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A nonlinear axisymmetric finite element method (FEM) analysis was employed to determine

the critical geometric and material properties that affect human accommodation. In this

model, commencing at zero, zonular traction on all lens profiles resulted in central lentic-

ular surface steepening and peripheral surface flattening, with a simultaneous increase

in central lens thickness and central optical power. An age-related decline in maximum

zonular tension appears to be the most likely etiology for the decrease in accommodative

amplitude with age.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The young human eye can rapidly change optical power by
altering the shape of its crystalline lens. The induced change
in focal length is called accommodation and is measured in
diopters; i.e., the inverse of the focal length in meters.

The crystalline lens is axisymmetric with a mid-sagittal
profile similar to an ellipse with minor (central thickness)
and major diameters (equatorial diameter) of approximately
4 and 9 mm, respectively. The lens consists of 35% protein
and 65% water. It is totally transparent and enclosed in a
thin membrane capsule. The lens is located behind the iris
approximately 3 mm from the apex of the cornea with its axis
of symmetry approximately coincident with the optical axis of

he eye. It is suspended in the eye between the aqueous humor
nd the vitreous body by zonular fibers that are inserted into
he equatorial region of the lens capsule. The zonular fibers
riginate in the ciliary body and transduce the force of con-

∗ Corresponding author. Tel.: +1 214 695 0080; fax: +1 214 368 5970.
E-mail address: ron@2ras.com (R.A. Schachar).
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traction of the ciliary muscle to the lens capsule. Contraction
of the ciliary muscle induces lenticular accommodation.

The mechanisms of lenticular accommodation and its age-
related loss continue to be of great interest [1]. The amplitude
of human accommodation declines at the approximate rate of
0.25 diopters/year. By the mid-forties, the near point of vision
is more distant than that required for reading. When this
occurs, the patient has demonstrated presbyopia [2,3]. By the
age of 50, little residual ability to change focus remains.

Unfortunately, direct, in vivo, measurement of most of the
geometric and material properties of the whole human lens
is not possible. Alternative approaches are, therefore, needed
to characterize and understand the mechanism of lenticular
accommodation and its change with aging.
The finite element method (FEM) coupled with a sensitivity
study is a reliable method for determining the critical physi-
ological factors that affect biological tissues [4–6]. In a sensi-
tivity study, the geometric and material properties are varied

erved.
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to determine the physiological limits of each variable within
the constraints of the system [7–10]. The present study uses a
sensitivity study to establish the physiologic range for the geo-
metric and material properties of the lens and their effect on
the mechanism of accommodation and its age-related decline.

Several analyses of human lenticular accommodation have
been published using nonlinear FEM [11–15]. However, the
present FEM analysis differs markedly from these prior stud-
ies in several important ways. This analysis is a sensitivity
study, using quadrilateral elements to represent the capsule,
surface-to-surface contact elements between the capsule and
cortex, and satisfying all of the constraints on the force, topog-
raphy and anatomy of human lenticular accommodation.

2. FEM model

2.1. Baseline geometric properties

It has not yet been possible to determine, in vivo, the human
lens shape at high resolution. The available magnetic reso-
nance images (MRI) of in vivo entire human lens profiles have
resolutions that are less than 150 �m. This limitation in reso-
lution makes current MRI images insufficient to delineate the
exact radius of curvature of the lens surfaces.

In order to address this limitation, our model employs a
function for the anterior and posterior surface of the baseline
lens that best fits the available MRI profile of the whole lens.
This function is continuous and has the following essential
requirements:
1. The radii of curvatures at any point on the lens surface are
smoothly varied.

2. The radii do not change abruptly near the optical axis.
3. The radii are identical at the equator where the anterior

and posterior surfaces meet.

Table 1 – Geometrical properties of the lenses

Profile I Profile II Profile III

Coefficients for anterior profile Eq. (1) (mm)
a 4.485 4.2815 4.5
b 1.2089032 1.463629 1.55467
c −0.266892 −0.166822 −0.329
d 0.1166546 −0.021135 0.08141

Coefficients for posterior profile Eq. (1) (mm)
a 4.485 4.2815 4.5
b 2.1669011 2.260218 2.27038
c −0.368996 −0.259828 −0.6326
d 0.0006791 −0.114285 0.0869

Dimensions for the lens outline (see Fig. 1b) (mm)
a 4.485 4.2815 4.5
e 0.3570 0.3938 0.4045
f 2.5565 2.4405 2.3850
g 0.8768 1.0232 1.1352
h 1.9242 2.1226 2.0273
i 1.2089 1.4636 1.5547
j 2.1669 2.2602 2.2704
t 3.3758 3.7238 3.8250
n b i o m e d i c i n e 8 5 ( 2 0 0 7 ) 77–90

