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Abstract

In the context of the study of the crystalline lens complex and its disorders, the present study was
developed with the objective of comprehending the relevant features that can lead to the worsening of an
individual’s visual capacity. The condition of pseudoexfoliation, prevalent in up to 30% of individuals
older than 60-years-old, can lead to severe conditions such as subluxation or dislocation of the lens,
due to the weakening of the zonules. Models for a 62-year-old lens complex were developed, composed
by the capsular bag, cortex and nucleus and anterior, equatorial and posterior zonular fibres. Healthy
and pseudoexfoliative conditions were assessed for the lens complex, and the measurement of the visual
capacity of the lens was measured in both cases. The present work aims to diminish the knowledge deficit
in the subject of zonulopathy, providing vital data in the understanding of the effects of pseudoexfoliation

from an optical and a biomechanical perspectives.
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1. Introduction

The human crystalline lens allows the transmission
and convergence of the light received by the eye into
the retina, and is a vital optical component of the
human eye. Additionally, the change in shape of
this component, with the support of the surround-
ing structures, allows for the variation between near
and distant visions.

The present work aims to evaluate the biome-
chanical and optical behaviours of the healthy lens
complex, as well as depict the effects of zonulopa-
thy in the lenticular system, in particular, under
conditions of the pseudoexfoliation syndrome.

In the context of the human eye, this syndrome
is characterized by the pathological production and
accumulation of an abnormal fibrillar extracellular
material in ocular tissues, such as the lens capsule
and the ciliary processes. The syndrome can be
timely detected when observing the presence of the
white pseudoexfoliative material in the anterior sur-
face of the lens capsule.

Pseudoexfoliation affects up to 30% of people
older than 60-years-old in a worldwide distribution
[1]. Under these circumstances, 70 million individ-
uals are estimated to live with this condition. This
age-related disease is often correlated with cataract
and glaucoma conditions [2]. Additionally, the risk
of conditions such as spontaneous subluxation or
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dislocation of the lens can be up to ten times higher
than for the case of healthy eyes [1]. Other risks
associated with this disease are the conditions of
phacodonesis and, during surgery performed on the
lens complex, further zonular dialysis and vitreous
loss.

As such, the need to understand the biomechan-
ical behaviour of the eye with such a condition
becomes prevalent, since the biomechanical effects
of this disease can bring awareness related to the
severity of the zonular dialysis and the best way to
approach it, in a surgical context.

2. Background
2.1. The healthy lens complex

The crystalline lens is placed in the anterior seg-
ment of the eye, posterior to the iris and anterior
to the vitreous body. The lens is composed by its
cortical and nuclear regions and is contained by an
elastic membrane, also known as the capsular bag.
This structure is then connected to the main ocular
architecture by the zonular fibers i.e., the suspen-
sory ligament of the lens, which originate on the
ciliary muscle. The fibers are divided in three dif-
ferent sets: the anterior, equatorial and posterior
zonule.

In regards to the change of the lens shape, the
most unanimous theory that explains the accom-
modation mechanism is presented by Helmholtz.



The author’s understanding of the change of focus
provided by the lens states that the near vision is
achieved in the accommodated state and is obtained
due the contraction of the ciliary muscle, that re-
laxes the zonular fibers and leads to the increase of
curvature of the lens. On the contrary, when the
distant vision state is achieved, the ciliary muscle
is relaxed, causing the zonular fibers to stretch and
the consequent elongation of the lens.

However, the lens is subjected to changes in its
structure throughout the life of the individual, and
as the lens ages, its ability to accommodate de-
creases significantly [3]. The central optical power
calculation provides a way to quantify the accom-
modative power of the lens; in dioptres (D), and is
represented in Equation 1.
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Where n; = 1.42 stands for the equivalent refrac-
tive index of the lens and n, = 1.336 the refractive
index of the aqueous humour and vitreous body.
Variable ¢ represents the total thickness of the lens
and r, and 7, are the anterior and posterior radii
of curvature, respectively. The amplitude of accom-
modation, that measures the dioptric power differ-
ence between the accommodated and relaxed states
of the lens is represented as ACOP.

According to the estimations by [4], the accom-
modation amplitude of the lens, ACOP, reaches a
value of 9.5D at 20 years-old and gradually looses
this capacity, achieving 3.7D at 45 years and 1.0D
at 60 years of age.

