate PDF 
varying with the parameters bθ and bφ. (Left) κθ, ​​
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The decomposition preserves the simple structure tensor form of the approximat-
ed strain energy density. A representative example of multiple combinations is 
provided in Figure 1. 

The formulation allows: 
1.	 to characterize complex spatial PDF by means of only two material 

parameters, bθ, bφ; and 
2.	 to recover a diagonal form for the averaged structure tensor. 

The remarkable computational implication of the approach is that the averaged 
structure tensors H and ℍ depend exclusively on four integral coefficients:

​κθ = ​  1 _ Nθ
 ​ ​∫ 0​ π ​​ρθsin3θ dθ		​ 

⏜
 κ​θ = ​  1 _ Nθ

 ​ ​∫ 0​ π ​​ρθ sin5θ dθ	​

​κφ = ​ 1 _ Nφ
 ​ ​∫ 0​ π ​​ρφsin3φ dφ		​ 

⏜
 κ​φ = ​  1 _ Nφ

 ​ ​∫ 0​ π ​​ρφ sin5φ dφ	​		   (5)

A representative example of the novel behavior induced by the multivariate PDF is 
provided in Figure 2 with respect to different values of the concentration parameters 
bθ, bφ.  

 

2.3. Fibril exclusion under compression 
A full statistical approach has a great potential to exclude fibrils in compression.15,19 
By applying the random variable transformation rule, from the PDF of θ, φ it is 
possible to derive the PDFs of ​​ ̄  I​4, ​ρ​ I4

​​​(I4)​​ and of Ψ, ρΨ(Ψ). Moreover, by using a principal 
reference frame,20 it is possible to obtain a closed form expression of ​​ρ​ I4

​​​(I4)​​ with the 
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a priori knowledge of the physical integration range. This notable result leads to the 
correct statistical exclusion of compressed fibers in the mechanical response of the 
tissue. 

3. Conclusion 

A material model for fiber reinforced soft materials characterized by stochastic 
distributions of the fibers  is discussed. The approach allows for the description 
of local smooth variability of the spatial distribution of fibril interweaving, as the 
one observed across the thickness of the corneal stroma. Moreover, in a principal 
reference frame description, the knowledge of the portion of compressed fibers is 
achieved a priori and easily accounted for in numerical calculations. The statistical 
material model formulation proposed results well suited for multiscale generaliza-
tion in the context of soft collagenous tissues.21,22
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Abstract

This work aims at investigating the interactions between the flow of fluids in 
the brain and eyes, and their potential implications in the development of visual 
impairment and intracranial pressure (VIIP) syndrome in astronauts. We propose a 
reduced (0-D) mathematical model of fluid circulation in the eyes and brain, which is 
embedded into a simplified whole-body circulation model. This model allows us to 
predict fluid redistribution in the upper body vasculature as well as variation of the 
intracranial (ICP) and intraocular (IOP) pressures. The model results suggest that, 
by taking into account some eff ects of microgravity, it is possible to observe, on one 
hand, an increase in IOP, and on the other, a decrease in blood flow circulation in 
the choroid and ciliary body. These findings provide clues for the role that vascular 
components may play in VIIP pathogenesis, for which astronauts could be screened 
on Earth and in-flight. 
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1. Introduction 

Long-term exposure to microgravity leads to several functional changes in the 
human body, among which one of the most serious is loss of visual function. 

The many factors hypothesized to contribute to VIIP are: upper body fluid shift, 
alterations in IOP, ICP, cerebrospinal fluid (CSF) pressure, tissue deformation, and 
blood flow.1

Due to the difficulty of singling out each of these factors using in-vivo studies, we 
present a novel mathematical model to evaluate the interactions between the flow 
and pressures of fluids in the brain (blood, CSF, and interstitial fluid) and eyes (blood 
and aqueous humor), and their mathematical implications in VIIP.

As suggested in the literature, the effect of microgravity is accounted for by:
1.	 considering zero hydrostatic pressure;
2.	 imposing zero central venous pressure;
3.	 decreasing the blood/aqueous humor oncotic pressure difference (Δπ); and 
4.	 increasing the blood-brain barrier permeability.2 

2. Methods 

The physiological system is subdivided into a number of linked, interacting compart-
ments in the brain and eyes, each of which contains a single physical constituent. An 
electrical analogue representation of the model is schematically shown in Figure 1. 

The coupling between brain (adapted from Lakin and Stevens)2 and eye (adapted 
from Guidoboni et al., Szopos et al., and Kiel et al.)3-5 models allows us to account for 
the following mechanisms that we believe to be relevant in VIIP: 

1.	 blood volume changes in the brain cause variations of the ICP and affect the 
pressure in the retrobulbar subarachnoid space;

2.	 blood volume in the ocular tissue has a direct impact on IOP:
3.	 deformation of the lamina cribrosa influences ocular blood perfusion as a 

result of the combined IOP, CSF pressure, and scleral tension; and
4.	 increase of aqueous humor production is triggered by changes in oncotic 

pressures. 
By writing the Kirchoff law of currents at the circuit nodes, we obtain a set of 
non-linear algebraic equations. The non-linearity is a consequence of the fact that, 
in some compartments, resistances are assumed to depend on the pressures. 
Following Guidoboni et al.3 and Pedley,6 we model these deformable tubes as 
Starling resistors, reflecting the physiological high collapsibility of these vessels 
when the transmural pressure becomes negative. 

The model is forced by the pressure drop between the central arteries (PA) and 
the central veins (PV) by the active secretion of aqueous humor in the eyes and by 
the production of CSF in the brain. 



Fig. 1. 0-D model for the Body-Brain-Eyes system: blood vasculature (black portion), CSF 
network (grey portion), interstitial fluid network (tan portion), and aqueous humor network 
(cyan portion). The nodes correspond to the connection between the brain and eye models 
(blue arterial supply; red, venous drainage); the green and cyan arrows represent the 
pressures acting on both sides of the lamina cribrosa.  
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In this work, we focus on steady simulations, neglecting, in particular, time 
variations occurring on the time scale of heart beat. We also neglect autoregula-
tion mechanisms, since we wish to keep the model relatively simple in order to 
understand its basic behavior. Moreover, little information exists about autoregula-
tion mechanisms in orbit except that they might be altered due to high CO2.7

This is the first time that all these model parts are combined into a single one. 
In order to assess the validity of the assumptions related to the coupling between 
the various components, we compared qualitatively and quantitatively the results 
provided by the whole model with several clinical findings: 



Fig. 2. (Left) Simulated IOP, ICP, and laminar compressive stress (LC radial showing that a 
decrease in Δπ in microgravity leads to a linear increase in ICP and a non-linear increase 
in IOP. This is due to the venous collapse: as the transmural pressure becomes negative, 
the Staring resistors collapse, giving rise to a significant increase in the resistance of the 
compartment). (Right) Simulated normalized blood flow in retinal, choroidal, and ciliary cir-
culations. Dotted lines indicate Δπ values in microgravity, which differ from the physiolog-
ical value on Earth of 25 mmHg. Dashed lines indicate Δπ values for which veins collapse in 
retinal (black), choroidal (red), and ciliary (blue) circulations. 

