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Abstract

The magnitude of zonular forces required to change the shape of the human lens while
focusing at near; i.e., accommodating, is still under investigation. During accommoda-
tion, ciliary muscle contraction induces a large increase in lens central optical power
(COP). Here we used finite element (FE) analysis to evaluate the correlation between
zonular forces and lens surface curvatures, central thickness, COP, overall lens shape
and longitudinal spherical aberration (LSA). Fresh isolated lenses from donors aged 20,
24, 26, and 30 years were the basis for the analyses. Lens nucleus elastic moduli were
specified as equal to, 2, 3, 10, 20 and 30 times greater than its cortex. When equatorial
zonular (Ez) force was increased in 3.125 x 10 N steps while the anterior zonular (Az)
and posterior zonular (Pz) forces were decreased in 3.125 x 10 N steps, COP was
evaluated. Independent of the increase in lens nuclear modulus, less than 0.02N of Ez
force was required to increase COP 10 diopters while Az and Pz forces were decreased.
The lens peripheral surfaces flattened, central surfaces steepened, central lens thick-
ness increased, COP increased and LSA shifted in the negative direction consistent with
published in vivo accommodation studies. The minimal Ez force required to obtain 10
diopters of COP increase supports that increasing Ez force with decreasing Az and Pz
force is the basis for the change in lens shape during accommodation. Since the COP
increase was independent of increasing elastic modulus of the nucleus, stiffening of
the lens nucleus is not the etiology of the universal age-related decline in accommoda-
tive amplitude that results in presbyopia in the fifth decade of life. Increased Ez zonular
tension during accommodation has implications for the development and potential
treatments of myopia, glaucoma, presbyopia, cortical cataracts and accommodative
intraocular lens design.
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Introduction

Accommodation occurs as a result of a change in lens shape as demonstrated by Thomas
Young in 1801 [1]. Central lens anterior and posterior surface curvatures and thickness
increase while its peripheral surfaces flatten. These topographical changes cause an increase
in central optical power (COP) and longitudinal spherical aberration (LSA) to shift in the
negative direction [2]. The negative shift in LSA has been attributed to the peripheral lens sur-
face flattening [3-5]. The purpose of the present study is to evaluate with finite element (FE)
analysis the correlation between zonular force magnitude and these lens changes.

There have been many human lens FE analyses with most specifying the cortex elastic
modulus greater than that of the nucleus [6-11]. This was based on measurements of lens
elasticity using centrifugal forces (lens spinning) that provided the source material for com-
putational modeling [9,12]. A lens nucleus with a lower elastic modulus than the cortex is
not consistent with the physiochemical basis for differences in elastic moduli given that the
nucleus has a higher refractive index, higher protein content and more disulfide bonds than
the cortex [13,14]. In addition, Brillouin light scattering [15-18], optical coherent elastogra-
phy [19,20], shear rheometry [21], probe penetration [22], bubble-based acoustic radiation
force [23] and compression testing [24] demonstrate that the lens nucleus has the same or
greater elastic modulus than the cortex.

As a consequence of FE models specifying the modulus of lens nucleus less than the cortex,
a total ciliary muscle force > 0.060N is required to obtain meaningful increases in lens COP
[6-11]. This is exemplified by Burd’s et al. FE analysis [6] that predicted a zonular force
between 0.080N and 0.100N that was significantly greater than the 0.015N found by Fisher’s
spinning lens experiment [12]. Ciliary muscle force has been measured [25]. Rhesus ciliary
muscle strips of 5mm coronal circular arc with meridional lengths of 4 mm, which is the total
longitudinal muscle length, were placed in a force transducer. Carbachol, a supramaximal
ciliary muscle stimulant [26], induced mean + SEM coronal and longitudinal forces of 75 +
28 mg and 94 + 38 mg, respectively. By simply adding the coronal and longitudinal forces and
3 times the SEM, the maximum force one ciliary muscle strip can apply = 367 mg. Since the
scleral diameter = 16 mm in the region of the ciliary muscle [27], approximately 10 ciliary
strips would comprise the ciliary muscle circumference. Therefore,

Total Maximum Ciliary Muscle Force =10.367 mg = 3.67mg (1)

Consequently, a total maximum ciliary muscle of < 0.05N (5 grams of force) is a conservative
estimate.

When FE and mathematical analyses specified the nucleus elastic modulus equal to or
greater than the cortex, ciliary muscle forces <0.05N induced significant changes in lens COP
[28-31]. In these FEM analyses, the most efficient increase in COP occurred when equatorial
zonular force was increased while simultaneously anterior and posterior zonular forces were
decreased. Peripheral lens surfaces flattened, central surfaces steepened, central thickness
increased and COP increased.

To avoid the lens nucleus modulus issue, zonular forces applied to the lens capsule without
stroma were evaluated by FE analysis, force diagrams [32] and a balloon zonular force model
[33]. These analyses demonstrated that to obtain the topographical changes observed during
accommodation in human and rhesus monkey lens capsules void of lens stroma, the equa-
torial zonular (Ez) force must increase and anterior zonular (Az) and posterior zonular (Pz)
forces simultaneously decrease. The peripheral surfaces flattened and the required total ciliary
muscle force was <0.02N. To assess whether these findings are consistent with zonular forces
applied to the intact lens, the present FE analysis evaluated lens profile, COP and LSA (Fig 1)
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in response to increasing Ez force while Az and Pz forces were deceased. For this analysis the
nuclear elastic modulus was equal to (L), 2 times (L,) and 3 times (L,) greater than the cortex.

Methods
Geometric parameters and material properties

The sagittal profile x-y coordinates of fresh isolated human lenses from donors aged 20, 24,
26 and 30 years, kindly provided by Professors R.C. Augusteyn and A. Mohamed from their
digital shadow photogrammetry study [35], formed the basis for the present analyses. A spline
function was defined in a computer aided design software program (SolidWorks, version
2021) and then imported into a finite element mechanical program (Ansys Parametric Design
Language, version 2021a) and fitted to the sagittal profile x-y coordinates of the lens from the
20-year-old donor [35]. For lenses from donors aged 24, 26, and 30 years [35], the sagittal
profile x-y coordinates were fit with ellipses because they provided better fits than splines.

Axisymmetric models were developed in Ansys using membrane elements (SHELL 209) for
the lens capsule, axisymmetric plane elements (PLANE 183) for the lens stroma and quadri-
lateral membrane stiffness only elements (SHELL 208) for the zonules. The total number of
finite elements for L, was 6325 and for both L, and L, there were 5280 for the cortex and 3696
for the nucleus (Fig 2). The elastic modulus of the cortex was obtained from shear rheometry
and optical coherent elastography studies [20,21]. The cortical elastic modulus for L L and L,
= 150 Pa and for L, and L, the nucleus elastic modulus was 300 Pa and 450 Pa, respectively.