2.2. Pseudoexfoliation syndrome

The presence of the pseudoexfoliation syndrome in
the lens complex leads to the proliferation of the
material bundles in the ciliary processes and the
pre-equatorial lens epithelium. These regions are
also locations of zonular fiber insertion, leading to
the deposition of the degenerative material in these
fibers, promoting zonular dialysis and weakness:
the fibers are locally lifted off from the lens capsule
and ciliary muscle, leading to their rupture due to
the outburst of degenerative material [1, 5, 6].

Findings related to the location of the zonular
dialysis reported that the zonular dialysis can be
present in the inferior and superior regions of the
structures [7], and that deposition of the pseu-
doexfoliative material is performed in the anterio-
posterior direction [5, 8.

The zonular weakness was also characterized ac-
cording to the term clock-hours, which reflect the
extension angles of zonulopathy, with each clock-
hour accounting for a 30 degree zonular section.
Different levels of zonular fiber extension were
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Figure 1: Refractive index contours and geometrical
parameters of the lenticular components [11].

found, where the dialysis could extend for 3 con-
tiguous clock hours (90 degrees), 6 clock hours (180
degrees) and throughout the whole zonular struc-
ture (360 degrees) [9].

The effect of pseudoexfoliation in the accom-
modative capacity of involved eyes was investigated,
and the study reported that the accommodative ca-
pacity decreased significantly in patients with pseu-
doexfoliation, when compared to healthy lenses [10].

3. Materials and Methods

3.1. The Healthy Lens Complex

With the objective of studying the human lens at
an age where there would be a significant preva-
lence of the pseudoexfoliation syndrome, a three-
dimensional 62 years-old lens was modelled. The
geometries of the nucleus and cortex of the lens
were designed taking as a baseline the refractive
index contours of the 62 year lens [11]. The result-
ing geometries are depicted in Figure 1, where the
outer profiles of the nucleus and cortex were used
to create axisymmetric structures, recurring to the
axis of revolution £. These structures were modelled
with 4-node linear tetrahedrical elements, recurring
to the Abaqus ®)(Dassault Systeémes, France) soft-
ware.

The capsular bag was designed as a membrane
enveloping the cortex and, therefore, its geometry
was constructed taking into account the outer pro-
file defined for the cortex. The capsule’s thickness
was defined with a dimension of Tcp = 20um, uni-
formly defined throughout its structure [12]. The
capsule was modelled with 3-node triangular shell
elements.

The zonular length of the three sets of zonules
was [z = 1.bmm, and the defining angles of the
zonular sets were azq = —10deg, azrp = 0deg and
azp = 24deg for the anterior, equatorial and zonu-



lar fibers, respectively [12]. The three sets were de-
fined with the same thickness value (77 = 10um)
[13]. The three zonular sets were modelled with 3-
node triangular membrane elements.

The lenticular components and the capsular bag
were considered as having linear elastic isotropic
material properties, and being quasi-incompressible
structures. Accordingly, the Young’s moduli of
the cortex and nucleus were Fe = 0.04kPa and
En = 0.82kPa, and having the same Poisson coef-
ficient (vo = vy = 0.47) [12], whereas the capsular
bag had the following material parameters: Ecp =
1.5MPa, vep = 0.47 [12, 14]. The zonular fibers
were modelled as hyperelastic anisotropic structures
[15], according to the constitutive properties based
on the Holzapfel-Gasser-Ogden model[16]. The re-
sulting material constants of the zonules that de-
scribe their constitutive behaviour were Cig =
0.0583, D1 = 1.0286, k1 = 0.087M Pa, ko = 21.75
and kappa = 0.3.

The boundary and interaction conditions im-
posed in this work related to the connection be-
tween structures, where the exterior surface of the
nucleus was tied to the cortex interior facet, and
the exterior surface of the latter structure was con-
nected to the capsular bag’s interior membrane sur-
face. A connection was also enforced between the
interior edges of the zonules and the external inser-
tion regions of the capsule. The most anterior and
posterior poles of the lenticular components were
only allowed movement in the optical axis direc-
tion, and the zonular movement was restricted in
all directions with the exception of the radial one.
The disaccommodation process was simulated tak-
ing into account the displacement of the exterior
edge of each of the zonular sets, §z = 0.5mm, that
were stretched in the radial direction [12].