Mathematical modeling of ocular and cerebral hemo-fluid dynamics 67

1.	 choroidal venous pressure approximately equals IOP;
2.	 central retinal artery blood velocity decreases as IOP increases; and
3.	 IOP and ICP moderately increase with blood pressure, and the comparisons 

showed satisfactory agreement with experimental data. 

3. Results 

The model is used to simulate fluid shift from the limbs to the upper body, inducing 
changes in the plasma colloid osmotic pressures. Changes in the blood osmotic 
pressure modify both the brain pressure and IOP, owing to changes in the aqueous 
production rate. 

Furthermore, the model predicts that ocular blood flow decreases markedly 
in the choroid and ciliary circulations when vessel collapse occurs (Fig. 2, right). 
Before venules collapse, the flux in the retina remains almost constant. This 
suggests that the particular architecture of the retinal vasculature provides a sort 
of mechanical (i.e., purely passive) blood flow regulation when changes in IOP 
occur. When venules collapse in the ciliary and choroidal circulation, the flux in the 
retina initially grows, and only once the central retinal veins collapse, blood flow in 
the retina starts to drop significantly. 
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4. Conclusion 

The model results suggest that:
1.	 IOP and ICP increase in microgravity conditions, but their respective trends 

may be different;
2.	 the venous segments play a fundamental role in controlling pressures and 

fluxes in the ocular circulation, owing to the possibility of their collapse; and 
3.	 retinal circulation is less susceptible to microgravity-induced alterations 

than choroid and ciliary circulation. 
These findings point towards further clinical assessment of ocular venous function 
in microgravity as a potential determinant factor for VIIP extensions. 
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Abstract

The dynamic tonometer test (air-puff  test) is an in-vivo investigative procedure 
routinely utilized in ophthalmology to estimate the intraocular pressure (IOP). A 
rapid, localized air jet applied on the anterior surface induces the inward motion 
of the cornea, which interacts with the aqueous humor — filling the narrow space 
between cornea and iris — and has a strong influence on corneal dynamics. 
Potentially, this quick and painless test could be combined with inverse analysis 
methods to characterize the patient-specific mechanical properties of the human 
cornea. As a step towards this aim, the present study describes a fluid-struc-
ture interaction (FSI) approach based on a simplified geometry to simulate the 
anterior chamber of the eye undergoing the air-puff  test. We regard the cornea 
as a non-linear, elastic, and isotropic membrane described through an analytical 
model, discretizing the weakly compressible Newtonian fluid with a mesh-free 
particle approach. Numerical analyses reveal a marked influence of the fluid on 
corneal dynamics. Additionally, we investigate the possibility of using the test 
dynamics to estimate IOP. 
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1. Introduction 

Experimental data on the human cornea obtained from in-vivo tests are of 
paramount importance for the design and implementation of predictive numerical 
methods in support of customized corneal refractive surgery. Patient-specific 
material properties must be determined necessarily by means of non-damaging 
tests performed on the anterior surface of the cornea. The most promising tests are 
based on the dynamic deformation of the cornea induced by a localized pressure 
following an assigned time history. During the test, the cornea snaps from the 
original convex shape to a locally concave shape and back. The inward deflection 
is contrasted by the presence of filling fluids (aqueous humor). In normal physio-
logical conditions, fluids exert a uniform IOP on the posterior surface of the cornea, 
but during a dynamic test, the fluid pressure changes locally and loses uniformity. 
Advanced optical instruments (such as the Ocular Response Analyzer [Reichert 
Inc.; Buffalo, NY, USA] and the Corvis ST [Oculus Optikgerate GmbH; Wetzlar, 
Germany]) use a single rapid air jet applied at the center of the cornea to provide 
an estimate of the IOP together with diagrams of the evolution of the corneal apex 
displacement in the direction of the optic axis. Current numerical approaches to 
model the air-puff test are based on finite element technology. They use advanced 
solid models that reflect the complex collagen structure of the stroma and adopt 
anisotropic fiber reinforced material models for the solid parts.1-7 Regrettably, the 
aqueous humor is always disregarded. A few attempts to account for the presence 
of the fluid include the use of spring-like elements or added fluid masses.8,9 In this 
study, the interaction between aqueous humor and cornea is modeled explicitly to 
elucidate the influence of eye fluids on air-puff test dynamics.

The model comprises a membrane structure for the cornea and a mesh-free 
discretization (modified finite particle method, MFPM) for the fluid domain.10 
The dynamics of the anterior chamber of the eye undergoing an air-puff test are 
modelled as a FSI problem. For the sake of simplicity, axial symmetric conditions 
are considered and a non-linear isotropic material model is assumed for the 
solid. The solution is based on a partitioned approach. The simplified approach 
is the starting point for the development of an advanced 3-D model that will be 
employed to estimate the IOP and material properties by means of inverse analysis 
of multiple tests. 

2. Model and results 

2.1. Simplified model of the cornea and aqueous humor 
The cornea is approximately a spherical cup (Fig 1a), but for modeling the air-puff 
test, a simplified axisymmetric configuration can be considered. Thus, the cornea 
reduces to a circular line, and the anterior chamber that contains the aqueous 



k1

k2
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Fig. 1. (a) 3-D cornea spherical cup. (b) 2-D axis-symmetric approximation of the geometry of 
the cornea and anterior chamber. 
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humor becomes a closed surface (Fig. 1b). The posterior surface of the chamber, 
corresponding to iris and lens, is considered rigid. 

The cornea is assumed to follow a classic isotropic hyperelastic material model 
able to capture the main non-linearities of biological tissues:

​W = A ​[​e​​ C​(E -E0)​·​(E -E0)​​ - 1]​​							       (1) 

where A is a material constant with the dimension of an elastic modulus, C denotes 
a dimensionless fourth order elasticity tensor, and E the Green-Lagrange strain. 
The strain energy attains a minimum at the reference configuration E0, where the 
corresponding stress is null. The physiological state is characterized by E = 0 and 
non-zero values of energy and stress. Corneal dynamics is governed by a non-linear 
equation of motion, solved with finite differences in space and an explicit Newmark 
algorithm in time. 