Since the lens capsule varies in thickness [37,38], the Chien capsular thickness equation
[38] was used with 220 elements (Fig 2¢) and an elastic modulus of 0.3MPa [39,40]. The cap-
sule and zonular fibers were considered as linear elastic, isotropic, and homogeneous material
with Poisson’s ratios of 0.47 [41]. The zonules had an elastic modulus of 1.5 MPa [39,42].

The Ez had 1.6 mm length, 15 pm diameter, and were attached at the lens equator. Both
the Az and Pz had diameters of 150 um [36,43-45]. The Az had a length of 3.75mm and was
attached 1.0mm (arc length) anterior to the equator as per the following formula for Az dis-
tance from the lens equator [46]:

mm

Distanceto E(mm) = 0.0079 -age +0.202 - Ed(mm) — 0.04 AL(mm) (2)

years
where E = equator, Ed = equatorial lens diameter = 8.34 mm, and AL = axial length =
22.5mm.

The Pz had a length of 3.00mm and was attached 0.5mm (arc length) from the lens equa-
tor. The Ez was in line with the lens equatorial plane and Az and Pz angled with respect to the
horizontal to emulate the scanning electron microscopic image of the zonules as shown in Fig.
2d. To simulate the origins of the Ez from the valleys of the anterior ciliary process and the Az

\%;

A 4

Jm fe

Fig 1. Schematic diagram of LSA. The focal point of marginal rays (f, ) is closer to the back of a biconvex lens than
the central/paraxial rays (f)). LSA is the difference between these focal points. When f, is closer than f, to the back of
the lens, it is called positive spherical aberration and negative when it is further [34].

https://doi.org/10.1371/journal.pone.0317740.9001
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and Pz from the pars plana, two separate forces were applied to the axisymmetric model on a
360-degree basis as shown by the orange and green arrows in Fig 2e.

Boundary conditions

Considering that the lens is axisymmetric, the boundary conditions included restraining the
central optic axis in the horizontal direction and rotational direction, the stromal elements
were not permitted to rotate about the optic axis (Fig 3). The stretching endpoints of the
zonules were constrained with translational degrees of freedom in the vertical direction and
the rotational degrees of freedom about the optic axis (Fig 3). Nonlinear geometric static anal-
yses were performed for all simulations.

Application of zonular forces

When the eye is unaccommodated all the zonules are under tension, however, the applied
ciliary muscle force is unknown. Since ciliary muscle dimensions of unaccommodated phakic

gy,

nh%%%,

Fig 2. Finite element model. Anterior surface up of A) the whole lens, B) cut away to show the lens nucleus of the
models with 2 and 3 times the modulus of the cortex since both of these models have the same number of elements,
C) showing variation in capsular thickness with magnified views of each area, D) FE model lens superimposed on a
scanning electron micrograph [36], to show the basis for the zonular angles, and E) direction of the Ez (orange arrow
head) and the initial Az and Pz (green arrow head) forces on the lens.

https://doi.org/10.1371/journal.pone.0317740.g002
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and pseudophakic eyes are similar [47,48], a small total zonular force = 9.375 x 10° N defined
the unaccommodated state. The equatorial zonular (Ez) force = 3.125 x 10° N and anterior
(Az) plus posterior (Az) zonular force = 6.25 x10° N in all three models. Then Ez force was
increased in 3.125 x 10° N steps while simultaneously the Az plus Pz force was decreased in
3.125x 10°° N steps until the maximum Ez force was equal to 0.03N. COP was calculated from
the anterior (r ) and posterior (rp) radii of the best fitting sphere [49] circumscribing a 1 mm
diameter of the lens vertices using the following thick lens formula [50]:

Central Optical Power (diopters)= B T o =, )% — ) (3)
r

r, r, nr,

where na = 1.336 and nl = 1.42 are the indices of refraction of aqueous humor/vitreous and
lens, and t = central lens thickness.

Longitudinal spherical aberration

From the FE model, lens profile coordinates were obtained as the COP was increased. The
coordinates were imported into a software program (version 3.12.3, Python Software Founda-
tion) and fit with the following Forbes aspheric equation [51-54]:

2 2
2 2
Cyl Prnax Pax ) | M .
2p) = —FE——+ =3 a,Q)f {—p” ]

o o]
P

Partl
max

Part2

where z = sag (horizontal axis), ¢, = curvature of best fit sphere (bfs), p = aperture radius of
the bfs, max = maximum aperture radius of the bfs, M = maximum polynomial degree being

2
used in the fit, a, Q% [L] are polynomials of order 2 m + 4 and configured so that the

max

'0.9mm

Lens 3.950 mm
Nucleus 2.250 mm

0.8 mml

| Nucleus 2.125 mm 1 |

) Lens 4.308 mm

Fig 3. Dimensions of the lens and lens nucleus with FE analysis boundary conditions.

https://doi.org/10.1371/journal.pone.0317740.g003
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weighted root mean square slope of the departure along the normal is just the squares of

a,, . The best fit sphere (bfs) for the Forbes equation captures the bulk of the lens shape (part
1 of Eq 4) with the Forbes aspheric terms (part 2 of Eq 4) describing the aspheric departure of
the lens surface. The Forbes polynomials essentially describe the higher even order terms and
the composite function describes the aspheric curve that fits the lens surface. The coordinate
system for these parameters is shown in Fig 4.

Only the 6 mm diameter COZ lens profile coordinates were fit with Eq 4 because of the
insertion of the anterior zonules and the steep curvature of the lens equator. The coefficients
of Eq 4 were imported into an optical software program (OpTaliX-Pro v 12.0, Optical Engi-
neering Software) for the lens surfaces of an optical eye model. The eye model had Navarro
corneal and anterior chamber depth parameters [56]. For increasing lens optical powers of 2,
4,5, 6, 8 and 10 diopters, a point source of light was moved respectively from 50 cm to 25 cm,
20cm, 16.67 cm, 12.5cm and 10 cm to the cornea. Spherical aberration for a 4 mm pupil was
assessed to compare published results of the change in Zernike’s spherical aberration coeffi-
cient, Z; , with increasing COP.

Results

The unaccommodated lens had a COP = 19.65 diopters, which was comparable to the 19.11
diopters of the Gullstrand’s schematic lens [57]. The focal point of the unaccommodated eye is
shown in Fig 5.

Effect of Zonular force

With increasing Ez force, equatorial diameter increased and peripheral surfaces flattened
while the central surfaces steepened and central lens thickness and COP increased. The
increase in central thickness and central surface steepening was greater anteriorly than poste-
riorly (Fig 6, and Supplemental Movie).