4. The functions have a positive Gaussian curvature every-
where on the surface.

This function is [16]:
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(2.1)

The lens profiles, profiles I and II [17]; profile III [18] and pro-
files IV and V [19] were obtained from published MRI images.
The coefficients employed in Eq. (2.1) for each lens profile are
given in Table 1. The capsular thickness variation was incor-
porated in all profiles using the functions given by Chien et
al. [16]. The thickness of the center of the anterior and pos-
terior capsules, at baseline, was 24 and 5 �m, respectively
[20,21]. The thickness of the nucleus of the lens model was
calculated as a percentage of its central lens thickness (CLT),
based on in vivo Scheimpflug measurements [22] (Fig. 1a,
Table 1).

2.2. Baseline material properties

2.2.1. Lens stroma (cortex and nucleus)
The bulk modulus, K, of the human lens cortex and nucleus is
2.8 and 3.7 GPa, respectively [23], as measured by non-invasive
Brillouin light scattering, These bulk moduli determined in
vitro, are consistent with those calculated in vivo, using the
speed of ultrasound in young human lenses [24], and the den-
sity of the lens [25].
Pieces of young adult human lenses (14–25 years of age),
stored in liquid nitrogen, were used to determine the mean
shear modulus, G = 50 Pa [26]. The Poisson’s ratio, �, and
the elastic modulus are related to K and G by the following

Profile IV Profile V Idealized

4.5 4.3 4.3
1.439666869 1.75102 1.9

−0.0962011 −0.130361 0.1795833
0.11257732 0.117481 −0.3848683

4.5 4.3 4.3
2.377780173 2.628273 2.00

−0.58929807 −0.964052 −0.192903226
0.158321934 0.311269 −0.25033071

4.5 4.3 4.3
0.4037 0.4631 0.4045
2.7900 2.6660 2.8504
0.9508 1.1285 0.9714
2.3668 2.7152 2.4180
1.4397 1.7510 1.900
2.3778 2.6283 2.000
3.8174 4.3793 3.900
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Fig. 1 – (a) Outline of the lens and lens nucleus. The xy-axis for Eq. (2.1) is shown. The dimensions for the outlines are given
in Table 1. (b) FEM mesh of Profile I modeled with 2113 hybrid stromal and 118 capsular standard quadrilateral capsular
e ent
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quations [27]:

= 3K − 2G

6K + 2G
(2.2)

= 9KG

3K + G
(2.3)

rom Eq. (2.2), v ∼= 0.49999999, indicating that the lens is
egligibly compressible. From Eq. (2.3), the elastic modulus
, for both the cortex and nucleus is 150 Pa. The magnitude
f this elastic modulus is consistent with that determined for
ndothelial cells, where E = 130 Pa [28].

.2.2. Lens capsule and zonules
he baseline material properties of the lens capsule and
onules were obtained from the literature, Table 2. For
he capsule, the Poisson’s ratio was � = 0.47 [29], and the

odulus of elasticity of the entire stroma, cortex, nucleus,
nterior and posterior capsules, was Estroma = 1.7 E−4 MPa,

cortex = 1.7 E−4 MPa, Enucleus = 2.0 E−4 MPa, Eanterior = 1.5 MPa,

posterior = 0.5 MPa, respectively [20,21]. The elastic modules of
he zonules was Ezonules = 1.5 MPa [30].

.3. FEM

BAQUS was used to analyze the axisymmetric discrete FEM
odel of the lens [31]. Standard constitutive equations for
two-dimensional axisymmetric problem were used with a

ixed formulation based on displacement and pressure. The

ressure variable was formulated with a Lagrange multiplier.
his was done to accurately model the incompressibility of

he lens and prevent the locking phenomenon. The bound-
s are shown by the dark lines located at the

ary condition was that all the nodes located along the y-
axis were restrained from moving in the x direction but were
free to move along the y-axis (Fig. 1a). The general discrete
finite element formulation was used in which the axisymmet-
ric solution of each element is approximated by a complete
polynomial. The number of constants of the polynomial was
equal to the degrees of freedom of each element. By having
a completeness requirement, monotonic convergence of the
elements was insured [9]. The nonlinear problem was solved
by incrementally using a piecewise linear algorithm based on
the Newton–Raphson procedure [9].

2.4. FEM mesh

Standard quadrilateral elements were employed to model the
capsule [32–36]. Since the compressibility of the lens is negligi-
ble, with a bulk modulus much larger than its shear modulus,
hybrid quadrilateral elements were used to model the lens cor-
tex and nucleus. By using a mixed formulation these hybrid
elements overcome the problems associated with modeling
the nearly incompressible lens. Had a standard formulation
been used for the lens stroma, the equilibrium equation could
not be solved in terms of its displacement history because a
purely hydrostatic pressure could be added without chang-
ing displacement. Conversely, a small change in displacement
could induce a large increase in hydrostatic pressure [37].