The aqueous humor is modeled as a Newtonian, weakly compressible fluid, and 
its behavior is described by mass and linear momentum balance equations. Within 
the MFPM approach, the fluid domain is discretized in a finite number of nodes 
where the differential operators of the fluid equations are approximated. The FSI 
solution strategy adopted in the present study is based on a partitioned algorithm. 
The solid and fluid problems are solved independently, and coupling is enforced 
by means of an iterative procedure involving the actions at the boundaries where 
solid and fluid interact. 



Fig. 2. Apex displacement vs time. Comparison between experimental data and numerical 
calculation.7

Fig. 3. Comparison between experimental and numerical results for the air-puff test at six 
different times. (a) Images of the Corvis ST output (http://www.healio.com). (b) Simulation 
results of the air-puff test with the present model. 
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2.2. Air-puff test simulation 
The portion of the anterior surface of the cornea in proximity to the optic axis is 
loaded with the air-jet pressure, with a time history and a spatial distribution 
expressed by the equation: 

​p​(t, ϕ)​ = pmax exp​[-a sin2 ϕ]​ exp​[-b ​(2t -T)​2 __ 4T2  ​]​​					     (2)

where T (duration) is 30 ms, pmax (peak pressure) is 10 kPa, and the constants are set, 
a = 21.5 and b = 25, respectively. 

 Figure 2 shows a comparison between the experimental data provided by the 
Corvis ST and the numerical simulation of the present model in terms of time history 
of the apex displacement. 

 A qualitative comparison between the images recorded by the Corvis ST (http://
www.healio.com) during an air-jet test and a few snapshots of the simulation are 
shown in Figure 3. The numerical and experimental shapes of the cornea profiles at 
different times of the test compare rather well. 
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3. Conclusions 

The model captures two important features of the time history of the apex displace-
ment: 

1.	 the delay in corneal response, i.e., the displacement of the apex occurs at a 
distinct time interval after the action of the air-jet pressure over the whole 
process; and

2.	 the lack of symmetry of the apex displacement history. 
These features must be attributed to the motion of the fluid. In fact, in the case 
of dynamic analysis without explicit modeling of the fluid, both effects appear less 
marked.8,9 Evidently, the presence of the fluid causes a general deceleration of 
corneal motion due to the time needed by the speed front to cross the fluid domain, 
which possesses its own inertia. Note that, in the interpretation of the air-puff test, 
response delays, which are dynamic effects, are often mistakenly associated to a 
viscous behavior of the corneal material. 

The approach presented here is oversimplified, given that it is based on sweeping 
assumptions of axis-symmetric geometry and isotropy of the material. Therefore, it 
is far from possessing any predictive ability. Nonetheless, it represents the very first 
application of a mesh-free method to the study of corneal dynamic behavior. In its 
simplicity, the model is sufficiently advanced to demonstrate the need for modeling 
the filling fluid in the dynamic analysis of the cornea undergoing the air-puff tests in 
order to avoid a wrong estimate of the material properties of ocular tissues. 
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Abstract

The study of corneal biomechanics has gained interest due to its applications on 
predicting refractive surgery outcomes and the study of a number of pathologies 
aff ecting the cornea. In this regard, non-contact tonometry (NCT) has become a 
popular diagnostic tool in ophthalmology and as an alternative method to charac-
terize corneal biomechanics. Since identification of material parameters using NCT 
tests rely on the inverse finite element method, accurate and reliable simulations 
are required. In this work, we present a full fluid structure simulation of a NCT test 
accounting for the eff ect of the presence of the humors. The results indicate that 
when inertial eff ects are considered, not including humors may lead to overestimat-
ing corneal displacement, and therefore, to an overestimation of the actual corneal 
stiff ness when using the inverse finite element method. 

Keywords: corneal mechanics, fluid structure interaction (FSI), non-contact 
tonometry (NCT)

1. Introduction 

NCT has recently gained interest as a diagnostic tool in ophthalmology and as 
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an alternative method for characterizing the mechanical behavior of the cornea. 
In a NCT test, a high-velocity air jet is applied to the cornea for a very short time 
(< 30 ms), causing the cornea to deform, while corneal motion is recorded by a 
high-speed camera. A number of biomarkers associated with corneal motion, i.e., 
maximum corneal displacement and time between first and second applanation, 
among others, have been proposed to characterize pre- and postoperative bio-
mechanical changes.1–4 Identification of the material parameters associated with 
corneal mechanical behavior by means of a NCT test is usually performed using 
the inverse finite element method.5-6 Hence, an accurate simulation of the NCT test 
is required. In this regard, most approaches model the NCT test as a quasi-static 
problem, considering only the cornea subjected to a constant intraocular pressure 
(IOP), and neglecting the inner structures of the eye, i.e., the lens, ciliary muscles, 
and most importantly, the aqueous and vitreous humors. Considering that, during 
a NCT test, the dynamic pressure on the anterior surface of the cornea rises from 
0 to 9~15 kPa in approximately 10 ms — implying a loading rate of approximately 
1 MPa/s — neglecting inertial effects may result in inaccurate results. In this work, 
we perform fluid structure interaction (FSI) simulations in a 2-D model of the eye 
accounting for inertial effects and evaluating the effect of considering or not the 
presence of the humors in the model of the eyeball. Results indicate that when 
inertial effects are accounted for in the simulations, neglecting the humors in the 
model will lead to non-physiological results. 

2. Methods 

An axisymmetric 2-D model of the eyeball including the crystalline and ciliary 
muscles as inner structures as well as both humors — vitreous and aqueous – have 
been considered, as shown in Figure 1. 

