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Abstract

This paper deals with the biomechanical analyse of the hu-
man eye with a complex numerical model. We present our three
dimensional finite element model including the built-up parts,
applied material and geometric properties. Hereupon we de-
scribe the subjects which we want to investigate with this 3D
model, such as accommodation, presbyopia and so on. We high-
light the accommodation problem of the crystalline lens and its
surrounding parts. We discuss and explain the connection be-
tween the age-related material properties, geometric and refrac-
tive parameters and amplitude of accommodation. The results
have shown that beside the geometry and material properties,
the refractive attributes might be important too.
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1 Introduction

The eye is one of the most important sensory organs of the hu-
man body. The human eye is an almost spherical elastic organ
with spatial elastic support. The properties of its components are
always considerably age-related. There are several studies and
numerical investigations which dealt with these subjects: Abol-
maali et al. (2007) [1], Burd et al. (2002) [7] and Liu et al.
(2006) [16]. The biomechanical model of a human eye consists
of two basic systems: cornea-sclera with the ciliary muscle and
crystalline lens. Each of the two systems is modelled separately
due to their different purposes, but the complex modelling of
the human eye is rare, despite of the fact that the surrounding
parts can influence the results, such as the elastic bearing with
the fatty tissue.

We have built a complex three dimensional finite element
model which contains the biologically and mechanically re-
quired parts for biomechanical analysis that we want to analyse.

In this paper we do not use all the advantages of the com-
plexity of our model, we only want to show one field that we
can analyze with it. But we emphasize that it is unequivocal
that if we want to analyze, for instance, the movement of non-
symmetric intraocular lens implantation or effects of blunt eye
injuries, the 3D model is already indispensable.

We have examined in this paper the accommodation prob-
lem based on the classical Helmholtz theory according to the
age-related changes in geometry and materials. We note that
there are several controversial other theories for accommoda-
tion (Schachar, Coleman, etc.), but based on the doctors’ opin-
ion from Semmelweis University, Department of Ophthalmol-
ogy and other specialists (Burd et al.) [7]] we accept the classical
Helmholtz theory and we do not wish to go into the possibili-
ties of applying different theories and debates. We describe the
essence of Helmholtz theory later.

To understand the problem, we have to discuss very shortly
what the accommodation of the human eye is. To answer this
question we have to look over the main parts of the eye: these
are the sclera, the cornea, the ciliary muscle, the zonular fibres
and the crystalline lens with nucleus, cortex and capsule (see

Figure[T).
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Fig. 1. Section of the human eye

Based on the Helmholtz theory the ciliary muscle contrac-
tion causes the lens to thicken and change their shape (Hartridge
(1925)) [11], during this process the tension in zonular fibres re-
duce. It allows us to see objects closely (see Figure [2), this is
the accommodation process.
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Fig. 2. The accommodation process

When we are young, our crystalline lenses are soft and flexi-
ble, so they are able to change their shape easily, allowing focus-
ing on objects both close and far away. Around the age of 40, our
crystalline lenses become less flexible (more rigid, with higher
Young’s modulus) what make it more difficult to see close. We
call this phenomenon presbyopia (“"aging eye"). The total am-
plitude of accommodation (accommodation width) is the differ-
ence between the lens diopter when we are seeing near and the
lens diopter when we are seeing far. The central optical power
(COP) is the diopter of the lens in its optical axis. We can cal-
culate the optical power based on the conventional lens formula

(equation (I)) to determine the diopter of the crystalline lens.

2
1= Np N N —ng _t(n.—np)
rarph

n
COP =

ra rp ()

where n; — the refractive index of the lens — is assumed to
be around 1.44, but it is age-related (see Figure [3); n, — the
refractive index of the aqueous humour and the vitreous body
— is assumed to be 1.336, Abolmaali et al. (2007) [I], Burd et
al. (2002) [7] ; ra and ry, are the anterior and posterior radii of
curvature; and t is the thickness of the lens.
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Fig. 3. Lens refractive index decreases with increasing age, Moffat et al.