Zonular fiber geometry The geometry of the
zonules was then varied, given that these structures
can have up to 5.6% difference between vertical and
horizontal lengths, where the latter have a smaller
dimension. Accordingly, models were designed tak-
ing into account the representation depicted in Fig-
ure 2, and the measurements of the resulting zonu-
lar lengths are laid out in Table 1. As the models
progress, there is an increase of the average fiber
length, 1.

Capsular bag attachment Additionally, the study
of the boundary conditions related to the capsule
and zonules was assessed. With the objective of
avoiding the numerical kinks originated by the zero-
width rings [17] and understanding the impact of
the insertion band width in the models, master sur-
faces were created in the capsule, portraying the
belts of anchorage of the zonules, and allowing for
the connection between the referred components.
The models developed are represented in Table 2,

Vertical length  Horizontal length

Model

Iz, [mm] Iz, [mm]
Oval-5.6 1.500 1.416
Oval-2.8 1.500 1.458
Initial Model 1.500 1.500
Oval+2.8 1.542 1.500
Oval+5.6 1.584 1.500

Table 1: Models developed to assess the geometry
of the zonular fibers.

where models Band3 and Band7 have a band width
correspondence with literature values [17, 18], and
the remaining models evaluate the intermediary val-
ues between the forementioned band widths.

-—--- Oval+5.6

D Initial zonular fiber geometry D Lens capsule

Figure 2: Geometrical configurations of models

The gravitational force impact in the lens
complex was assessed, where the density val-
ues of cortex, nucleus and capsule were equiv-
alent (6¢c = 6y = dop = 1099kg/m3) [19], and
the density of the zonules was determined as
dz = 1000kg/m? [20].

3.2. Pseudoexfoliation Syndrome

The condition of zonular dialysis was simulated tak-
ing into account the thickness reduction of the zonu-
lar set of fibers, due to the local lifting off of a por-
tion of the fibers, whether it be from the ciliary
muscle of the lens capsule [5]. Two cases of zonular
fiber separation were considered. A moderate sit-
uation, where 50% of the fibers were disconnected,
leading to a resulting thickness of the afflicted areas
of Tz = 5um and a severe case, where the critically
affected areas had 5% of healthy zonular thickness
(Tz = 0.5um) with transitional regions of moderate
dialysis, where Tz = 5um.

Taking into consideration the anterio-posterior
direction of the zonulopathy conditions [5, 7], the
anterior zonules, the group of anterior and equato-
rial fibers, and the group of three sets of zonular
fibers were degenerated. Nonetheless, for the sake
of the individual characterization of the each fiber



Anterior Band Width Equatorial Band Width  Posterior Band Width

Model Aycp_zalmm] Aycp_zr[mm] Aycp_zplmm]
Band1l 0.167 0.167 0.133
Band2 0.333 0.333 0.267
Band3 0.500 0.500 0.400
Band4 0.590 0.590 0.548
Band5 0.680 0.680 0.695
Band6 0.770 0.770 0.843
Band7 0.860 0.860 0.990

Table 2: Band widths of the capsule’s anchorage regions for different model configurations.

set, the individual dialysis of the equatorial and pos-
terior fibers was also modelled.

Given the fact that zonulopathy can either occur
in the inferior or superior regions of the zonules [7],
these two cases were simulated. Upon modelling the
extension of zonular dialysis, the degeneration was
accounted for 1, 3, 6, 9 and 12 clock hours, which
corresponded to angles of 30, 90, 180, 270 and 360
degrees of zonulopathy.

Figure 3 portrays the schematic representation
for the superior dialysis of the anterior zonules, for
moderate and severe cases and for all angle cases
of zonulopathy extension. Taking into account the
progression of the pseudoexfoliation syndrome with
regards to the previously mentioned factors, a total
of 90 models were developed, in order to depict a
gradual and progressive advancement of the disease
in the lens complex.