The cornea was modeled as an isotropic material described by a strain energy 
function of the form:5

 
​Wcornea = D1 ​(​e​​ D2​(​ ̄  I​1 -3)​​ + 1)​ + κ​​(J - 1)​​​ 2​​						      (1) 
 

where ​​​​ ̄  I​1​ is the first invariant of the modified right Cauchy-Green tensor, ​​ ̄  C​​, ​J = ​√ 
_

 detC ​​
is the elastic volume ration, D1 = 7.56e-5 MPa and D2= 99.2 are material constants 
chosen such that they fit inflation test experiments,7 and κ is the bulk modulus. 
The sclera and ciliary muscles were also modeled as isotropic materials with strain 
energy function:

 
​Wsclera = C10 ​(​ ̄  I​1 -3)​ + C20​​(​ ̄  I​1 - 3)​​​ 2​ + C30​​(​ ̄  I​1 - 3)​​​ 3​ + κ​​(J -1)​​​ 2​​				    (2) 
 

where C10 = 0.81 MPa, C20 = 56.05 MPa, and C30 = 2,332.26 MPa. The lens and the 



Fig. 1. Eyeball model. (a) Geometry. (b) Main parts. (c) Resulting pressure profile of the cornea. 
(d) Computational domain. (e) Detail of the finite element mesh. 
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muscle have been modeled as linear elastic materials with E = 1.45 MPa and E = 0.35 
MPa, respectively, both considered highly incompressible (ν = 0.47). The humors 
were considered as water. 

The air jet was applied as a ramp from 0 to 135 m/s in 10 ms and then back to 
zero velocity in 15 ms. Zero pressure was imposed as the outflow condition, and 
a turbulent flow model was used for the simulations. An IOP of 2 kPa was applied 
before initiating the air jet (Fig. 1). A mesh-sensitivity analysis was performed in the 
structural part in order to determine the minimum number of elements required for 
modeling the bending mode of the cornea. All simulations were performed using 
LS-DYNA Release 9.0 (LSTC, Livermore CA, USA and ANSYS, Inc., Canonsburg PA, 
USA) with Incompressible Computational Fluid Dynamics (ICFD) as fluid solver. 

3. Results 

The air jet caused a deflection in the cornea that reached its maximum value 
of 0.41 mm in correspondence with the peak velocity of the air jet (Fig. 2), as 
observed in actual application with the CorVis ST (OCULUS Optikgeräte GmbH 
Wetzlar, Germany) NCT.4 During loading, the pressure in the anterior and posterior 
chambers of the eye (aqueous and vitreous humors) increased by three times 
(from 2 kPa to approximately 6 kPa), indicating that IOP changes due to the air-jet 
loading. In addition, as shown in Figure 2, the dynamic pressure exerted by the air 
jet is concentrated in an area of 6 mm in diameter with a Gaussian type spatial dis-



Fig. 2. Velocity field (left) and pressure distribution (right) of the air jet when the maximum 
velocity (135 m/s) is reached. At the same time, the cornea reaches maximum concavity. 

Fig. 3. Displacement and velocity of the apex of the cornea, and corneal applanation with and 
without humors. From 0 to 30 ms, both models are pressurized and stabilized at the IOP, after 
an air jet that lasted 25 ms. 
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tribution, and reaches the maximum value of 9.1 kPa, which is compatible with the 
theoretical value of 9.0 KPa. 

The displacement experienced by the cornea is quite sensitive to the presence 
of humor in the model. If the simulation is performed without humor (using FSI 
and only structure analysis) with a constant IOP of 2 kPa, corneal displacement 
results five times greater (results not shown). If, on the contrary, a pure structural 
analysis is conducted, but allowing an increment of the cavity pressure with the 
deformation (fluid cavity feature in Abaqus), the maximum corneal displacement 
results three times greater with respect to the case of FSI with humors. These 
results indicate that humors are necessary in the model (Fig. 3). 
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4. Discussion and conclusions 

NCT is gaining popularity as diagnosis tool in ophthalmology. A number of studies 
are considering this test as an alternative to characterize the mechanical behavior of 
corneal tissue.3-5 However, in order to understand the contribution of the cornea to 
the mechanical response measured by the air jet, accurate simulations of the tests 
are required. Results from this study indicate that FSI simulations accounting for the 
presence of internal humors in the eye are required in order to accurately simulate 
the NCT test. Neglecting the humors and imposing a constant IOP during simulation 
lead to larger displacements of the cornea. In addition, these results indicate that 
most of the dynamic loading imposed by the air jet is absorbed by the humors, with 
minimal corneal contribution. Additional tests are required to study the sensitivity 
of the results (maximum corneal displacement) on the mechanical properties of the 
cornea and its thickness. 
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Abstract

In this paper we formulate a poroelastic model starting from a model of species 
diff usion in an elastic material. The model is applied to study the mechanics of the 
lamina cribrosa (LC) in the eye. The LC is a porous tissue at the head of the optic 
nerve. Deformation of this tissue and impairment of blood flow induced by tissue 
deformation are considered to be related to the pathogenesis of glaucoma.
The governing equations are derived from general thermomechanical principles. 
We carefully revise the role of the energy-stress Eshelby tensor, mutuated from the 
framework of tissue growth, in describing the hemo-mechanical behaviour of the 
tissue.
The model accounts for non-linear deformations of the solid matrix and deforma-
tion-induced changes in porosity and permeability. The model provides a qualitative 
better undertanding of the phatophysiology and pathogenesis of glaucoma in terms 
of coupling between tissue deformation and the resulting impaired hemodynamics 
inside the LC.
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1. Introduction 

The LC is a part of the optic nerve head (ONH) acting as a scaold for collecting the 
retinal ganglion cells (RGC) axons. The optic nerve carries, through the axons, the 
signal generated by the retina to the brain. The LC is also a region crucial for blood 
supply to the whole optic nerve. An increased pressure inside the vitreous chamber 
(intraocular pressure, IOP) or a decreased pressure inside the subarachnoid space 
surrounding the optic nerve (cerebrospinal fluid pressure, CSFp) can generate a 
mechanical deformation of the LC, pinching the RGCs, possibly progressively leading 
to cell death. Further, lamina deformation can have an adverse effect on vascular 
perfusion of ocular tissue. Damages of the optic nerve are typical of glaucoma, a 
progressive optic neuropathy resulting in irreversible vision loss and blindness. 
A mathematical model able to describe the mechanics behind the pathogenesis 
of glaucoma would be invaluable, not only for diagnostic purposes by providing 
useful simulations and data, but also to support and guide, in the near future, the 
design of medical devices. Many researchers have worked on the mechanics of 
the ONH accounting for the complicated structure of the lamina. However, most 
of the literature focuses on the lamina deformation without accounting for the 
interactions with blood perfusion.1–3 A possible strategy to eectively couple tissue 
deformation and blood perfusion is to model the tissue as a poroelastic material, 
where the saturated porosity stands for the vascular network made up of small 
vessels.4,5 The aim of the present work is to study the interaction between porosity, 
tissue deformation, and blood perfusion.