(2002) [17]

With the help of numerical analyses — based on finite element
method — we will show the connection between the age-related
parameters and the amplitude of accommodation. The varied
parameters are the geometry, the material properties and the re-
fractive index. These applied data are mostly based on literature
values. Finally, the calculated values will be compared to mea-
surement results of Tsorbatzoglou et al. (2007). [21]

2 Materials and methods

Numerical simulations are carried out with the ANSY'S Me-
chanical APDL code. Our three-dimensional complex contin-
uum model contains the following anatomical parts of the eye:
sclera, cornea, ciliary body, the lens with its three parts (lens nu-
cleus, lens cortex and capsule), aqueous humour, vitreous body,
zonular fibres and the supporting fat tissue (see Figure ). The
geometric and material properties are rather age-related. The
applied geometric and material properties are based on several
works: Abolmaali et al. (2007) [1]], Burd et al. (2002) 7], Liu
et al. (2006) [16], Krag et al. (1997, 2003) [13|[14], Levin et
al. (2011) [15], Power (2001) [18], Strenk et al. (1999) [20] and
Fisher (1969, 1971, 1977) [8H10].

2.1 Geometry

In Figure [5} we can see the basic geometric dimensions of
section of the human eyeball. Table [T and Figure [6] show the
various geometric parameters, and Figure [7] shows the applied
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Fig. 4. The modelled parts, fatty tissue, the supports and the section of our FE model

lens cortex geometry based on equation (2), Abolmaali et al.

(2007) [1]:

b+ c(sin‘1 (5))2 +d (sin‘1 (5))4] cos (sin‘1 (5))
a a a
)
where a and b were shown in Figure[6} ¢ and d are parameters of
curvature, (Canterior = —0.266892 mm, danerior = 0.1166546 mm,
Cposterior = —0.368996 mm, dposterior = 0.000679 mm).

The thickness of the lens capsule is changing too with aging,
Krag et al. (1997) [13], see Table[2]

The ratio between the estimated amount of anterior, central
and posterior zonular fibers are 6:1:3, Burd et al. (2002) [7],
Liu et al. (2006) S0 we have used the thicknesses based on
Table 3

y(x) =

Fig. 5. Geometry of the section
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Fig. 7. The applied geometry of the lens cortex in different ages

Tab. 1. The geometry of the lens

Lens
Lens thickness in Nucleus Nucleus
ucleu ucleu
equatorial accommo-
Age [yr] d ) radius (r) thickness
radius (a) dated state [mmi (h) [mm]
[mm] (ba + bp)
[mm]
4.35
20 4.40 2.72 2.20
(1.53+2.82)
4.65
30 4.40 2.72 2.30
(1.64+3.01)
4.68
40 4.40 2.72 2.35
(1.65+3.03)
4.80
50 4.40 2.80 2.40
(1.69+3.11)
4.91
60 4.40 2.80 2.45
(1.73+3.18)

Tab. 2. The thickness of lens capsule

bp Krag (2003) Capsule thickness [um]
Age [yr] Anterior Posterior
20 18 5
30 19 6
Fig. 6. The geometry of the nucleus and the cortex . p~ 6
50 22 6
60 25 6
Biomechanical modelling of the accommodation problem of human eye 2013571




Tab. 3. The properties of zonular fibres

Burd (2002),

. Anterior Central Posterior
Liu (2006)
Ratio 6 1 3
Thickness 0.4 mm 0.0667 mm 0.2 mm
2.2 Materials

There are fewer publications about material properties than on
geometric parameters because the exact in vivo measurements
of these materials are not as easy as measuring the geometry
(PCI, MRI, Pentacam, etc.), sometimes even impossible. So we
applied linear elastic, isotropic material models, because based
on our opinion, it is appropriate for global analyses in this case.

We consider the changing in Young’s modulus of the lens cor-
tex, nucleus and capsule. These parameters are shown in Table[4]
and[5] and Figure[8] The data of Figure[8|are based on equation
() from Fisher (1971) [9], where Eyis the Young’s modulus of
nucleus and Ec is the Young’s modulus of cortex.

En(Ay) = an + by - Ay +cy - A+ dy - A5, [kPa]
Ec(Ay) = ac +be - Ay + cc - A, [kPa],

where ay = 0.64; by = —3.529 - 107%; cN = 4.286 - 10™*; dy =
1.518-107%; ac = 0.46; be = 1.45-1071: cc = —1.484 - 1073,
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Fig. 8. Young’s modulus of cortex and nucleus with increasing age, Fisher
(1971) [9]

Table[5|shows that the Young’s modulus of the cortex, nucleus
and capsule are getting higher with aging, so the lens and its
components become more rigid.