The stress induced by pressure was treated as an indepen-
dently interpolated basic solution variable. It was coupled to

the displacement solution through a compatibility and consti-
tutive relationship. Fig. 1(b) shows a typical converged mesh
obtained after several trials with all three sets of zonules
attached.
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Table 2 – Sensitivity study: baseline, range and critical values

Material and geometric properties Baseline Minimum Maximum Critical value that reduces
the response

Distance of the anterior zonular-capsule
attachment from the lens equator (mm)

1.5 0.5 1.5 >0.5

Distance of the posterior zonular-capsule
attachment from the lens equator (mm)

1.0 0.25 1.0 >0.25

Elastic modulus (MPa)
Stroma 1.7E−04 0.5E−4 3.0E−1 >4.0E−4
Cortex 1.7E−4 0.5E−4 8.0E−4 >4.0E−4
Nucleus 1.9E−04 0.5E−4 8.0E−4 >4.0E−4
Anterior capsule 1.5 0.25 3 <0.75
Zonules 1.5 0.1 6 <0.5

Lens stroma Poisson’s ratio 0.49999999 0.38 0.49999999 <0.499
Capsular thickness (�m) 24 5 50 <0.50
Intralenticular pressure (Pa) 0 67 670 No effect

Strength of the attachment between the cortex and nucleus
Contact element stiffness (N/mm) No contact elements 0.1 2 No effect
Contact element frictional coefficient No contact elements 0.2 2 No effect

Strength of the attachment between the capsule and cortex
Contact element stiffness (N/mm) No contact elements 0.1 1 >0.1

s

of the lens equator or zonular displacement is the indepen-
dent variable used to assess changes in central optical power
(COP). Neither the ciliary body nor the ciliary muscle was mod-
eled in this analysis.

Fig. 2 – (a) Convergence of the FEM analysis to an exact
solution [39] of the change in central optical power in
Contact element frictional coefficient No contact element

2.5. FEM convergence

Since the monotonic convergence of the nonlinear finite ele-
ment solution is problem dependent, and not guaranteed, the
converged solution was obtained using an energy-based con-
vergence criterion. The difference between the external vir-
tual work done and the internal virtual strain energy [9,10]
was calculated at each incremental iteration. The results were
then compared to those at the previous iteration and checked
against a specified tolerance. The final converged solution was
obtained by coupling this criteria with H and P convergence,
in which the number of mesh elements, and the degree of
the polynomial used in the element displacement function
were respectively increased. The 2113 stromal and 118 cap-
sular element mesh was identified as the converged mesh
(Fig. 2a).

2.6. Application of zonular traction to baseline lens

Although multiple anatomical studies have demonstrated
variation in zonular insertion into the equatorial region of the
capsule, the anterior, equatorial and posterior zonules pre-
dominate. Moreover, it has been demonstrated that a simpli-
fied zonular model is sufficient for modeling lenticular accom-
modation [14].

In this model, zonular traction (ZT) was applied to the lens
capsule by differing anatomic groups of zonules. The ZT was
exerted by: (1) the equatorial zonules alone or (2) the anterior
and posterior zonules together or (3) all three sets of zonules
simultaneously. The equatorial zonules insert directly into the
lens equator. The anterior and posterior zonules insert into the

lens capsule, 1.5 and 1.0 mm central to the edge of the lens
equator on their corresponding surface of the lens. At base-
line, no external traction was applied to the zonules. ZT was
applied at the point where the zonules meet and within the
0.0025 0.2 >0.01

lenticular equatorial plane (Fig. 1b). In this study, displacement
response to equatorial zonular traction. (b) The change in
central optical power associated with traction applied by
only the equatorial, or by the anterior and posterior
together, or by all three sets of zonules simultaneously.
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Commencing at zero tension, increasing ZT always increased
COP (Figs. 2b and 3a). This was true for every lens, includ-
ing Profiles II [17] and V [19] which were reported to be in

Fig. 3 – (a) The force required to change the central optical
power when zonular traction is applied by only the
c o m p u t e r m e t h o d s a n d p r o g r a m

. Parametric study

.1. Parametric variables

his parametric study evaluated the effect of geometric and
orce related variables on the change in central optical power
COP) of the lens by varying one variable at a time, from low
o high, while keeping the other variables at their baseline
alues, Table 2. Each of the following parameters was inde-
endently evaluated: capsular thickness; stiffness of the cap-
ule; stiffness of the entire lens stroma, its cortex, nucleus,
nd zonules; Poisson’s ratio of the stoma; strength of the
apsular-cortical and cortical-nuclear attachments; intralen-
icular pressure; and the location of attachment of the anterior
nd posterior zonules to the lens, Table 2. To determine the
ffect of baseline lens shape, on COP, the response of the five
ens profiles were compared. Profile I was used for the sen-
itivity study because it gave the median increase in central
ptical power in response to equatorial ZT.