Pmax Y
A

S

Optic axis

Fig 4. Coordinate system of the Forbes equation ( Eq 4) for fitting a curve to an aspheric surface (green line). p =
aperture radius and pmax = maximum aperture radius of the bfs (dashed blue line) [55].

https://doi.org/10.1371/journal.pone.0317740.9004
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<« Focal point

Fig 5. Optical model of the unaccommodated eye with Forbes aspheric curves ( Eq 4) representing the ante-
rior and posterior lens surfaces. The magnified view of the focal point of parallel rays reveals positive spherical
aberration.

https://doi.org/10.1371/journal.pone.0317740.9g005

A B

C }D }

Fig 6. Lens profiles as Ez (orange lines) force was increased and Az and Pz (green lines) forces were decreased. A)

unaccommodated state (black outline) and the COP increased (blue outline) by B) 3 diopters, C) 6 diopters and D) 10
diopters.

https://doi.org/10.1371/journal.pone.0317740.g006

These lens parameters plateaued when Ez force was 0.017N (Fig 7). For the same amount
of Ez force, the change in Ra was more than the change in Rp (Fig 7a and b). Total central lens
thickness increase plateaued at 0.017N and then began to slowly decrease (Fig 7¢). The whole
lens did not move anteriorly or posteriorly. Central lens thickness increased more anteriorly
than posteriorly (Fig 8). These findings were consistent, regardless of the lens donor’s age or
whether the lens nucleus was the same or 2 to 3 times greater than its cortex as exemplified by
the association between COP and increasing Ez force shown in Fig. 9.

Since there was essentially no effect of increasing the elastic modulus of the lens nucleus on
the change in COP, the effect of increasing it 10, 20 and 30 times on the lens from the 24-year-
old donor was assessed. As shown in Fig 10, these large increases in the elastic modulus also
did not affect the change in COP in response to increasing Ez force.
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Fig 7. Graphs of the dimensional changes of the lens from the 20-year-old donor. A) Ra, B) Rp, C) central thickness and D) COP in response to increas-

ing Ez force while Az and Pz forces were decreased.

https://doi.org/10.1371/journal.pone.0317740.g007
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Fig 8. Graph of the change in shape of the lens from the 20-year-old donor. Equatorial zonular tension was
increased while the peripheral surfaces flattened and central thickness increased more anteriorly than posteriorly
without translation of the whole lens either anteriorly or posteriorly.

https://doi.org/10.1371/journal.pone.0317740.g008
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Fig 10. Graph showing the effect of increasing the elastic modulus of the nucleus 10, 20 and 30 times its cortex
of the lens from the 24-year-old donor. The increase in COP associated with increasing Ez force was unaffected by
these changes in the lens nucleus elastic modulus.

https://doi.org/10.1371/journal.pone.0317740.g010

Aspheric curve fits

Since there was no meaningful difference in the response to increasing Ez force between lenses
from donors of different age, only the optical properties of the lens from the 20-year-old
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donor was assessed. The bfs was used to obtain the Forbes aspheric lens surface curve as
shown in Fig 11. Note that only the Forbes aspheric lens surface curves were used to evaluate
the optical properties of the model. The bfs was utilized to obtain the Forbes aspheric curves
and was not used in the optical analyses. Mean + sd root mean square error (rmse) of the
aspheric curve lens surface fits with change in COP from 0 to 10 diopters for Forbes polyno-
mials of 10*, 15" and 20™ degree are given in Table 1. Mean fits of the anterior and posterior
lens surfaces for the 20" degree Forbes polynomial were 6 times and 4 times better than the
10" degree polynomial, respectively. Since radius of surface curvature is very sensitive to fit
and can have significant optical effects, the 20" degree Forbes equation polynomial was used
in the optical analysis.

Graphs of the aspheric curve fits to the lens surfaces are shown in Fig 12. In addition to the
aspheric curves fitting the lens surfaces within nanometers, the curves were smooth as shown
by the local surface slopes in Fig 13.

Longitudinal spherical aberration

LSA shifted in the negative direction as demonstrated by Z, decreasing with slopes = -0.056
(R? = 0.95) and -0.046 (R? = 0.95) microns/diopter for increases in COP from 0 to 6 and 0 to
10 diopters, respectively (Fig 14).

Discussion

As observed during in vivo accommodation, the peripheral lens surfaces flattened, central sur-
faces steepened and central thickness and COP increased with increasing Ez force. There was
no anterior or posterior movement of the whole lens. This is consistent with optical coherence
tomography (OCT) studies that found no movement of the whole lens [58-60].

3 =
25 -

£

£

g 27

©

E

£1.5 -

o

o

o

S 1 -

° ——Forbes Aspheric Curve

(14

0.5 — -Best Fit Sphere

0 01 02 03 04 05
Axial Coordinate (mm)

Fig 11. Forbes aspheric curve. Aspheric curve fit to the unaccommodated anterior lens surface (green line) with the
bfs (dashed line blue) that was utilized for the fit.

https://doi.org/10.1371/journal.pone.0317740.9011
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Table 1. Root mean square error of the Forbes Q** curve fits (Eq 4) to the lenses.

Lens L RMSE Fits (nm)
Change COP 10 15% 20"

Anterior Posterior Anterior Posterior Anterior Posterior
0 4.0 14.3 14 5.8 0.6 3.1
2 2.3 1.9 0.7 0.5 0.4 0.3
4 1.9 39 0.5 0.9 0.3 0.4
5 1.8 5.6 0.5 1.5 0.3 0.8
6 1.7 7.3 0.4 2.2 0.2 1.3
8 1.6 10.2 0.4 3.5 0.2 2.3
10 1.1 13.1 0.3 52 0.1 3.7
Mean 2.0 8.0 0.6 2.8 0.3 1.7
STDEV 0.9 13.1 0.4 2.0 0.1 1.4
Lens L,* RMSE Fits (nm)
0 4.0 14.3 1.4 5.8 0.6 2.8
2 2.3 1.9 0.7 0.5 0.4 0.3
4 1.9 39 0.5 0.9 0.3 0.4
5 1.8 5.6 0.5 1.5 0.2 0.8
6 1.3 7.3 0.4 2.2 0.2 1.3
8 1.1 10.7 0.4 3.7 0.2 2.5
10 1.1 13.1 0.3 52 0.1 3.7
Mean 1.9 8.1 0.6 6.6 0.3 1.7
STDEV 1.0 4.7 0.4 3.4 0.1 1.3
Lens L,° RMSE Fits (nm)
0 39 14.3 1.4 5.7 0.6 2.8
2 1.8 1.9 0.7 0.5 0.4 0.3
4 1.4 4.1 0.5 1.0 0.3 0.4
5 1.8 5.6 0.5 1.5 0.3 0.8
6 1.3 7.4 0.4 2.3 0.2 1.4
8 1.6 10.5 0.4 3.7 0.2 2.5
10 1.1 13.2 0.3 52 0.1 3.8
Mean 1.8 8.2 0.6 2.8 0.3 1.7
STDEV 1.0 4.7 0.4 2.0 0.2 1.3

L,* = nucleus modulus is the same as that of the cortex; L,> = nucleus modulus is twice that of the cortex; L= nucle-
us modulus is three times that of the cortex.

https://doi.org/10.1371/journal.pone.0317740.t001

In the present FE analysis, the posterior zonule made a negative angle with respect to the
equatorial plane based on the posterior zonule path that was identified from the electron
microscopic scanning image of the zonules (Fig 2d). In prior FE analyses [6-11], the poste-
rior zonules had a positive angle with respect to the equatorial plane. However, the results
of the present study are essentially the same when compared to FEM analyses that had the
lens nucleus elastic modulus the same or greater than that of the lens cortex [28,29]. This is
expected since these analyses demonstrated Ez force most effectively increases COP [28].