We note that the range of initial Young’s modulus of cornea
and sclera is wide, based on the literature (see Fig 9). In section
3, we show that the tendency of the results is the same when we
applied lower elastic modulus for the sclera and cornea (seven
times lower than the Young’s modulus in Table 4} based on the
work by Srodka et al. (2011) [19]).

2.3 Calculations

We applied shell elements (SHELL281) for zonular fibres and
lens capsule because the thicknesses of these parts are negligi-
ble compared to the other considered parts. Volume elements
(SOLID186) were used for the rest of the parts (see Figure[d).

Stress-Strain diagram for cornea and sclera
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Fig. 9. Range of material properties of cornea and sclera

Tab. 4. Mechanical properties of the modelled parts

Young's Poisson’s ratio ) 3
Power (2001) Density [kg/m?]
modulus [MPa] [

Aqueous
Humour 0.037 0.49 1006
Ciliary Muscle 11 0.4 1600
Cornea 2 0.42 1400
Fat 0.047 0.49 999
Sclera 10 0.4 1400
Vitreous Body 0.042 0.49 1006
Zonular Fibres 15 0.4 1000

We applied an axisymmetric tensile force on zonular fibres
through the ciliary muscles (see Figure [I0) Bocskai and Bo-
jtar (2012) [4], so we stretched the lens from the accommodated
state to the unaccommodated state (see Figure[IT). As a bound-
ary condition, we set zero displacements on those nodes, which
are lying on the supporting surface at the border of the fatty tis-
sue (see Figure[).

Sclera

Ciliary Muscle

Distributed
Surface Load

Cornea

Fig. 10. The applied distributed surface load

With this complex numerical model we can analyse different
problems, for instance, the accommodation of the human eye
or effects of the refractive eye-surgeries and traumas, where the
corneal thickness reduces as consequence of refractive surgery,
therefore the intraocular pressure induces changes in the corneal
curvature, or it could damage the cornea, and so on.

To analyse the accommodation process we need to have the
diopter of the lens in different ages in different states (accommo-
dated, unaccommodated). For the calculation of central optical
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Tab. 5. The Young’s modulus of the lens components

Young’s modulus of

Young'’s modulus of

Young’s modulus of

Age [yr] nucleus [MPa] v = 0.49 cortex [MPa] v = 0.49 capsule [MPa] v = 0.47
(Fisher, 1971) (Fisher, 1971) (Krag, 1997)
20 0.000862 0.002766 1.00
30 0.001329 0.003474 1.30
40 0.002156 0.003886 1.45
50 0.003433 0.004000 1.45
60 0.005250 0.003818 1.45

NODAL SOLUTION

-.317191 -.229169 -.14114
-.27318

7 053124 034898
-.185158 -.097135 -.009113 .078909

-.337639 -.238083
-.287861

= .060586
-.188305

Fig. 11. The displacements in lens axis direction, only the eyeball (left) and section view (right)

power (COP), we used a polynomial regression on the nodal co-
ordinates in the symmetry plane of the lens in deformed and
undeformed states. With this polynomial function we can define
the radii of curvature in the optical axis. The curvature has been

calculated based on the following well-known equation:

d2f(x)
K= % (4)
Rl

The reciprocal of the curvature is the radius of curvature.

Based on equation (I) and equation (@) the amplitude of accom-
modation is definable.

3 Results

We analyzed the amplitude of accommodation with aging.
The central optical power (COP) has been calculated in four dif-
ferent cases. In all four cases and in all ages the intensity of the
stretching force was the same, Fisher (1977) [10] but the mate-
rial properties of the lens nucleus, cortex and capsule, and the
thickness of the capsule were diverse in these periods. In the
first case we assumed that the lens geometry and the refractive
index of the lens are constant in all ages, so only the material
parameters and the thickness of the lens capsule were variable.
In the second case the geometry was the same in every age, but
we take into consideration that the refractive index and mate-
rial properties are changing. In the third case the geometry of
the lens cortex and nucleus were age-related, but the refractive
index remained constant, and in the fourth case both the lens
geometry and the refractive index of the lens were age-related.
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Fig. 12. Change in lens thickness, case 1 and case 2
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In Figure [I2 and [I3} we can see the displacements of the an-
terior and the posterior surface of capsule in lens axis. Figure[12]
and[13]also shows the changes in lens thickness with increasing
age, (Figure[I2)belongs to case 1 and 2; and Figure[I3]belongs to
case 3 and 4). Because the crystalline lens becomes less flexible
(more rigid), the changes in lens thickness are increasing due to
the complex model, boundary conditions and loads. We calcu-
lated the central optical power (COP) of the lens with the initial
geometry and with the deformed shape (in accommodated and
unaccommodated states). In Figure[I4] we can see the alteration
of diopter in accommodated and unaccommodated situations in
all four analysed cases.