2.Methods

We derive a poroelastic model6,7 from a model of species diusion in an elastic 
material.8,9 This derivation is formulated in the not common framework of virtual 
powers,10 and it is carried out by transforming, in a natural way, quantities 
appropriate to a diusing species, such as concentration, chemical potential, and 
molar flux into the corresponding quantities which are appropriate to a saturated 
porous material, such as porosity, interstitial pressure, and discharge, while 
retaining the usual description for a non-linear elastic solid, based on deformation 
and stress.

We get a couple of power balance laws for the forces and for the mass of the fluid 
filling the pores:

​∫  P0
​    ​​b0 · v0dV +​∫ ∂P0

​    ​​ t0 · v0dA = ​∫ P0
​    ​​S0 · ​​F​​ 

• 
 ​0​ dV 					     (1)

​​∫ P0
​    ​​ ​ ⏝ p ​0​β​​ 

•
  ​dV = ‒​∫ ∂P0

​    ​​​⏝ p​0q0 · n0dA + ​∫ P0
​    ​​ q0 · ▽​⏝ p​0dV​				    (2)



Table 1. Parameter values used in the simulations.

Description Value

lamina thickness 0.02 cm

lamina external radius 0.095 cm

central retinal vessel passage radius 0.01 cm

shear modulus of the lamina 8 x 103 Pa

bulk modulus of the lamina 6 x 105 Pa

shear modulus of the sclera 11 x 105 Pa

reference porosity 0.01

max IOP 4666-4800 Pa

RLTp 1300 Pa
ciliary pressure 2000 Pa

central vein pressure 1000 Pa
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where P0 is any part of the referential body simultaneously showing the presence 
of both fluid and solid parts, v0 is the velocity test field, ​​F​​ • ​0​ is the time rate of the 
deformation gradient, b0 and to are respectively any volume and surface density 
of external forces, and S0 is the first Piola-Kirchho stress tensor. Moreover, ​​⏝ p​0​ is the 
interstitial pore pressure, β is the determinant of the total deformation and q0 is 
the fluid flux.

Superimposing the contributions of both external power expenditures, the 
energy imbalance principle reads: 

​S0 · ​F ˙ ​0 + ​ ̌  p​0​β ˙ ​ - q0 · ▽​ ̌  p ​0 - ​ d _ dt ​ ϕ ≥ 0​						      (3)

from which we state some constitutive prescriptions on the form of every dissipative
term, together with a Darcy’s law coupling tissue deformation with the flux:

	
​q0 = ‒ K0▽​ ⏝  p ​0​								        (4)

We assume a second order dependence of the permeability tensor K0 from 
the porosity, through a modified Carman-Kozeny equation, which should be 
appropriate to describe the capillary network. We emphasize how this charac-
terization relies on the expression for the free energy, mutuated by tissue growth 
models, and in turn, on the stress energy function:

​T = ​​
⏜

 T​​​ 
eff

​ ​(​F​ ι​​, β)​ ‒ ​⏝ p​0I |= ​(​​
⏜

 T​​​ 
g
​​(​F​ ι​​)​ + ​(​​

⏜
 p​​ φ​​​(β)​ + ​φ​ ι​​​(​F​ ι​​)​I)​ ‒ ​​⏝ p​​ 0​​I)​​			   (5)



Fig. 1. Radial section of the LC-ppS system deformed under IOP = 35 mmHg. The colors show 
the value of the porosity field inside the LC: from low (blue) to high values (red). The boxed 
picture is a magnification of the interface region.
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where ​​​
⏜

 T​​​ 
eff

​​ is the ective stress and ​​φ​ ι​​​(​F​ ι​​)​​ is the spherical part of the Eshelby tensor.11

We perform numerical simulations on a three-D system - depicted in the 
background of Figure 1 - consisting in a curved disk embedded in a portion of peri-
papillary slera (ppS). The LC is modelled as a non-linear poroelastic tissue, whose 
governing equations are (4) and (5), while the surrounding ppS is described as an 
hyperelastic incompressible medium. The blood supply is imposed by assigning 
the value of the ciliary pressure at the LC-ppS interface, aswell as the blood 
drainage by assigning the value of the central vein pressure on the hole surface, 
located at the center of the cap (Fig. 1). On the upper boundary of the LC (facing 
the vitreous chamber), we increase the IOP from physiological values ( 15 mmHg) 
to pathological ones (up to 35 mmHg), whereas on the lower surface (facing to the 
retrolaminar region) we assign a value of retrolaminar tissue pressure (RLTp). The 
most meaningful parameter values are reported in Table 1.



Fig. 2. Blood flux as a function of IOP.
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3. Results 

Figure 1 shows the porosity map, obtained for a high IOP value (35 mmHg), and
the corresponding tissue deformation. A magnification of the LC-pps interface 
region is also shown, since this is where the most significant coupling between 
tissue deformation and changes in porosity occur, which strongly aects blood flow.

Figure 2 shows that the blood flux decreases for increasing values of IOP. IOP 
increases from physiological values (corresponding to 2000 Pa) towards increasing-
ly more severe stages of glaucoma, up to IOP = 4666 Pa. The cause of such a decrease 
is related to the large deflection of LC portions close to the sclera, and the related 
appearance of a low porosity region crossing all the LC thickness (see the magnifi-
cation of the interface region in Fig. 1).

4. Discussion

These preliminary results suggest that tissue deformation can influence blood flow 
significantly, at least in certain regions of the LC. The decrease in blood flow from 
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posterior ciliary arteries to the central retinal vein secondary to tissue deformation 
is far from being a minor adverse eect on the RGC axons, and it seems to be crucial 
for better understanding the pathogenesis of glaucoma.
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Abstract

Nowadays, intravitreal injections are the gold standard for the treatment of 
age-related macular degeneration (AMD). The prediction of the transport 
mechanism for the injected anti vascular endothelial growth factor (anti-VEGF) is 
needed in order to understand its distribution and consumption aft er each injection. 
Thus, this study aims at implementing a full model of vitreous drug delivery. The 
main novelty of this work is the coupling between an experimental evaluation of 
the scleral permeability and a numerical analysis of the saccadic dependency of the 
transport phenomena.  