Independent of whether the elastic modulus of the lens nucleus was the same, 2 times
or 3 times that of the cortex, increasing Ez force less than 0.02N with decreasing Az and Pz
forces, was sufficient to significantly increase COP to in vivo levels. Comparing the L, L, and
L, models, there was no significant difference in the change in RoC, central lens thickness,
maximum COP or LSA in lenses from donors 20 to 30 years of age. This is consistent with
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Fig 12. Forbes aspheric curve fits to L, when unaccommodated. A) and B) and when the COP increased 10 diopters C) and D).
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the predictions of FE zonular force [32] and balloon [33] models of the lens capsule without
lens stroma and FE and mathematical models of intact lenses that specified the nucleus elastic
modulus to be the same or greater than that of the cortex [28-31].

The basis for comparing lenses with nuclear elastic moduli equal to, or 2 to 3 greater than
the cortical modulus in the present study was to include the approximate range of elastic
moduli of the study lenses from young donors [20,21]. This study was focused on zonular
forces required for accommodation and not the etiology of the age-related decrease in accom-
modative amplitude that causes presbyopia in the fifth decade of life [61]. However, to assess
the effect of increasing lens nuclear stiffness, the nucleus elastic modulus from the lens of the
24-year-old donor was increased 10, 20 and 30 times that of its cortex. The increase in COP
associated with increasing Ez tension was unaffected by these changes. This is consistent with
the lack of age-related change in peak longitudinal modulus of the nucleus [17].

Recently, the age-related decline in accommodative amplitude has been attributed to
age-related increase in nucleus/cortex spatial ratio and not an increase in peak nucleus
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modulus [24]. However, swept-source scanning optical coherence tomography [62] and
Scheimpflug imaging [63] demonstrate that the nucleus/cortex thickness and volume ratios
actually decrease with age and the cortex increases at a rate approximately 3 times its nucleus
[62]. Therefore, the basic premise of this hypothesis is not feasible. The incorrect nucleus/
cortex spatial ratio was probably related to a consistent problem of omitting image registra-
tion from studies of the eye’s anterior segment. Image registration is a basic requirement of all
measurements of the eye [64] including Brillouin light scattering [65,66]. This is exemplified
by posterior segment optical coherence tomography as exquisitely manifested by optoretinog-
raphy [64]. Consequently, alternate etiologies for the age-related decline in accommodative
amplitude should be explored. For example, the continuous growth of the lens equatorial
diameter [67] causing a decrease in ciliary muscle baseline length resulting in an age-related
decline in the maximum force the ciliary muscle can apply [68,69].

Many previous FE analyses have contradicted the results of the present study [6-11].
However, all of these prior analyses assumed that an isolated lens without zonular tension had
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maximum COP. This was based on Helmholtz’s theory that during accommodation zonular
tension decreases and COP increases [70]. Consequently, it was inferred that an isolated lens
without zonular tension must have maximum COP emulating the in vivo fully accommodated
state. However, when the ciliary muscle was disinserted in 24 cynomolgus monkeys, they
became hyperopic, not myopic, and lost the ability to accommodate [71]. In addition, when
RoCs of central optical zone diameters < 3 mm of isolated lenses were measured within 48
hours of the donor’s death, the RoCs were consistent with in vivo unaccommodated lenses
[72]. Moreover parametric FEM analysis demonstrated that starting with isolated lenses with
maximum COP; i.e., equivalent to the in vivo fully accommodated state, would require zonu-
lar forces and lens equatorial displacements that exceed physiological limits [28].

In the present analysis, the total zonular force to transition the isolated lens to the unac-
commodated state was assumed to be 9.375 x 10 N. Consistent with this assumption, a recent
in vivo study found that the largest mean zonular force for unaccommodated normal eyes
with axial lengths of 22.0 to 24.5 mm was 8.66 x 10° + 3.20 x 10° N [73].

We found that fresh isolated lenses had minimum COP as determined by curve fitting
the shadow x-y profilometer coordinates, obtained from an independent study [35], and
calculating the COP within the lens functional central optical zone diameter of < 3 mm.
Consequently, large COP increases occurred with Ez forces <0.02N, which is well below the
physiological limit of total ciliary muscle force [25] as noted in the introduction. Reading and
near visual tasks require sustained ciliary muscle contraction and therefore the least amount
of energy and force. Considering this basic requirement, the results of the present study are
consistent with the mechanism of accommodation since large changes in COP occurred with
a force significantly less than the maximum force the ciliary muscle can apply [25].

Peripheral surface flattening has been observed in vitro with zonular tension [74] and in
vivo during accommodation [3-5]. Peripheral surface flattening can only occur if an outward
force is applied to the lens equator. The indirect linear relationship between Z; and the
change in COP demonstrates that peripheral lens surface flattening is the primary cause of the
accommodative negative shift in spherical aberration. For a 4 mm pupil, the slope of

2

————— = -0.056 and -0.046 microns for a change in COP from 0 to 6 diopters and
change in COP
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0 to 10 diopters, respectively, which is comparable to in vivo measurements. Cheng et al. [75],
Plainis et al. [76], Lopez-Gil et al. [77] and Atchison et al. [78] found slopes of -0.07, -0.054,
-0.044 and -0.051 microns/diopter for accommodative changes of 0 to 6,0 to 5, 0 to 4 and 0
to 3 diopters, respectively [79]. Consistent with these findings, theoretical aspheric surface
models demonstrated surface asphericity affects LSA by an order of magnitude compared to
the lens gradient [56,80].

The relatively smooth nanometer fits of the Forbes aspheric curves to the lens surfaces,
which far exceed the approximate 30-micron fits of other equations [81,82] further supports
the results. The anterior surface changed more than the posterior surface with increasing COP
as observed in vivo. This is expected from a mechanical point of view because a small change
in a flat surface induces a large radius of curvature change while a similar change in a steep
surface would cause a much smaller radius of curvature change [68]. However, a difference in
smoothness between the anterior and posterior was not anticipated. With increased COP; i.e.,
increased zonular force, the anterior lens surface became smoother as shown by the decrease
in surface slope compared to the unaccommodated lens (Figs 13a and c). Interestingly, the
opposite was true for the posterior surface. (Figs 13b and d). Consistent with these findings,
the anterior surface rmse curve fits also improved with increasing COP, but this was not the
case for the posterior surface (Table 1). There was a large improvement in posterior surface fit
with the initial 2 diopter COP increase; however, with continued COP increase, the rmse fit
decreased. Since the overall surface fits were excellent, these small surface changes would not
affect lens optics, but they may give insight into lens biomechanics.