Diopter of the lens

Z

accommodated state from the diopter of accommodated state.
Based on the finite element and optical calculations, our numer-
ical results in all examined cases confirm that the amplitude of
accommodation (ACOP) reduces with aging (see Figure[I5).

Considering that the refractive index of the crystalline lens
decreases with increasing age Moffat et al. (2002) [17], Borja et
al. (2008) [5], and the thickness of the lens is increasing Strenk
et al. (1999) [20], the most accurate calculation is case 4.

We can say that the accommaodation width (amplitude of ac-
commodation) is getting worse if we consider the decreasing of
the refractive index of the lens (case 2 and case 4). The decreas-
ing tendency of the amplitude of accommodation is based on
numerical and optical calculations, and is shown in Figure [15]
We demonstrated that beside the age-related material and geo-
metric properties, the effect of the refractive index of the lens is

Diopter [1/m]

——Case | -
-¢ Casel -
--Case 2 -
-® Case2-
—&—Case 3 -
-k Case3 -
—&-Case 4 -
-B Case4 -

ace.

unacc.
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unacc.
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unacc.

ace.

unacc.

also important (Figure [I5).

Amplitude of accommodation

—- Case |
—e—Case 2
—A- Case3

W
Age [years]

Fig. 14. The diopter of the lens in different cases

In case 1, because the initial geometry (accommodated state)
was the same in each analysed age, and the refractive index was
constant, we can see different optical power only in unaccom-
modated states (as shown in Figure [I4). In case 2 we consider
that the refractive index decreases with aging, but the geometry
was the same as in case 1, so we can see that the diopter of the
lens in accommodated and unaccommodated states are smaller,
than in case 1.

In case 3, we considered that the lens is getting thicker with
aging Strenk et al. (1999) [20], Levin et al. (2011) [15], and
its curvature is getting larger. As we can see in Figure [I4] the
diopter of the lens increases during aging in accommodated and
unaccommodated states too (case 3). This is what we call “lens
paradox”, Moffat et al. (2002) [17].

To resolve this paradox we analysed case 4, where we calcu-
lated the optical power of the lens based on the fact that the lens
thickens, and the refractive index decreases with aging. We can
also see these results in Figure[14] In case 4 the initial values
of diopter are the same as in case 3, and the final values are the
same as in case 2 as expected.

It should be noted, that in Figure [IT} we can see that during
the accommodation, the corneal curvature is changing too. Ak-
ihiro et al. (2003) [2] corroborate this effect based on clinical
measurements.

4 Discussion and Conclusions
With the results of the previous chapter, we can calculate the
amplitude of accommodation if we subtract the diopter of un-

—=—Case 4
—>—Case 5

< \\‘ --&- Meas. Mean-SD
: --&-Meas. Mean+SD
- ® -Meas. Mean

s

Change in diopter [1/m]

Age [years]|

Fig. 15. The amplitude of accommodation in the different cases

Figure[I5|(case 5) also shown the results that we get if we use
reduced elastic modulus for sclera and cornea, what we men-
tioned in section 2.2. Besides, in case 5, we consider the de-
creasing of refractive index and the age-related material and ge-
ometric parameters.

If we compare our numerical results with values measured by
Tsorbatzoglou et al. (2007) [21] based on defocusing technique,
we obtain the following diagram (see also Figure[I5). Subjects
were divided into 3 age groups: younger than 30 years (Group
1), between 31 years and 44 years (Group 2), and older than 45
years (Group 3). The youngest subject was 16 and the oldest
was 71 years old. We can find good agreement in the tendency
of the amplitude of the accommodation between our numerical
calculations and the measured results.

Based on this information, we established that at the analyses
of accommaodation not only the age-related material and geomet-
ric properties, but the age-related optical parameters are impor-
tant with the same weight, and so we can understand the “lens
paradox” easily. We also note that we considered in the calcula-
tion of the central optical power only the effects of the lens, the
vitreous body and the aqueous humour, and the refractive index
of the lens was assumed to be constant along the optical axis.
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