Keywords: age-related macular degeneration (AMD), computational fluid-dynamics, 
saccade, vitreous drug delivery

1. Introduction 

One of the main ocular diseases related to aging is the wet form of AMD, which is 
treated with anti-VEGF injections in the eye. This problem has been tackled with 
diff erent computational approaches, considering either the influence of the tissues 
surrounding the posterior chamber or the saccadic movements.1,2 No work combines 
saccadic movements, surrounding physiological conditions, and drug injection and 
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Fig. 1. MRI-based reconstruction and domain meshing. 
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consumption in a single model for a specific case of wet-AMD. Furthermore, the 
hydraulic conductivity behavior of the sclera has not been evaluated yet. The aim of 
this work is to develop a complete model of drug delivery in the posterior chamber 
of patients suffering of wet-AMD, showing the influence of the combination of the 
saccadic movements, physiological boundary conditions, and drug consumption 
upon drug distribution inside the vitreous. 

2. Materials and methods 

2.1. Geometrical reconstruction, mesh, and computer code 
The idealized geometry was reconstructed from orbital magnetic resonance 
imaging (MRI) images, representing the effective anatomy and shape of the human 
posterior chamber bounded by the hyaloid membrane, the lens, and the retina-cho-
roid-sclera (RCS) complex (Fig. 1).  

The values of the radii of curvature of the retina and lens are equal to 0.85 cm and 
0.55 cm, respectively. The retina and lens have two centers of curvature with respect 
to the hyaloid membrane, the posterior one of 0.61 cm, and the anterior one of 0.24 
cm. The bolus that mimics the intravitreal drug injection was modeled as a sphere 
with a radius of 2.29 mm in order to recreate the clinical injected volume in cases 
of wet-AMD (0.05 mL). Structured meshes and all the simulations were performed 
using the commercial software Comsol Multiphysics 5.2 (COMSOL Inc.; Burlington, 
MA, USA) and built with at least 250,000 elements. 

2.2. Characterization of scleral permeability 
In a similar fashion to other experimental studies in the ocular field, we used bovine 
samples due to their high availability and similarity to human anatomy.3 Cylindrical 
samples were prepared and tested within two days after slaughter and preserved at 
4°C to slow the degradation process (Fig. 2). 

The experimental setup consists of a closed chamber within which the sample is 
placed and constrained. The pressure drop is applied from the top and developed 
through a hydraulic head of saline solution that acts directly on the sample. From 
the bottom, the fluid flows into a graduated capillary in relation to its hydraulic con-



Fig. 2. Sample preparation and experimental setup for scleral permeability. 
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ductivity following Darcy’s law, whereas its trend as function of the pressure drop 
is obtained through interpolation. This function is implemented in the modeled 
posterior chamber to describe the changes in the permeation of the vitreous humor 
in relation to the time changes of the pressure drop. 

2.3. Computational fluid-dynamic modeling 
The vitreous humor inside the eye was modeled as water at ocular temperature 
(T = 34°C)4 due to the liquefaction occurring in the presence of wet-AMD; thus, the 
Navier-Stokes and the continuity equations for a 3-D unsteady, incompressible 
Newtonian flow were solved. The imposed boundary conditions allowed us to 
consider the posterior chamber surrounded by its biological environment: indeed, 
they mimic the pressure exerted by the anterior chamber (intraocular pressure, IOP 
= 15 mmHg) and the outflow of fluid through the RCS complex, governed by Darcy’s 
law. In particular, we imposed:

1.	 no aqueous permeation through the lens;
2.	 IOP at the posterior hyaloid surface; and
3.	 normal velocity across the porous RCS membrane, defined by the hydraulic 

conductivity function experimentally evaluated. 
In addition to these conditions, the saccades were implemented. This involuntary 
movement during the ocular focusing of an object was defined as a fifth-grade 
polynomial, considering the maximum angular displacement of a saccade (50°) 
without the introduction of a rest time in order to represent the most stressful 
condition in vivo. 

2.4. Drug delivery modeling 
In order to analyze the influence of the saccadic movements on the delivery of 
anti-VEGF, the law of conservation of mass, Fick’s law, Navier-Stokes, and continuity 
equations were properly coupled with each other. The imposed drug concentration 
of the injected bolus was equal to 0.207 mol/m3, as 0.5 mg is the standard quantity 
of the humanized monoclonal antibody fragment Ranibizumab, with a molecular 
weight of 48 kDa.5 The drug reaction was imposed only at the retinal surface, as 
shown by clinical evidence, and implemented as a linear relation between the 
outflow from the RCS complex and the retinal drug concentration.1



Fig. 3. Exponential decay for scleral hydraulic conductivity by varying acting  pressure drop. 

Fig. 4. Normalized concentration in the equatorial plane in case of saccade (A), and in the 
equatorial and vertical planes without saccade (B). 
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3. Results 

The averaged trend of the permeability of the scleral samples related to the acting 
pressure drop is shown in Figure 3. The interpolation reported an exponential 
function, which is the typical trend for soft tissues.  

The velocity distribution on the equatorial plane is purely dependent on the 
saccadic motion, with a slower volumetric flow rate (2.98 µL/min) if compared to 
the case without pure saccadic motion (5.32 µL/min), due to the mixing effect of the 
saccade. Streamline analysis shows two main stagnant regions on the equatorial 



Fig. 5. Time decay of Ranibizumab in the presence (A) and absence of saccade (B). 
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plane. The distribution of the anti-VEGF in the equatorial and vertical planes, in the 
presence and absence of saccadic motion, is shown in Figure 4, underlining how 
the saccades allow a faster drug distribution. We interpolated the decay in time 
of the injected Ranibizumab with an exponential trend line in order to analyze the 
trend after the 120 seconds of simulation, imposing a threshold line of 5% under 
which the drug is considered totally consumed (Fig. 5A). In the absence of saccadic 
movements, drug uniformity is hard to reach, so its decay is considered under the 
5% threshold almost four days after the injection (Fig. 5B). 
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4. Conclusion 

This study shows that saccadic movements cannot be neglected due to their 
great influence on both the fluid-dynamic and drug delivery mechanism inside 
the posterior chamber of the eye under wet-AMD conditions. The drug tends to 
concentrate in the stagnant zones analyzed in the fluid-dynamic part, with a pattern 
strictly related to the saccade before reaching a type of uniform distribution. A 
complete characterization of the surrounding tissues is also mandatory in order 
to consider the changes in permeation across the RCS complex and the specific 
anti-VEGF consumption near the retinal surface. The experimental evaluation of the 
relation between permeability and applied pressure drop as well as its implemen-
tation in a computational fluid-dynamics model represents a novelty in this field. 
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Abstract

Vitreous cutters are surgical devices used during vitrectomy to remove the vitreous 
humor from the eye and replace it with tamponade fluids. The aim of the present work 
is to assess the performance of the EVA Phaco-vitrectomy System vitreous cutter 
(Dutch Ophthalmic Research Center (DORC) BV; Zuidland, The Netherlands) used 
with diff erent needle sizes and blade shapes. The analysis is based on laboratory 
measurements of fluid flow performed using the particle image velocimetry (PIV) 
technique. 