The differences in response of the anterior and posterior surface smoothness may be due
to the difference in thickness of the anterior and posterior cortex, or a difference in adhesion
of the cortical cells to the anterior and posterior capsule. The small differences in smoothness
from increasing zonular force may be the basis for the higher incidence of posterior sub-
capsular cataracts compared to anterior capsular cataracts. On the other hand, less zonular
force may cause a decrease in posterior cortical cell deformation which may lead to cataract
formation. This may explain the observed association of increasing myopia with posterior
subcapsular cataract and the higher incidence of cortical cataracts in high myopes [83]. Since
myopes accommodate less because of their uncorrected closer focal point, there would be less
zonular tension on the lens. The protein structure of lens cells has to be ordered to reduce
light scattering for the lens to remain transparent [84]. Since the present analysis predicts
there is constant zonular force on the lens throughout life that increases with accommoda-
tion, these forces would have to be part of the basic orientation of the endoplasmic reticulum
(ER) and the Golgi apparatus and their function [85-87]. The ER and Golgi apparatus are
located in the lens cortex, where cortical cataracts occur [88], A decrease in zonular tension
may cause the ER and Golgi apparatus to significantly alter their configuration or function,
which could lead to eventual misfolding of the lens structural proteins and consequent
increased light scattering and cortical cataract formation [84]. Since the lens is derived from
epithelial cells on its anterior surface that differentiate into lens fiber cells, the lens grows
throughout life [67,89]. As the lens equatorial diameter increases, zonular force is decreased
resulting in the increased incidence of cortical cataracts with age especially in the lens equa-
torial region [88].

In conclusion, only a small Ez force is required to induce a large increase in COP and
induce the negative shift in spherical aberration observed during in vivo accommodation.
Coupled with the stability of the lens [90,91], stress on the lens [92] and image registra-
tion studies that demonstrated the lens equator moves toward the sclera during accom-
modation [93,94], relaxation of all the zonules cannot be the basis for the mechanism of
accommodation.
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As first established by Thomas Young [1], only a change in lens shape is responsible for
accommodation. During accommodation the cornea does not change shape [95,96]. Mean
axial length increases 41 + 17 microns [97]. Therefore, axial length maximally increases <
100 microns (mean plus 3 times sd), which does not meaningfully affect COP. The realization
that the lens is solely responsible for accommodation is further supported by the comparable
negative shift in Z; in the present study with in vivo measurements.

The increased Ez zonular tension during accommodation has implications for the develop-
ment and potential treatments of myopia, glaucoma, presbyopia, cortical cataracts and accom-
modative intraocular lens design. Additionally, zonular force may play a role in posterior
subcapsular formation.

Supporting information

S1 File. (Movie).
(DOCX)

S1 Movie legend.
(MOV)

Acknowledgements

The x-y coordinate data of the fresh isolated human lenses from young donors used in this
study were provided by Professors Robert C. Augusteyn and Ashik Mohamed from measure-
ments obtained at the LV Prasad Eye Institute and the Bascom Palmer Eye Institute in an
NEI funded program [35]. The Association for Research in Vision and Ophthalmology is the
copyright holder of the scanning electron micrograph [36] reproduced in Fig 2d.

Author contributions

Conceptualization: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu, Shubham
Kumar, Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C. Cosman,
Kehao Wang.

Data curation: Ronald A Schachar, Yutian Pu.

Formal analysis: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu, Shubham
Kumar, Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C. Cosman,
Kehao Wang.

Investigation: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Shubham Kumar, Farhad
Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C. Cosman, Kehao Wang.

Methodology: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu, Shubham Kumar,
Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C. Cosman, Kehao Wang.

Software: Ira H Schachar, Xiaomeng Li, Yutian Pu, Shubham Kumar, Farhad Kamangar, Boyd
Hunter, Kehao Wang.

Validation: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu, Shubham Kumar,
Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C. Cosman, Kehao Wang.

Writing - original draft: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu,
Shubham Kumar, Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C.
Cosman, Kehao Wang.

Writing - review & editing: Ronald A Schachar, Ira H Schachar, Xiaomeng Li, Yutian Pu,
Shubham Kumar, Farhad Kamangar, Boyd Hunter, Barbara K. Pierscionek, Pamela C.
Cosman, Kehao Wang.

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317740 March 17, 2025 16/ 21



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317740.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317740.s002

PLOS ONE

Human Lens Shape During Accommodation

References

1.
2.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Young T. On the mechanism of the eye. Philos Trans R Soc 1801;92:23-88.

Zhou X-Y, Wang L, Zhou X-T, Yu Z-Q. Wavefront aberration changes caused by a gradient of increas-
ing accommodation stimuli. Eye (Lond). 2015;29(1):115-21. https://doi.org/10.1038/eye.2014.244
PMID: 25341432

Dubbelman M, Van der Heijde GL, Weeber HA. Change in shape of the aging human crystalline lens
with accommodation. Vision Res. 2005;45(1):117-32. https://doi.org/10.1016/j.visres.2004.07.032
PMID: 15571742

Fincham E. Mechanism of accommodation. Br J Ophthalmol. 1937;8(suppl):2—-80.
Tscherning M. Physiological Optics. 2nd ed. Amsterdam: The Keystone; 1904.

Burd HJ, Judge SJ, Cross JA. Numerical modelling of the accommodating lens. Vision Res.
2002;42(18):2235-51. hitps://doi.org/10.1016/s0042-6989(02)00094-9 PMID: 12207982

Hermans EA, Dubbelman M, van der Heijde GL, Heethaar RM. Estimating the external force
acting on the human eye lens during accommodation by finite element modelling. Vision Res.
2006;46(21):3642-50. https://doi.org/10.1016/].visres.2006.04.012 PMID: 16750240

Belaidi A, Pierscionek BK. Modeling internal stress distributions in the human lens: can opponent
theories coexist?. J Vis. 2007;7(11):1.1-12. hitps://doi.org/10.1167/7.11.1 PMID: 17997656

Wilde GS, Burd HJ, Judge SJ. Shear modulus data for the human lens determined from a spinning
lens test. Exp Eye Res. 2012;97(1):36—48. hitps://doi.org/10.1016/j.exer.2012.01.011 PMID: 22326492

Cabeza-Gil |, Grasa J, Calvo B. A validated finite element model to reproduce Helmholtz’s theory of
accommodation: a powerful tool to investigate presbyopia. Ophthalmic Physiol Opt. 2021;41(6):1241—
53. https://doi.org/10.1111/0p0.12876 PMID: 34463367

Ghaderi H, Ni Dhubhghaill S, Tassignon M-J, Van Os L, Koppen C, Rozema JJ. The potential influ-
ence of the ligament of Wieger on the crystalline lens shape. Sci Rep. 2024;14(1):4004. hitps://doi.
0rg/10.1038/s41598-024-54674-w PMID: 38369631