3.3. Procedures for Result Analysis

With the goal of facilitating the result analysis pro-
cess, a script was developed in Python ®)(Python
Software Foundation, Delaware, USA), where sev-
eral data outputs were collected, throughout the
lens deformation, which was divided in six equal
increments [17]. The results include the lens thick-
ness variation, ATy, lens radius variation, AR}, to-
tal zonular force, F'z, the capsular bag strain and
stress ranges found for all the components. The
Central Optical Power was also calculated for all
models, throughout the six simulation steps defined
for the disaccommodation process [17]. This quan-
tity was measured in the sagittal plane of the lens,
where the radii of curvature were calculated assum-
ing that the anterior and posterior surfaces of the
lens were spherical.

4. Results and Discussion
4.1. The Healthy Lens Complex

The lens under the initial conditions flattened
AT; = 14.20% and its radius increased AR; =
7.87% during the disaccommodation process. The
force acted on the zonular fibers was totaled as
F7 =134.1mN. The logarithmic strain endured by
the capsular bag, LEcp, ranged from 1.66F — 2 to

8.25F — 2. The principal stress values found for the
capsular bag in the validation model ranged from
41.53kPa to 171.59kPa, given that the regions un-
der a greater amount of stress are the capsular bag’s
anchorage rings, which connect to each of the zonu-
lar fiber sets. The stress in the nucleus and cortex
was evaluated simultaneously, and values found for
the principal stress on the structures ranged from
—0.654kPa to 0.841kPa.

On the other hand, the Von-Mises stress ranged
from 0.018%Pa to 0.210kPa, and the stress distri-
bution showed a greater stress magnitude in the
regions proximal to the capsule’s attachment rings
of the zonular fibers. This result shows a stress
response of the cortex to the displacement of the
fibers enforced in the disaccommodation process.
The resulting amplitude of accommodation of the
initial model was ACOP = 1.57D and the Central
Optical Power shows an increase in the first and
second steps of the lens deformation, and a reduc-
tion throughout the rest of the disaccommodation
process.

Zonular fiber geometry The evaluation of the ge-
ometry of the zonular fibers results revealed that the
amplitude of accommodation of the lens showed a
reduction throughout the evolution of the models
presented in Table 1. For the model with the small-
est average fiber length, Oval-5.6, the amplitude of
accommodation had the highest value, ACOP =
2.03D. From then on, the amplitude of accommo-
dation decreased, reaching the lowest value in model
Oval+5.6, where ACOP = 1.38D. The zonular
force also denoted a reduction with the progression
of the models in Table 1, reaching a minimum value
of 'y = 129.9mN, for model Oval+5.6. Given that
these values were in a greater accordance with avail-
able literature [18, 21], Owval+5.6 depicted an op-
timized geometrical parameter model, being then
selected to continue the process of optimization,
regarding the capsular bag attachment parameter
choice.

Capsular bag attachment The evaluation of the
interaction conditions, where the width of the cap-
sular bag anchorage regions was varied, did not
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Figure 3: Frontal view schematic of the models with superior zonular dialysis.

present relevant results, given that all the models,
from Bandl to Band7, showed similar behaviours,
both in the stress and strain endured by the compo-
nents of the lens complex and the accommodative
capacity of the lens, as well as the force endured
by the zonular fibers. Nonetheless, all these mod-
els showed a reduction in the accommodative am-
plitude and zonular force when compared with the
model with zero-width rings of attachment in the
capsule, given that there was a reduction of the en-
dured effort in the capsule with the imposition of
anchorage bands. As such, the selected model, that
portrayed optimized conditions was Band4, given
its proximity with literature values [18, 21].

4.2. Pseudoexfoliation Syndrome

Lens thickness variation, ATy: The pseudoexfolia-
tion syndrome led to the reduction of the capacity
of the lens to change its geometry. Accordingly, the
lens thickness variation reduced as the syndrome
progressed. The evaluation of the individual impact
of each of the zonules in the thickness variation of
the lens, showed that the equatorial zonules have
the lowest impact in this quantity, both when mod-
erately and severely dialysed. The posterior and an-
terior zonules, when considered individually, lead to
the same decrease of thickness variation of the lens
(AT, = 8.55% for severe dialysis cases throughout
the structure of the lens). Applying a severe degen-
eration in all zonular sets lead to the most promi-
nent discrepancy in lens thickness variation, given
that for 360 degree dialysis this measurement was
valued only AT, = 4.28%.