 
Keywords: particle image velocimetry (PIV), vitrectomy, vitreous cutter

1. Introduction 

Vitreous cutters are surgical devices used during vitrectomy to remove the vitreous 
humor from the eye and replace it with tamponade fluids. A lot of attention has 
been devoted in recent years to optimize the shape of cutter needles with the aim 
of improving removal eff icacy without generating excessive mechanical stress on 
the retina. The amount of mechanical stress on the retina during the vitrectomy 
procedure depends on the fluid flow generated during vitreous aspiration. Recently, 
Rossi et al. performed PIV measurements of fluid flow around the tip of various 
cutter blades and proposed a way of assessing the performance of the vitreous 
cutter.1 In particular, they propose to evaluate the performance of the device making 
use of a diagram (see Fig. 8 of their paper),1 in which they report the volumetric flux 
pumped by the cutter on the y-axis and the time derivative of the local fluid velocity, 
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​∂u/∂t Ξ ​u ˙ ​​ (averaged over a certain spatial domain), on the x-axis. The rationale 
about the diagram is that, if a cutter is able to produce large fluxes, it is considered 
“efficient”. Moreover, large values of ​​u ˙ ​​ are considered “dangerous”, while low 
values of ​​u ˙ ​​ are referred to as “safe”. The quantity ​​u ˙ ​​ (or fluid acceleration, which also 
accounts for the convective acceleration, (u·▽)u, is indeed a sensible kinematic 
quantity to consider, since it is likely to be closely related to fluid pressure, which in 
turn affects the stress on the retina. 

In the present work, we perform systematic experiments on the EVA Pha-
co-vitrectomy System with different needle sizes and blade shapes to assess its 
performance. 

2. Methods 

We perform PIV measurements of the flow around the tip of vitreous cutters. Mea-
surements are taken on two vertical planes orthogonal to each other, which are 
illuminated with a laser sheet. The time resolution of the measurements is such 
that we manage to resolve the fast oscillations of the flow induced by the high-fre-
quency cutting rate. 

We perform all measurements in balanced salt solution (BSS). We also plan to 
perform experiments in viscoelastic fluid in the near future. 

We use cutters with three different diameters (23, 25, and 27 gauge), two 
different blade configurations (high-speed cutter [VC] and double cutter [TDC]), 
and two working modes (“core” and “shaving”). 

From the PIV measurements, we obtain instantaneous velocity fields, ​u = ​(u​(x, t)​,  
ν​(x, t)​)​​. From these instantaneous fields, many other quantities can be obtained. 
In particular, we derive fluid acceleration, kinetic energy, vorticity, and rate of 
deformation. Moreover, for each kinematic quantity we perform:

1.	 spatial averages that give us information about the time evolution of the 
flow field;

2.	 time averages that provide a general picture of the averaged spatial distri-
bution of the flow; and 

3.	 time and space averages. 
Since the flow is not exactly axisymmetric, it is not possible to obtain an accurate 
estimate of the volumetric flux from the PIV measurements taken on a plane, 
which would require a full 3-D reconstruction of the flow field around the tip of the 
needle. To overcome this difficulty, we employ a different technique. We illuminate 
a vertical plane of the whole reservoir containing the fluid, and track the position of 
the free surface in time. Knowing the cross-sectional area of the reservoir, we can 
evaluate the volumetric flux pumped by the vitreous cutter. We note that, with this 
approach, we cannot resolve the fast oscillations of the flux related to the cutting 
frequency. 



Fig. 1. Example of an instantaneous velocity field (arrows). The color map represents the 
velocity magnitude in mm/s.
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3. Results 

In Figure 1 we plot an example of a measured instantaneous velocity field, u(x,t), 
at a given time t. This is the basic output of the cross-correlation procedure that 
is performed to analyze the PIV images. The region depicted in the plot is a square 
with side ≈ 18 mm, and the quality of the images is such that we manage to compute 
≈ 3600 velocity vectors on the measurement plane. The plane of measurement is not 
exactly in correspondence to the cutter needle, so that the whole image is occupied 
by the fluid. The magnitude of the velocity, |u|, is also reported in Figure 1. The 
velocity field is very regular and approximately symmetrical, as expected on this 
plane. Note that the slight departure from symmetry can be due to experimental 
errors, but also to the asymmetry of the suction needle. 

In Figure 2 we show examples of the time evolution of the spatially averaged 
kinetic energy. The spatial average has been taken over a circle centered in corre-
spondence to the cutter cleft with a radius of 3 mm. We note that, obviously, the 
values of the averaged quantities depend on the size of the region over which 
averaging is performed. Figure 2 also shows that the kinetic energy has fast oscil-
lations about an average value . These oscillations are due to the cutting cycle, and 
therefore, have a dominant frequency equal to the cutting one. 

In Figure 3 we report a plot that summarizes the main outcomes of the present 



Fig. 2. Example of time evolution of the spatially averaged kinetic energy per unit mass. 

Fig. 3. Diagram showing, for each experiment, flux vs time and space-averaged magnitude of 
fluid acceleration. 
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analysis, analogous to Figure 8 in the paper by Rossi et al.1 Each point in the plot 
identifies an experiment. On the x-axis, we report the magnitude of the time- and 
space-averaged fluid acceleration; on the y-axis, the volumetric flux. We note that 
in each experiment we used the cutter in conditions similar to those adopted in 
clinical practice. 

4. Conclusion 

The results show that, for a given cutter size and pressure, with the TDC, the 
velocity, and consequently, the flux, are significantly larger than in the correspond-
ing VC cases. The accelerations, however, have a different behavior. In particular, for 
the 23-gauge case they are very similar in the TDC and VC cases, in spite of the fact 
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that in the former the flux is more than double. For the 25 gauge, the acceleration is 
greater in the TDC case. However, the difference between the accelerations is much 
smaller than the differences between the fluxes. These results show that, in the TDC 
case, the accelerations induced are significantly smaller for a given flux than in the 
VC case. 
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Abstract

One of the possible risks associated with the implant of iris-fixated phakic 
intraocular lenses (pIOL) is loss of corneal endothelial cells. We hypothesize that this 
might be due to alterations in corneal metabolism secondary to the lens implanta-
tion. To verify the feasibility of this assumption, we propose a mathematical model 
of the transport and diff usion of metabolic species in the anterior chamber and the 
cornea, coupled to a model of aqueous flow. Results are obtained both with and 
without the pIOL in the case of closed eyelids. The results suggest that glucose avail-
ability may be significantly reduced at the corneal endothelium. However, it must 
still be verified whether this finding has clinical relevance. 