Since the central posterior capsular thickness does not
hange thickness with aging [20,21], its thickness was held
onstant. Values were assigned for the thickness of the ante-
ior capsule, Table 2. The balance of the capsule, except for
his central posterior portion, was proportionally adjusted in
hickness.

The actual strength of the attachments of the capsule
o the cortex and the cortex to the nucleus is unknown. In
rder to assess the impact of adhesion at these interfaces,
he strength of the attachments was varied and evaluated.
o allow the surfaces to move apart and slide relative to each
ther, surface-to-surface contact elements, with a range of
rictional coefficients and stiffness, were placed between
hese interfaces. To simulate the condition when the surfaces
re fused together, contact elements were omitted.

.2. Central optical power (COP) [12]

OP = nl − na

ra
+ nl − na

rp
− t(nl − na)2

rarpnl
(3.1)

here nl = 1.42 [38], na = 1.336 and t = CLT.
The anterior, ra and posterior, rp radii of curvatures are cal-

ulated by using the radii of the sphere that fits the central
.6 mm diameter aperture of each lenticular surface before
nd after zonular traction is applied [12].

.3. Force

he total force required for ZT was determined.

.4. Idealized lens

aseline lens shape appears to be a major determinant of the
esponse of COP to ZT [39]. Since none of the studied lenses
emonstrated changes in COP comparable to the young in vivo

uman lens, an idealized lens was modeled. For this lens,
entral radii of curvatures, 11.7 mm for the anterior surface
nd of 7.7 mm for the posterior surface, were assigned. Using
hese curvatures, an equatorial radius of 4.3 mm, and central
b i o m e d i c i n e 8 5 ( 2 0 0 7 ) 77–90 81

anterior stromal thicknesses of 1.9 mm, the coefficients for
Eq. (2.1) were calculated to obtain the idealized lens profile,
Table 1.

Based on these sensitivity studies, the assigned elastic
moduli for the cortex, nucleus, anterior and posterior cap-
sules, and zonules of the idealized lens were 170 Pa, 220 Pa,
0.5 MPa, 1.5 MPa, and 1.5 MPa, respectively. The central thick-
nesses of the anterior and posterior capsules were 24 and
5 �m, respectively. Surface-to-surface contact elements with a
stiffness of 0.1N/mm and a frictional coefficient of 0.005 were
placed between the capsule and cortex to simulate the weak
attachment of the capsule to the cortex.

4. Results

4.1. Validation

The accuracy of the developed model was validated because
the results of the converged FEM mesh approached the exact
solution that was obtained independently from the solution of
two-second order, nonlinear differential equations governing
the behavior of Profile I in response to ZT applied by only the
equatorial zonules [39] (Fig. 2a).

4.2. Change in central optical power (COP)
equatorial, or by the anterior and posterior, or all three sets
of zonules. (b) The effect of the distance from the lens
equator of the anterior and posterior zonular capsular
attachments.
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the accommodated state, whether the ZT was applied to
the equatorial zonules alone, to the anterior and posterior
zonules together, or to all three sets of zonules simultane-
ously (Figs. 2b and 3a). With minimal ZT, the COP increased
from its baseline to reach its positive maximum power. The
model predicts that with further force, there was always
a reversal in the direction of change and a diminution in
COP (Fig. 3a).

Simultaneous traction on the anterior and posterior
zonules for all locations of their attachments to the lens cap-
sule was associated with an increased COP (Fig. 3b). More-
over, the closer these zonular attachments approached the
lens equator, the greater the magnitude of the increase in
COP. These effects occurred independent of the change in
material and geometric properties of the lens. Whether zonu-
lar traction was applied by the equatorial zonules, or simul-
taneously by the anterior and posterior zonules, or by all
three sets of zonules, a variation in a specific geometri-
cal or material property had a similar effect on the change
in COP.
4.3. Baseline shape

Baseline shape of the lens affected the change in COP associ-
ated with equatorial ZT (Fig. 4a).

Fig. 4 – (a) Effect of baseline shape on the change in central
optical power in response to equatorial zonular traction. (b)
Effect of the change in central lens thickness when zonular
traction is exerted by the equatorial zonules only, the
anterior and posterior zonules together, or all three sets of
zonules simultaneously.