Lens radius variation, AR;: When accounting
for the lens radius variation results, contrarily to the
analysis of the lens thickness variation, it was noted
that the equatorial zonules play now an important

role in the variation of the lens equator radius. This
is due to the location of the equatorial fibers i.e., in
the plane of the equator of the lens, where its radius
is measured. The severe disruption of the equatorial
fibers denotes a greater variation in the lens equator
change in radius. When disrupted in the 12 clock
hours, the lens radius variation presents a value of
only ARy, = 4.64%. As such, this set of fibers has
a greater impact in the lens radius variation than
the other two individual sets of zonules, the anterior
and posterior zonules.

For the case of severe dialysis of the fibers, both
the anterior and posterior zonules, when considered
individually, show no effect in the radius variation
of the lens. The moderate zonular disruption of
all the considered zonular sets, does not have a
great impact in the radius variation of the lens,
even when applied to the complete structure of the
zonules (360 degrees). For the three sets of zonules,
when moderately afflicted throughout their com-
plete structures, the lens equator shows a variation
of AR; = 6.42%, a reduction of 1.52% from the
value found for the healthy model.

Accommodation amplitude, ACOP: The accom-
modation amplitude results are depicted in Fig-
ure 4. The figure comprises the dialysis of the an-
terior zonules (ZA), equatorial zonules (ZE) and
posterior ones (ZP), when degenerated in moder-
ate (represented by the term 50%) and severe (5%)
conditions. As for the case of 0 degree degenera-
tion, the model Bandj is portrayed with gravita-
tional conditions, that were applied to all the pseu-
doexfoliation models. When evaluating the singular
impact of the equatorial zonules in the accommoda-
tive capacity of the lens, one can recognize that both
when moderately and severely dialysed, the ampli-
tude of accommodation attained by the lens shows
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Figure 4: Amplitude of accommodation of the lens
for pseudoexfoliation models with superior dialysis.

no significant reduction for all cases of dialysis ex-
tent. Considering the singular performance of the
dialysed anterior fibers, when moderately afflicted,
there is a reduction of the accommodation ampli-
tude as the extent of dialysis increases, reaching a
minimum value of ACOP = 0.72D for the fully
afflicted anterior fibers i.e., throughout their com-
plete structure. The moderate dialysis of the three
zonular sets leads to the most acute reduction of
accommodative amplitude in the models with 50%
zonular thickness. The accommodation amplitude
decreases significantly when increasing the dialysis
degree, reaching a value of 0.08 dioptres in the case
with 270 degree dialysis, and 0 dioptres when all
zonular sets are completely disrupted.

Total zonular force, F'z: The results found for the
total force endured by the zonules during the defor-
mation of the lens denote that all types of degen-
eration showed a downward slope in the resulting
zonular force, as the extension of dialysis progressed
from 30 degrees upwards. The zonular force due to
the displacement of the fibers has a greater value
in the exterior edge of the zonules, since this is the
location of the boundary condition enforced on the
fibers.

Capsular average Von-Mises stress, V Mcp: Due
to the deteriorated conditions of the zonules, their
stretching does not cause the same deformation on
the capsule, which then translates to a reduction
of the amount of stress that the capsule is under.
Since the areas of greater stress in the capsule are
the attachment regions to the anterior, equatorial
and posterior zonular fibers, as these components
are thinned, the same displacement of the remain-
ing fibers does not cause the same behaviour in the
capsule. The moderate disruption of each of the
zonules led to a small decrease of the average stress
endured by the capsule. The most extreme of the
cases was for the moderate disruption of the ante-
rior zonules, with V Mcp = 64.7kPa, for 360 degree
dialysis. The analysis of cases with severe zonu-

lopathy led to the following deductions: the equa-
torial zonules are the ones with the lowest impact
in this quantity, followed by the posterior zonules.
The anterior zonules are the ones that, individu-
ally, cause the capsular bag to endure the smallest
value of average Von-Mises stress, when dialysed.
The curve denoting a severe disruption of the an-
terior and equatorial fibers had a downward slope
throughout the extension progression of dialysis, al-
though more pronounced for the first 180 degrees
of extension. From then on, the slope showed a
more lenient inclination, and at 360 degrees dialy-
sis, the average stress endured by the model with
zonulopathy of anterior and equatorial fibers was
VMCB = 35.0kPa.