Fisher RF. The elastic constants of the human lens. J Physiol. 1971;212(1):147-80. https://doi.
org/10.1113/jphysiol.1971.sp009315 PMID: 5101807

Pierscionek BK, Regini JW. The gradient index lens of the eye: an opto-biological synchrony. Prog
Retin Eye Res. 2012;31(4):332—49. https://doi.org/10.1016/].preteyeres.2012.03.001 PMID: 22465790

Garner WH, Garner MH. Protein disulfide levels and lens elasticity modulation: applications for pres-
byopia. Invest Ophthalmol Vis Sci. 2016;57(6):2851-63. https://doi.org/10.1167/iovs.15-18413 PMID:
27233034

Vaughan JM, Randall JT. Brillouin scattering, density and elastic properties of the lens and cornea of
the eye. Nature. 1980;284(5755):489-91. https://doi.org/10.1038/284489a0 PMID: 7360286

Bailey ST, Twa MD, Gump JC, Venkiteshwar M, Bullimore MA, Sooryakumar R. Light-scattering study
of the normal human eye lens: elastic properties and age dependence. IEEE Trans Biomed Eng.
2010;57(12):2910-7. https://doi.org/10.1109/TBME.2010.2052393 PMID: 20529725

Besner S, Scarcelli G, Pineda R, Yun S-H. In Vivo Brillouin analysis of the aging crystalline lens.
Invest Ophthalmol Vis Sci. 2016;57(13):5093—-100. https://doi.org/10.1167/iovs.16-20143 PMID:
27699407

Ma, Cao J, YuY, Fukuyama T, Bao Y, Ding X, et al. A Brillouin microscopy analysis of the crystalline
lenses of Chinese adults with myopia. Graefes Arch Clin Exp Ophthalmol. 2024;262(10):3243-52.
https://doi.org/10.1007/s00417-024-06510-0 PMID: 38753024

Ambekar YS, Singh M, Zhang J, Nair A, Aglyamov SR, Scarcelli G, et al. Multimodal quantitative opti-
cal elastography of the crystalline lens with optical coherence elastography and Brillouin microscopy.
Biomed Opt Express. 2020;11(4):2041-51. hitps://doi.org/10.1364/BOE.387361 PMID: 32341865

Cabeza-Gil |, Tahsini V, Kling S. Viscoelastic properties of porcine lenses using optical coherence
elastography and inverse finite element analysis. Exp Eye Res. 2023;233:109558. hitps://doi.
org/10.1016/j.exer.2023.109558 PMID: 37385534

Schachar RA, Chan RW, Fu M. Viscoelastic properties of fresh human lenses under 40 years of
age: implications for the aetiology of presbyopia. Br J Ophthalmol. 2011;95(7):1010-3. https://doi.
org/10.1136/bj0.2011.202895 PMID: 21444631

Nordmann J, Mack G, Mack G. Nucleus of the Human Lens. Ophthalmic Res. 1974;6(2—4):216-22.
https://doi.org/10.1159/000264705

Erpelding TN, Hollman KW, O’Donnell M. Mapping age-related elasticity changes in porcine
lenses using bubble-based acoustic radiation force. Exp Eye Res. 2007;84(2):332—41. https://doi.
org/10.1016/j.exer.2006.10.007 PMID: 17141220

PLOS ONE | https://doi.org/10.1371/journal.pone.0317740 March 17, 2025 17/21



https://doi.org/10.1038/eye.2014.244
http://www.ncbi.nlm.nih.gov/pubmed/25341432
https://doi.org/10.1016/j.visres.2004.07.032
http://www.ncbi.nlm.nih.gov/pubmed/15571742
https://doi.org/10.1016/s0042-6989(02)00094-9
http://www.ncbi.nlm.nih.gov/pubmed/12207982
https://doi.org/10.1016/j.visres.2006.04.012
http://www.ncbi.nlm.nih.gov/pubmed/16750240
https://doi.org/10.1167/7.11.1
http://www.ncbi.nlm.nih.gov/pubmed/17997656
https://doi.org/10.1016/j.exer.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22326492
https://doi.org/10.1111/opo.12876
http://www.ncbi.nlm.nih.gov/pubmed/34463367
https://doi.org/10.1038/s41598-024-54674-w
https://doi.org/10.1038/s41598-024-54674-w
http://www.ncbi.nlm.nih.gov/pubmed/38369631
https://doi.org/10.1113/jphysiol.1971.sp009315
https://doi.org/10.1113/jphysiol.1971.sp009315
http://www.ncbi.nlm.nih.gov/pubmed/5101807
https://doi.org/10.1016/j.preteyeres.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22465790
https://doi.org/10.1167/iovs.15-18413
http://www.ncbi.nlm.nih.gov/pubmed/27233034
https://doi.org/10.1038/284489a0
http://www.ncbi.nlm.nih.gov/pubmed/7360286
https://doi.org/10.1109/TBME.2010.2052393
http://www.ncbi.nlm.nih.gov/pubmed/20529725
https://doi.org/10.1167/iovs.16-20143
http://www.ncbi.nlm.nih.gov/pubmed/27699407
https://doi.org/10.1007/s00417-024-06510-0
http://www.ncbi.nlm.nih.gov/pubmed/38753024
https://doi.org/10.1364/BOE.387361
http://www.ncbi.nlm.nih.gov/pubmed/32341865
https://doi.org/10.1016/j.exer.2023.109558
https://doi.org/10.1016/j.exer.2023.109558
http://www.ncbi.nlm.nih.gov/pubmed/37385534
https://doi.org/10.1136/bjo.2011.202895
https://doi.org/10.1136/bjo.2011.202895
http://www.ncbi.nlm.nih.gov/pubmed/21444631
https://doi.org/10.1159/000264705
https://doi.org/10.1016/j.exer.2006.10.007
https://doi.org/10.1016/j.exer.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17141220

PLOS ONE

Human Lens Shape During Accommodation

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

Schumacher J, Lopez RR, Larin K, Manns F, Scarcelli G. Functional effects of the spatial-varying
lens mechanical properties in accommodation. JPhys Photonics. 2024;6(3):035021. https://doi.
0rg/10.1088/2515-7647/ad3e55 PMID: 38975030

Poyer JF, Gabelt BT, Kaufman PL. The effect of muscarinic agonists and selective receptor subtype
antagonists on the contractile response of the isolated rhesus monkey ciliary muscle. Exp Eye Res.
1994;59(6):729-36. https://doi.org/10.1006/exer.1994.1159 PMID: 7698266

Ostrin LA, Glasser A. Edinger-Westphal and pharmacologically stimulated accommodative
refractive changes and lens and ciliary process movements in rhesus monkeys. Exp Eye Res.
2007;84:302-313.