Fig. 5 – The effect of (a) capsular thickness and (b) capsular
stiffness on the change in central optical power associated
with equatorial zonular traction.
4.4. Change in central lenticular thickness (CLT)

When tension to the equatorial zonules was applied from
the zero baseline, CLT increased to a maximum and then
decreased with further ZT. However, when ZT was applied, to
the anterior and posterior zonules, or all three sets of zonules
simultaneously, CLT immediately decreased (Fig. 4b).

4.5. Baseline capsule thickness

With equatorial ZT, the thicker the capsule, the greater the
COP increased (Fig. 5a).

4.6. Material properties

Increasing capsular stiffness increased the COP. This effect
was most apparent for capsular stiffness >0.75 MPa after
which COP approaches the maximum response to increas-
ing capsular stiffness (Fig. 5b). Decreasing the stiffness of the
entire lens stroma, its cortex, or nucleus was associated with
an increase in COP (Fig. 6a–c).

For all values of Poisson’s ratio, 0.38 ≤ � ≥ 0.49999999, equa-
torial ZT, commencing at zero, increased COP. The COP
approached a maximum for � > 0.499 (Fig. 6d), Table 2.
For zonular stiffness <0.5 MPa, the change in COP is signif-
icantly reduced in response to equatorial ZT (Fig. 7a).
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Fig. 6 – Effect of the elastic modulus of the (a) stroma (b) cortex (c) nucleus and (d) Poisson’s ratio on the change in central
optical power associated with equatorial zonular traction.

Fig. 7 – The effect of (a) zonular stiffness (b) baseline intralenticular pressure and the strength of the attachments between
the (c) capsule and cortex and (d) cortex and nucleus on the change in central optical power associated with equatorial
zonular traction.
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4.7. Baseline intralenticular pressure

Baseline intralenticular pressure, between 0.1 and 5 mm
Hg, did not appear to affect the change in COP associ-
ated with equatorial ZT (Fig. 7b), Table 2. This is consistent
with the intralenticular pressure of freshly preserved post-
mortem intact human lenses of <1 mm Hg measured in our
laboratory.

4.8. Strength of the cortical/nuclear and
capsular/cortical attachments

The FEM predicted that a weak attachment between the cap-
sule and cortex increases the response, which infers that the
capsule is not firmly bound to the cortex (Fig. 7c). The strength
of the attachment between the nucleus and cortex did not
appear to have an effect on the change in COP in response
equatorial ZT (Fig. 7d), Table 2.

4.9. Idealized lens

The COP of the idealized lens increased 10 diopters in response

to 15 mN of equatorial ZT (Fig. 8a). Both the central ante-
rior and posterior surfaces steepened and moved outward,
while their peripheral surfaces flattened with equatorial ZT
(Fig. 8b). The outward movement of the central posterior sur-

Fig. 8 – For equatorial zonular traction applied to the idealized le
displacement required to change the central optical power, (b) th
central anterior and posterior surfaces. (d) We duplicate Burd’s e
elastic moduli of the cortex and nucleus to 1.7 MPa and 2.2 E−4 M
elements with standard quadrilateral elements, add surface-to-s
and converge the solution.
n b i o m e d i c i n e 8 5 ( 2 0 0 7 ) 77–90

faces accounted for approximately 1/3 of the increase in CLT
(Fig. 8c).

5. Discussion

5.1. Accuracy

The accuracy of our FEM was assessed by comparing the out-
comes of the idealized lens to the actual changes in COP and
lens shape that occur in vivo. The idealized lens satisfied all of
the anatomic and physiological constraints of the human eye.

5.1.1. Lens compressibility and accommodation
It has been demonstrated that when pressures greater than
101 kPa are applied in incremental steps of 20 kPa to the lens,
it responds syneretically in a linear fashion [40]. Since normal
intraocular pressure is 2.6 kPa, and the change in intralenticu-
lar pressure during accommodation is approximately 1.3 kPa,
it is unlikely that the compressibility of the lens changes dur-
ing normal accommodation [41].
5.1.2. Strength of the cortical/nuclear and
capsular/cortical attachments
The FEM model demonstrates that a weak attachment
between the capsule and the cortex enhances the effect of

ns the following are evaluated: (a) the force and
e topographical changes, and (c) the movement of the
t al [12] results for the 29y/o lens. Then we change the

Pa, respectively, replace the capsular triangular mesh
urface contact elements between the capsule and cortex,
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T on COP. Consistent with this finding, there is no cement
ubstance or other extracellular material between the cap-
ule and cortical cells, and there are few interlocking pro-
esses between the first eight to ten layers of cortical cells
hat are under the capsule [42]. Moreover, the cortical lens
bers are easily hydro-dissected from the lens capsule [43,44].
onsequently, surface-to-surface contact elements should be

ncluded in FEM modeling of the capsule–cortical interface to
imulate its weak adhesion. The strength of the attachment
etween the cortex and nucleus has no effect on the COP in
esponse to equatorial ZT.