Zonular maximum Von-Mises stress, max(V Mz):

The maximum value of Von-Mises stress that the
zonules endure during disaccommodation of the lens
is depicted in Figure 5. The models that accounted
for severe dialysis of the zonules all showed a signif-
icant increase of the maximum zonular stress, with
the exception of the equatorial zonules. Accord-
ingly, the individual disruption of the anterior fibers
showed a similar behaviour to the one of the indi-
vidual posterior fibers, where there was a increase
of the maximum stress endured by the zonules up
to 270 degree dialysis extension, followed by a re-
duction from the forementioned cases to the ones
with 360 degree dialysis. The same results were
found for the cases of dialysis of the groups of
zonules (ZA 4+ ZE and ZA + ZE + ZP), where
an increase of stress was observed up to 270 de-
gree dialysis extension, and a reduction observed
for the dialysis of the whole structure. For the case
of the severe disruption of the anterior and equato-
rial zonules, the maximum Von-Mises stress for 270
degree and 360 degree zonulopathy extensions was
valued max(VMyz) = 1429k Pa and max(VMyz) =
881k Pa, respectively. When examining the zonu-
lar areas that endured the greater amount of stress
when under pseudoexfoliative conditions, the case
of severe disruption of the anterior zonules was anal-
ysed, for 90 degree extension. The 90 degree region
with severe disruption of the zonular fibers, where
Tz = 0.5um, is the one that endures the greater
amount of stress, in particular, in the area proxi-
mal to the capsular bag attachment. The areas of
moderate disruption on both sides show a reduc-
tion of the stress endured, when compared with the
severely damaged region. Lastly, the healthy region
of zonules had the smallest amount of stress con-
centration. Nonetheless, the healthy region denotes
a greater stress concentration in the areas closer
to the moderately dialysed regions. These results
suggest that the stress endured by the diseased re-
gions propagates to the healthy zonules, which then
causes a progression of the degeneration, given that
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Figure 5: Maximum Von-Mises stress in the zonules
for pseudoexfoliation models with superior dialysis.

the latter fibers are now under a greater amount of
stress that expected in healthy conditions.

Lens maximum Von-Mises stress, maz(VMcyn):

There was an overall reduction of the stress endured
by the cortex and nucleus, as the pseudoexfoliation
syndrome evolved and reached more advanced
stages. The analysis of the equatorial fiber dis-
ruption shows that although the moderate dialysis
does not cause a significant decrease in the stress
endured by the lens, the severe zonulopathy of the
equatorial zonules has one of the most significant
impacts in the stress reduction endured by these
components. The anterior zonule disruption has
an inverse effect in the cortical and nuclear stress,
since its dialysis leads to an increase of the resulting
maximum stress.

Comparison of inferior and superior dialysis: In
order to understand the relevant disparities between
the two groups of models (with inferior and supe-
rior dialysis), an approximation error was computed
between superior and analogous inferior models, re-
sorting to Equation 2.

valuein s — valuesyy 100

Al%] = (2)

valuesyy

Note that the presented variable can have nega-
tive values: when the referred value for the inferior
dialysis is smaller than the superior one, A has a
negative value, in order to highlight this behaviour.
The results found for the lens thickness variation,
lens radius variation, and average capsular stress
showed a negligible difference between models with
superior and inferior origins.

The total zonular force had higher values for all
the cases where there was a superior dialysis i.e., the
approximation error had negative values for all the
comparisons between inferior and superior cases.
The average approximation error was A = —1.6%.
These results show that when there is a degenera-
tion with a superior origin, the zonular fibers en-
dured a greater amount of force when achieving the

same displacement as an analogous lens complex
with inferior zonulopathy.

The most important differences between the two
types of degeneration were observed in the maxi-
mum Von-Mises stress endured by the zonules, the
maximum Von-Mises stress endured by the lenticu-
lar components and last but not least, the accom-
modation amplitude. These results are represented
in Figure 6.

The average approximation error for each of the
zonular groups considered denoted that the stress
endured by models with superior dialysis origin en-
dured a greater amount of stress than the analo-
gous models with inferior dialysis origin, as defined
by the negative values of X\. These results imply
that the zonulopathy causes a greater amount of
stress in the zonules when its origin has a superior
location. Consequently, since the healthy zonular
fibers suffer a greater disruption as the stress mag-
nitude increases, the same fibers would be under a
greater degeneration when in the presence of a su-
perior dialysis, when compared with the analogous
case of inferior dialysis.