Augusteyn R, Maceo H, Ho A, Parel J-M. Nonhuman primate ocular biometry. Investigative Ophthal-
mology & Visual Science. 2016;57:105-14.

Abolmaali A, Schachar RA, Le T. Sensitivity study of human crystalline lens accommodation. Comput
Methods Programs Biomed. 2007;85(1):77-90. https://doi.org/10.1016/j.cmpb.2006.08.005 PMID:
17005291

Schachar RA, Bax AJ. Mechanism of human accommodation as analyzed by nonlinear finite element
analysis. Compr Ther. 2001;27(2):122—32. https://doi.org/10.1007/s12019-996-0006-5 PMID: 11430259

Chien C-HM, Huang T, Schachar RA. Analysis of human crystalline lens accommodation. J Biomech.
2006;39(4):672-80. https://doi.org/10.1016/j.jpiomech.2005.01.017 PMID: 16023655

Schachar RA, Huang T, Huang X. Mathematic proof of Schachar’s hypothesis of accommodation. Ann
Ophthalmol. 1993;25(1):5-9. PMID: 8427491

Schachar RA, Schachar IH, PuY, Kumar S, Cosman PC, Pierscionek BK, et al. Finite element
analysis of zonular forces. Exp Eye Res. 2023;237:109709. https://doi.org/10.1016/j.exer.2023.109709
PMID: 37923162

Schachar RA, Schachar IH, Kumar S, Feldman El, Pierscionek BK, Cosman PC. Model of zonular
forces on the lens capsule during accommodation. Sci Rep. 2024;14(1):5896. https://doi.org/10.1038/
s41598-024-56563-8 PMID: 38467700

Kidger MJ. Fundamental optical design. Bellingham: SPIE Press; 2001.

Mohamed A, Durkee HA, Williams S, Manns F, Ho A, Parel J-MA, et al. Morphometric analysis of in
vitro human crystalline lenses using digital shadow photogrammetry. Exp Eye Res. 2021;202:108334.
https://doi.org/10.1016/j.exer.2020.108334 PMID: 33121973

Rohen J. Scanning electron microscopic studies of the zonular apparatus in human and monkey
eyes. Invest Ophthalmol Vis Sci. 1979;18(1):133—44.

Barraquer R, Michael R, Abreu R, Lamarca J, Tresserra F. Human lens capsule thickness as a func-
tion of age and location along the sagittal lens perimeter. Invest Ophthalmol Vis Sci 2006;47:2053-60.

Chien C-HM, Huang T, Schachar RA. A mathematical expression for the human crystalline lens.
Compr Ther. 2003;29(4):245-58. https://doi.org/10.1385/comp:29:4:244 PMID: 14989046

Avetisov KS, Bakhchieva NA, Avetisov SE, Novikov |A, Frolova AA, Akovantseva AA, et al. Biome-
chanical properties of the lens capsule: A review. J Mech Behav Biomed Mater. 2020;103:103600.
https://doi.org/10.1016/j.jmbbm.2019.103600 PMID: 32090929

Ziebarth NM, Arrieta E, Feuer WJ, Moy VT, Manns F, Parel J-M. Primate lens capsule elasticity
assessed using Atomic Force Microscopy. Exp Eye Res. 2011;92(6):490—4. https://doi.org/10.1016/].
exer.2011.03.008 PMID: 21420953

Wang K, Venetsanos DT, Hoshino M, Uesugi K, Yagi N, Pierscionek BK. A Modeling Approach for
Investigating Opto-Mechanical Relationships in the Human Eye Lens. IEEE Trans Biomed Eng.
2020;67(4):999-1006. https://doi.org/10.1109/TBME.2019.2927390 PMID: 31395531

Bassnett S. Zinn’s zonule. Prog Retin Eye Res. 2021;82:100902. https://doi.org/10.1016/j.pretey-
eres.2020.100902 PMID: 32980533

Streeten B. The zonular insertion: A scanning electron microscopic study. Invest Ophthalmol Vis Sci
1977;16:364—-75.

Farnsworth PN, Burke P. Three-dimensional architecture of the suspensory apparatus of the lens of
the Rhesus monkey. Exp Eye Res. 1977;25(6):563—76. https://doi.org/10.1016/0014-4835(77)90135-x
PMID: 412688

Fligel-Koch CM, Croft MA, Kaufman PL, Lutjen-Drecoll E. Anteriorly located zonular fibres as a
tool for fine regulation in accommodation. Ophthalmic Physiol Opt. 2016;36(1):13-20. https://doi.
org/10.1111/0p0.12257 PMID: 26490669

Sakabe |, Oshika T, Lim SJ, Apple DJ. Anterior shift of zonular insertion onto the anterior surface of
human crystalline lens with age. Ophthalmology. 1998;105(2):295-9. https://doi.org/10.1016/s0161-
6420(98)93172-4 PMID: 9479290

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317740 March 17, 2025 18/ 21



https://doi.org/10.1088/2515-7647/ad3e55
https://doi.org/10.1088/2515-7647/ad3e55
http://www.ncbi.nlm.nih.gov/pubmed/38975030
https://doi.org/10.1006/exer.1994.1159
http://www.ncbi.nlm.nih.gov/pubmed/7698266
https://doi.org/10.1016/j.cmpb.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17005291
https://doi.org/10.1007/s12019-996-0006-5
http://www.ncbi.nlm.nih.gov/pubmed/11430259
https://doi.org/10.1016/j.jbiomech.2005.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16023655
http://www.ncbi.nlm.nih.gov/pubmed/8427491
https://doi.org/10.1016/j.exer.2023.109709
http://www.ncbi.nlm.nih.gov/pubmed/37923162
https://doi.org/10.1038/s41598-024-56563-8
https://doi.org/10.1038/s41598-024-56563-8
http://www.ncbi.nlm.nih.gov/pubmed/38467700
https://doi.org/10.1016/j.exer.2020.108334
http://www.ncbi.nlm.nih.gov/pubmed/33121973
https://doi.org/10.1385/comp:29:4:244
http://www.ncbi.nlm.nih.gov/pubmed/14989046
https://doi.org/10.1016/j.jmbbm.2019.103600
http://www.ncbi.nlm.nih.gov/pubmed/32090929
https://doi.org/10.1016/j.exer.2011.03.008
https://doi.org/10.1016/j.exer.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21420953
https://doi.org/10.1109/TBME.2019.2927390
http://www.ncbi.nlm.nih.gov/pubmed/31395531
https://doi.org/10.1016/j.preteyeres.2020.100902
https://doi.org/10.1016/j.preteyeres.2020.100902
http://www.ncbi.nlm.nih.gov/pubmed/32980533
https://doi.org/10.1016/0014-4835(77)90135-x
http://www.ncbi.nlm.nih.gov/pubmed/412688
https://doi.org/10.1111/opo.12257
https://doi.org/10.1111/opo.12257
http://www.ncbi.nlm.nih.gov/pubmed/26490669
https://doi.org/10.1016/s0161-6420(98)93172-4
https://doi.org/10.1016/s0161-6420(98)93172-4
http://www.ncbi.nlm.nih.gov/pubmed/9479290

PLOS ONE

Human Lens Shape During Accommodation

47.