.1.3. Constraints of human lenticular accommodation
he following anatomical, physiological, and topographical
onstraints were employed to confirm that the model repre-
ented human lenticular accommodation:

. The change in the equatorial radius of the lens model must
be less than the maximum 1.3 mm space between the lens
equator and the ciliary sulcus [45]. Any change greater than
this would extend the equator of the lens beyond the phys-
ical limits of the eye.

. The total force required to induce a large change in central
lenticular optical power must be less than the maximum
force capacity of the ciliary muscle. An upper estimate for
the maximum force capacity of the human ciliary muscle
is 50 mN.This was based on the following two sources. The
maximum force capacity of the human ciliary muscle, esti-
mated from the deformation of the surfaces of spinning
human lenses, is 16 mN [46]. The maximum force exerted
by a 6 mm wide strip of monkey ciliary muscle in response
to pilocarpine is 3.2 mN [47]; i.e., the load plus the force
of contraction (Tables 1 and 2 of this reference). Since the
circumference of the monkey ciliary ring is approximately
48 mm the total force capacity of the monkey ciliary muscle
is approximately 26 mN.

. The lens model must simulate the well-documented and
non-controversial shape changes that the crystalline lens
undergoes during in vivo human accommodation. These
are an increase in central thickness [48–50], steepening of
its anterior central surface, flattening of its anterior periph-
eral surface [50–54], and a large increase in central optical
power [2,3] in response to an alteration in zonular tension.

.1.4. Increase in central optical power
lthough the human lens has a varying index of refraction

GRIN), COP of the modeled lenses was calculated using a
xed refractive index. This approximation minimally alters
he validity of using Eq. (3.1) to calculate COP [55]. In addi-
ion, the central refractive index of the lens does not appear
o change significantly with age [38].

Zonular traction, when applied to the idealized lens
nduced a 10-diopter increase in COP as a consequence of

decrease in the central radii of curvatures of its anterior
nd posterior surfaces from 11.7 to 7.1 mm and from 7.7 m to
.0 mm, respectively. Kortez et al. [49] has reported that dur-

ng in vivo human accommodation of 10 diopters, a similar
ecrease in the central anterior and posterior surface radii of
urvature from 11.7 to 7.6, and from 7.6 to 5.4 mm, respectively
ccur.
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5.1.5. Increase in CLT
Using an A-scan probe designed to track the eye [56] and
partial coherence tomography [57], it has been demonstrated
that during human accommodation, in vivo, CLT increases
with the outward movement of the central posterior sur-
face accounting for ∼1/3 of the total CLT increase (Fig. 8c).
Continuous A-scan ultrasonography during dynamic primate
in vivo accommodation [58] demonstrates a similar graphic
relationship between COP and the relative movement of the
anterior and posterior lenticular surfaces as predicted by the
FEM. These independent experimental findings, using high-
resolution techniques in vivo, are strong evidence for the valid-
ity of the FEM predictions.

5.1.6. Central anterior surfaces steepen and peripheral
surfaces flatten
Increasing ZT, from the zero baseline, induces central anterior
surface steepening and peripheral flattening (Fig. 8b). These
curvature changes have been observed in vitro when ZT is
applied to human lenses [59–61], and have been documented
during in vivo accommodation by: examining the reflections
from the anterior lenticular surface [52,53], Scheimpflug pho-
tography [50], optical coherence tomography [54], and aber-
rometry [51,62–64]. None of these in vivo studies assessed the
amount and pattern of zonular tension.

5.1.7. Force capacity of the ciliary muscle and the
equatorial circumlental space
In the idealized lens model, when zonular tension reached
15 mN, the displacement of the lens equator increased
by 112 �m, and the central optical power increased by 10
diopters. The magnitude of the force and the displacement
required to obtain this increase in central optical power are
within the anatomical constraints of the circumlenticular
equatorial space and the physiological force capacity of the
ciliary muscle.

From this accommodated state, the optical power of the
lens can be reduced in two alternate ways (Figs. 4a and 8a).
One is to reduce the zonular tension to permit reduction in
COP, a mechanism suggested by Schachar [65–67]. The reduc-
tion in force and lens equatorial diameter associated with this
alternative insures that the decrease in COP occurs within the
anatomical and force constraints of the human eye.

Alternatively, the COP of the lens can be reduced, by
increasing zonular tension. Under this option, the FEM model
predicts that to decrease the COP of the lens from its
maximally accommodated state, a mechanism proposed by
Helmholtz [48], a 4 mm increase in the equatorial diameter of
the lens and a force of more than 300 mN would be required.
This is anatomically and physiologically impossible. Conse-
quently, the model indicates that relaxation of zonular tension
is the only alternative for reducing the COP of the lens from
its maximally accommodated state.