Keywords: aqueous flow, corneal metabolism, intraocular lens 

1. Introduction 

In recent years, pIOL have gained widespread acceptance for the correction of 
visual acuity deficiencies, such as myopia. These lenses are implanted surgically 
into the anterior chamber of the eye and fixated to the iris by special claws. The 
procedure is considered very safe; however, a possible complication is the loss of 
corneal endothelial cells. We hypothesize that this might be due to alterations in 
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corneal metabolism after pIOL implantation. 
Although considerable research has been devoted to mathematical modeling of 

corneal metabolism, less attention has been paid to include the effect of metabolic 
species transport across the anterior chamber by the aqueous flow. In this study, we 
investigate corneal metabolism with and without a pIOL, accounting for aqueous 
flow in the anterior chamber. Since the cornea receives glucose mostly from the 
aqueous humor, and following the observation that the pIOL modifies aqueous 
flow characteristics,1 we speculate that pIOL implantation may affect corneal 
metabolism. 

When the eyelids are open, the thermal flow and the flow generated by eye 
rotations are likely intense enough so that the concentration of each metabolic 
species in the anterior chamber can be considered constant, and consequently, the 
effect of a pIOL in the delivery of metabolic species to the cornea can be neglected. 
On the other hand, when the eyelids are closed, aqueous flow is only induced by 
the production/drainage mechanism1 and the resulting velocities are very small. 
Therefore, it is likely that the concentration of metabolic species will be variable 
across the anterior chamber and affected by the presence of the pIOL. Thus, we 
focus on the closed eyelid case. 

2. Methods 

In the present work, we adopt a model for oxygen, lactate, and glucose transport, 
based on that proposed in by Chhabra et al.2 and Pinsky,3 considering the role of 
aqueous humor flow in transporting metabolic species. We improve the previous 
models by using a sigmoidal oxygen consumption model, as proposed in Alvord 
et al.4 We adopt an idealized axisymmetric shape of the anterior chamber and 
consider three superposed corneal layers (endothelium, stroma, epithelium) based 
on previous work (Fig. 1).1,3 The geometry of the pIOL has been provided by Ophtec 
BV; Groningen, Netherlands. 

Results are obtained by solving the Navier-Stokes equations for the fluid flow 
and the following advection-diffusion equations in the aqueous for oxygen tension 
(denoted by a subscript O), glucose (subscript G), and lactate (subscript L) concen-
trations: 

​kO ​ 
∂pO _ ∂t  ​ + kO ​(u · ▽)​pO - DOkO▽2pO = 0​					     (1) 

 
​​ 
∂CG _ ∂t  ​ + ​(u · ▽)​CG - DG▽2CG = 0​ 						      (2) 
 
​​ 
∂CL _ ∂t  ​+ ​(u · ▽)​CL - DL▽2CL = 0​ 						      (3) 
 

where pO, cG, and cL are the oxygen tension, glucose, and lactate ion concentrations, 



Fig. 1. Cross-section of the idealized anterior chamber with corneal layers and fixated pIOL. 
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respectively, and u is the flow velocity vector. Di (i = O, G, L) are the diffusion coeffi-
cients and kO is Henry’s constant. 

The transport of metabolic species in the cornea is described by the following 
equations: 

 
​kO  ​ 

∂pO _ ∂t  ​- DOkO▽2pO + QO = 0​ 						      (4) 
 
​​ 
∂CG _ ∂t  ​ - DG▽2CG + QG = 0​							       (5) 
 
​​ 
∂CL _ ∂t  ​ - DL▽2CL - QL = 0​ 							       (6) 
 

Here, QL and QG are the lactate production and glucose consumption rates, respec-
tively,2 and QO is the oxygen consumption rate given by: 

 
​QO =     ​ 

​Q​ Qmax​ i  ​
 _______ 

1 + ​e​​ ​ 
-​(PO -Pcrt)​

 __ R  ​​
 ​     ​ 

CG ____ CG + ​K​ G​ O​ ​ ​(1 + 0.8 ​ 
7.6 - pH

 _ KpH + 7.6 - pH ​)​​				    (7)
 
 	  

In the above expression pcrt and R are coefficients of the sigmoidal oxygen 
consumption model.4 KpH is set to be 0.1 and ​​K​ G​ O​​ is the glucose Monod dissociation 
equilibrium. ​​Q​ Qmax​ i  ​​  (i = O,G,L) is the saturation oxygen consumption rate.2 For the 
closed eyelids case, we set pH = 7.39.5 

3. Results 

The results presented below refer to the case of closed eyelids. Steady-state 
simulations demonstrate that when the eyelids are closed, the presence of a pIOL 



Fig. 2. Glucose concentration shown by colors and flow streamlines in white with (left) and 
without (right) a pIOL, in the case of closed eyelids. 

Fig. 3. Time evolution of glucose concentration at the center of cornea with (blue) and 
without (red) pIOL. The dashed line represents the REM time of 90 min. 
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has a strong influence on glucose availability on the cornea, as shown in Figure 2. 
Since the aqueous flow is diverted towards the periphery of the anterior chamber, 
glucose is depleted in a region anterior to the pIOL in comparison to the case with 
no pIOL. 

Unsteady simulations have also been carried out, starting from conditions rep-
resentative of open eyelids. As illustrated in Figure 3, glucose concentration at the 
center of the cornea declines progressively in time and asymptotically reaches 
the steady state. However, several hours are needed for this steady solution to 
be reached. During sleep, the typical time interval between successive rapid eye 
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movements (REMs) is 90 minutes. REMs are expected to make the glucose distribu-
tion more uniform due to the motion of aqueous humor. It can thus be conceivable 
that the steady state is unlikely to be ever reached. Nevertheless, the glucose 
reduction in the time intervals between successive REM phases is significant. 

4. Conclusion

Our findings demonstrate that in the presence of an iris-fixated pIOL, when the 
eyelids are closed, glucose concentration at the corneal endothelium may decline 
significantly. It must be verified whether this has a clinical relevance. 
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