The analysis disparity between the superior and
inferior values of the maximum Von-Mises stress in
the cortical and nuclear components of the lens is
also depicted in Figure 6. The anterior zonular fiber
disruption showed a peculiar behaviour, when com-
pared with the rest of the zonular sets: the average
approximation error between superior and inferior
values was valued as A = —2.5%, denoting that the
superior dialysis caused a greater stress in the cor-
tex and nucleus than the inferior dialysis. However,
all the other sets had an opposite behaviour, where
the average approximation error was positive, show-
ing a greater stress in the models with inferior dial-
ysis than models with a superior one.

Last but not least, the impact on the amplitude
of accommodation was compared between inferior
and superior dialysis for the different zonular fiber
evaluations. The equatorial fibers, given that they
have no significant impact in the accommodative
capacity of the lens, as can be observed in Figure
4, did not present a significant difference between
the inferior and superior dialysis values, given that
their approximation error was A = 0.4%.

The results found for both the maximum Von-
Mises stress in the zonules and the accommodation
amplitude of the lens point to the same deduction,
that the superior dialysis leads to a most severe de-
generation of the zonules and the visual capacity of
the lens. The inferior dialysis leads to a less severe
reduction of the accommodation amplitude of the
lens and the inferior dialysis presents smaller stress
magnitudes in the zonules, which then leads to a less
severe progression of the zonulopathy condition.
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Figure 6: Comparison between superior and inferior

models

5. Conclusions

The main objective of this work was to address the
challenge of determining the biomechanical and op-
tical behaviour of the human lens complex under
healthy and diseased conditions.

The first part of this goal involved the construc-
tion and validation of in silico experiments con-
cerning the healthy human lens and its surrounding
structures.

This initial validation then led to the design of
a novel 3D model for the healthy lens complex,
where the biomechanical effects of both geometrical
changes in the zonular fibers and the boundary con-
ditions of the capsular bag were assessed. The vari-
ation of the assessed geometrical parameters of the
zonules, where the vertical length of the fibers was
5.6% greater than the horizontal one, led to results
that are more relevant in terms of the accommoda-
tive capacity and biomechanical behaviour of the
lens. The assessment of the boundary conditions
of the capsular bag, where the anchorage regions
to the zonules were altered, led to the conclusion
that when there is a zero-width insertion ring as
the surface of attachment to the capsule, the values
of force and accommodative amplitude are greater
than for the cases where the capsule has bands of
insertion with width greater than zero

The second part of the objective defined was the
analysis of the biomechanical behaviour of the lens
under diseased conditions, in particular, due to the
pseudoexfoliation syndrome.

The outcomes related to the pseudoexfoliation
syndrome showed a significant impact of this dis-
ease in the accommodative capacity of the lens, ex-
hibiting a complete nullification of the accommoda-
tion amplitude for the most severe cases of zonular
dialysis.

The results found for this matter showed that the
location of the zonulopathy in the lens complex has
a significant impact in the progression of the dis-
ease and the accommodative capacity of the lens:

the superior dialysis presents optimal conditions to
further the dialysis of the fibers and reduce the ac-
commodative amplitude of the lens, when compared
with the inferior dialysis location. Accordingly, the
accommodative capacity of the inferior models was,
on average, 4.7% greater than for the cases with
superior dialysis. When the three sets of zonules
were disrupted, this discrepancy increased signifi-
cantly, reaching an average value of 14.9% for the
mentioned models, and with a maximum value of
60.1%.

The work presented in this dissertation led to
the development of innovative data concerning the
healthy lens complex configuration, as well as the
pseudoexfoliation syndrome and its effect in the
studied system.

As a future work, the comprehensive study in-
volved in the knowledge gained towards the men-
tioned syndrome could also be applied to other dis-
eases of the human lens complex, such as the for-
mation of cataract in the crystalline lens. Finally,
the methodology applied towards the construction
of the models in this dissertation could also be ap-
plied for cases in post-surgical perspectives, such as
cataract surgery, where the nucleus and cortex are
removed and substituted by an intraocular lens.
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