5.2. Direction of movement of the lens equator
The FEM predicts that the positional change of the lens equa-
tor associated with a 10-diopter increase in COP is approxi-
mately 112 �m or <3% of the equatorial radius of the lens. This
small displacement is below the resolution of the MRI used



m s i
86 c o m p u t e r m e t h o d s a n d p r o g r a

to acquire images of the human lens. As a consequence, MRI
images of human eyes that have been carefully registered did
not demonstrate statistically significant movement of the lens
equator during in vivo accommodation [68]. Likewise, when
high-resolution, in vivo, ultrasound biomicroscopic images of
primate [69,70] and human [71] eyes were registered, the equa-
tor of the lens moved less than 100 �m outward toward the
sclera during the accommodative process.

There are many studies, contrary to the predictions of
this FEM that demonstrate a large decrease in lens equatorial
diameter during accommodation [19,53,72–75]. None of these
experiments included positional references, coincident image
registration, triangulation, and eye tracking to control for spu-
rious movements of the eye between collection of the images
[61,70,76–83].

Since the FEM suggests that lenticular accommodation is a
small displacement phenomenon, these controls are essential
to differentiate intraocular lens movements from confound-
ing extraocular movements. Statistical methods employed in
some studies to control for extraocular movements are not
reliable since the convergent and excyclotorsion movements
of the eyes are not random.

5.3. Mechanism of accommodation

During maximum in vivo accommodation the anterior and
posterior zonules relax to the point of curling [84–86]. Since
the lens is stable during accommodation [87–89], and the ante-
rior and posterior zonules are relaxed, it appears from the
FEM model that the equatorial zonules are the active com-
ponents of accommodation. Other FEM analyses [90,91] and
a more precise differential equation model [39] also conclude
that ZT applied by the equatorial zonules induces lenticular
accommodation.

The appearance and level of tension on the equatorial
zonules during human in vivo accommodation is unknown.
The equatorial zonules are not visible with slit lamp pho-
tography because of their small diameter. The path of the
equatorial zonules has only been established by scanning elec-
tron microscopy [14,92,93] and recently in vivo with ultrasound
biomicroscopy [14]. The equatorial zonules, which are less
than 1 mm in length, extend from the valleys between the
ciliary processes to the lens equator. Ludwig’s et al. [86] specif-
ically excluded the equatorial zonules from their ultrasound
biomicroscopic study because, as described in their methodol-
ogy, only zonules that were at least 1 mm long were analyzed.

The results of other FEM models differ from our analysis
[12–15]. These studies concluded that the equatorial diameter
of the lens decreases during accommodation. The difference
in outcome may relate to their use of a discontinuous func-
tion for the lens profile; consisting of a fifth order polynomial,
a straight line, and a circular end cap. Also, in these mod-
els triangular elements were used to model the capsule and
surface-to-surface contact elements were not placed between
the capsule and cortex.

Importantly, in all of these studies the cortex of a 29y/o
acc

lens was asserted to be six times harder than its nucleus
[12–15]. Recently these material properties of the lens cortex
and nucleus, were re-evaluated and found to be incorrect [94].
This conclusion is supported by in vitro measurements of fresh
n b i o m e d i c i n e 8 5 ( 2 0 0 7 ) 77–90

human lenses using Brillouin light scattering, a non-invasive
technique [23], penetration [43], and routine clinical observa-
tion during cataract extraction by phacoemulsification [95], all
of which demonstrate that the hardness of the lens nucleus is
either the same or greater than its cortex.

We were able to duplicate Burd’s et al [12] analysis of
the 29y/oacc lens when employing their same moduli, and
a coarse unconverged mesh with identical type of elements
(Fig. 8d). However, by employing standard quadrilateral ele-
ments to model the capsule, suitable elastic moduli for the
cortex and nucleus, and surface-to-surface contact elements
placed between the capsule and cortex in their geometric
model, we demonstrate, that beginning at zero, ZT increases
COP when a converged solution is used (Fig. 8d). In addition,
we find that under this scenario ZT only minimally changed
COP.

5.4. Etiology of presbyopia

Our FEM model predicts that increasing capsular stiffness
and/or thickness increases COP induced by ZT making it
unlikely that the known age-related increase in capsular
stiffness and thickness [20,21] are the etiologic causes of
presbyopia.

The model predicts that increasing the hardness of the
entire stoma, cortex, or nucleus decreases the COP induced
by ZT. However, there does not appear to be consistent change
in cortical, nuclear or stromal hardness of fresh human lenses
<40y/o in vitro [43] or in vivo [24] when most of the accommoda-
tive amplitude is lost. There are no optical changes in the lens
that suggest nuclear sclerosis of human lenses in eyes <40y/o
in vivo [96]. Even following 2 weeks of storage in liquid nitrogen,
pieces of lenses aged 14–25 years [26,97] do not demonstrate
a significant change in stiffness [26,97,98].

To further assess the effect of lens hardness on accommo-
dation, the elastic modulus of the entire lens stroma, cortex
and nucleus of the idealized lens was varied from 150 Pa to
7.5 kPa. As predicted by the parametric study, increasing the
elastic modulus of the lens decreased the maximum COP asso-
ciated with equatorial ZT (Fig. 9a). In addition, with an increase
in lens stiffness, the mean efficiency of ZT, change in central
optical power per micron of displacement of the lens equator
between 0 and 112 �m decreases (Fig. 9b).

Accordingly, if lens hardness was the etiology of the decline
in accommodative amplitude with age, a younger lens should
change shape faster than an older lens for all accommodative
demands. Careful evaluation of the dynamics of accommo-
dation has demonstrated that in the linear range of accom-
modation there is no statistical significant difference in the
time constant or the peak/velocity/amplitude of subjects aged
16–40 years [99–102]. This finding, and the lack of change in
lens stromal hardness in the young lens, makes it unlikely that
the normal physiological change in hardness of the cortex,
nucleus or entire lens stroma is the etiology of the 10-diopter
decline in accommodative amplitude that occurs from birth
to 40y/o [2,3].
The FEM predicts that zonular stiffness would have to
decrease by a factor of three to reduce the COP response to
equatorial ZT. Since it has been demonstrated that the zonules
become stiffer with age [103], it is unlikely that a change in
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Fig. 9 – Effect of stiffness of the entire stroma, cortex, and nucleus of the idealized lens on (a) the change in central optical
power and (b) the mean efficiency of equatorial zonular traction, diopters of increase in central optical power for each
micron of peripheral displacement of the lens equator from 0 to 112 �m. (c) The effect of changing the thickness and
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quatorial diameter of the idealized lens on the response of

onular stiffness would account for the age-related decline in
ccommodative amplitude.

This study demonstrates that the change in COP associated
ith equatorial ZT depends on lens shape. It is possible that

he age-related change in lens shape is the etiology of pres-
yopia. Between 20 and 40y/o the lens increases in thickness
104] and equatorial diameter [105,106] with a small change
n central [104] and a non-significant change in peripheral,
nferred from aberrometry [107,108], curvatures. To simulate
hese changes, the thickness and equatorial diameter of the
dealized lens were altered by moving the anterior and pos-
erior surfaces without changing their curvatures. When the
hickness and equatorial diameter of the idealized lens is
ecreased or increased, the maximum COP associated with
quatorial ZT declines (Fig. 9c). Therefore it is unlikely that
he normal change in lens shape is the etiology of presbyopia.

An alternate possibility for the etiology of presbyopia is an
ge-related decline in maximum force applied by the zonules.
he equatorial diameter of the lens increases throughout life
s a consequence of the continuous mitosis of its stem cells
105]. This predictable and progressive increase in the equato-

ial diameter of the lens will cause a reduction in the distance
etween the lens and ciliary body, thereby reducing the
ension on the zonules supporting the lens. As zonular ten-
ion is reduced, the model predicts that COP decreases. The
entral optical power to equatorial zonular traction.

physiologic age-related decline in the amplitude of accommo-
dation [2,3], referred to as presbyopia, could be the functional
manifestations of this normal equatorial lens growth.

6. Conclusion

This sensitivity study, using nonlinear FEM analysis, demon-
strated that ZT from zero increased COP. This increase in
COP occurred over a large range of Poisson’s ratios. ZT ten-
sion applied by only the equatorial zonules alone satisfied
the constraints of the force capacity of the ciliary muscle, the
limitations of the equatorial circumlental space, and the topo-
graphical lenticular changes that occur during human accom-
modation.

Increasing capsular stiffness or its thickness increased the
magnitude of the change in COP of the lens associated with a
fixed ZT. Weakening the attachment between the capsule and
its underlying cortex increased the magnitude of the change
in COP. Increasing the elastic modulus of the entire lens
stroma, cortex, or nucleus decreased the maximum change in

COP. Decreasing the amount of ZT, while holding the elastic
modulli of the lens fixed, decreases the maximum change
in COP. Since the elastic modulli of the lens do not change
significantly in young eyes, it is unlikely to be the etiology
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of the progressive decline of accommodative amplitude seen
throughout life. Normal equatorial lens growth can explain
the progressive decrease in the maximum ZT that results in
the age-related decline in accommodative amplitude.
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