48.

49.

50.
51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.
69.

Mao X, Banta JT, Ke B, Jiang H, He J, Liu C, et al. Wavefront derived refraction and full eye biometry
in pseudophakic eyes. PLoS One. 2016;11(3):e0152293. https://doi.org/10.1371/journal.pone.0152293
PMID: 27010674

Fernandez-Vigo JI, Fernandez-Aragén S, de-Pablo-Gémez-de-Liafo L, Fernandez-Vigo C, Almorin-
Fernandez-Vigo |, Garcia-Feij6o J, et al. Assessment of the ciliary muscle and scleral anterior
thickness in high myopia by optical coherence tomography. Arch Soc Esp Oftalmol (Engl Ed).
2024;99(1):16—22. https://doi.org/10.1016/j.oftale.2023.11.010 PMID: 38008380

Taubin G. Estimation of planar curves, surfaces, and nonplanar space curves defined by implicit
equations with applications to edge and range image segmentation. IEEE Trans Pattern Anal Machine
Intell. 1991;13(11):1115-38. https://doi.org/10.1109/34.103273

Jenkins F, White H. Fundamentals of optics. 1957.

Forbes GW, Brophy CP. Asphere, O asphere, how shall we describe thee?. SPIE Proceedings.
2008;7100:710002. https://doi.org/10.1117/12.797770

Forbes GW. Shape specification for axially symmetric optical surfaces. Opt Express.
2007;15(8):5218-26. https://doi.org/10.1364/0e.15.005218 PMID: 19532773

Forbes GW. Robust, efficient computational methods for axially symmetric optical aspheres. Opt
Express. 2010;18(19):19700-12. https://doi.org/10.1364/OE.18.019700 PMID: 20940865

Forbes GW. Robust and fast computation for the polynomials of optics. Opt Express.
2010;18(13):13851-62. https://doi.org/10.1364/OE.18.013851 PMID: 20588518

Schuhmann R. Description of aspheric surfaces. Adv Opt Techn. 2019;8:267-278.

Navarro R, Santamaria J, Bescos J. Accommodation-dependent model of the human eye with
aspherics. J Opt Soc Am A. 1985;2(8):1273-81. https://doi.org/10.1364/josaa.2.001273 PMID:
4032096

Duke-Elder S, Abrams D. Ophthalmic optics and refraction. vol. v. In: Duke-Elder S. editor. System of
Ophthalmology. London: Henry Kimpton; 1970;5:115-7.

Wang L, Jin G, Ruan X, Gu X, Chen X, Wang W, et al. Changes in crystalline lens parameters during
accommodation evaluated using swept source anterior segment optical coherence tomography. Ann
Eye Sci. 2022;7(1):33. hitps://doi.org/10.21037/aes-21-70

Grzybowski A, Schachar RA, Gaca-Wysocka M, Schachar IH, Kamangar F, Pierscionek BK. Mech-
anism of accommodation assessed by change in precisely registered ocular images associated
with concurrent change in auto-refraction. Graefes Arch Clin Exp Ophthalmol. 2018;256(2):395-402.
https://doi.org/10.1007/s00417-017-3843-2 PMID: 29147767

Schachar RA, Mani M, Schachar IH. Image registration reveals central lens thickness minimally
increases during accommodation. Clin Ophthalmol. 2017;11:1625-36. https://doi.org/10.2147/OPTH.
S144238 PMID: 28979092

Duane A. Normal values of the accommodation at all ages. JAMA. 1912;59(5):1010-3.

Gupta A, Ruminski D, Villar AJ, Toledo RD, Gondek G, Pierscionek B, et al. Age-related changes in
geometry and transparency of human crystalline lens revealed by optical signal discontinuity zones
in swept-source OCT images. Eye Vis (Lond). 2023;10(1):46. https://doi.org/10.1186/s40662-023-
00365-y PMID: 38037146

Dubbelman M, Van der Heijde GL, Weeber HA, Vrensen GRIM. Changes in the internal structure of
the human crystalline lens with age and accommodation. Vision Res. 2003;43(22):2363-75. https://
doi.org/10.1016/s0042-6989(03)00428-0 PMID: 12962993

Schachar R, Schachar I, Grzybowski A. Image registration: Required for all ophthalmic imaging as
demonstrated by optoretinography. Adv Ophthalmol Pract Res. 2023;3:101-2.

Zhang H, Asroui L, Randleman JB, Scarcelli G. Motion-tracking Brillouin microscopy for in-vivo
corneal biomechanics mapping. Biomed Opt Express. 2022;13(12):6196—210. https://doi.org/10.1364/
BOE.472053 PMID: 36589595

Zhang H, Asroui L, Tarib I, Dupps WJ Jr, Scarcelli G, Randleman JB. Motion-Tracking Brillouin Micros-
copy Evaluation of Normal, Keratoconic, and Post-Laser Vision Correction Corneas. Am J Ophthal-
mol. 2023;254:128-40. https://doi.org/10.1016/j.2j0.2023.03.018 PMID: 36963605

Streckenbach F, Stachs O, Langner S, Guthoff RF, Meinel FG, Weber M-A, et al. Age-related changes
of the human crystalline lens on high-spatial resolution three-dimensional T1-weighted brain mag-
netic resonance images in vivo. Invest Ophthalmol Vis Sci. 2020;61(14):7. https://doi.org/10.1167/
iovs.61.14.7 PMID: 33270843

Schachar RA. The mechanism of accommodation and presbyopia. n.d.

Schachar RA. The mechanism of accommodation and presbyopia. Int Ophthalmol Clin.
2006;46(3):39-61. https://doi.org/10.1097/00004397-200604630-00006 PMID: 16929224

PLOS ONE | https://doi.org/10.1371/journal.pone.0317740 March 17, 2025 19/21



https://doi.org/10.1371/journal.pone.0152293
http://www.ncbi.nlm.nih.gov/pubmed/27010674
https://doi.org/10.1016/j.oftale.2023.11.010
http://www.ncbi.nlm.nih.gov/pubmed/38008380
https://doi.org/10.1109/34.103273
https://doi.org/10.1117/12.797770
https://doi.org/10.1364/oe.15.005218
http://www.ncbi.nlm.nih.gov/pubmed/19532773
https://doi.org/10.1364/OE.18.019700
http://www.ncbi.nlm.nih.gov/pubmed/20940865
https://doi.org/10.1364/OE.18.013851
http://www.ncbi.nlm.nih.gov/pubmed/20588518
https://doi.org/10.1364/josaa.2.001273
http://www.ncbi.nlm.nih.gov/pubmed/4032096
https://doi.org/10.21037/aes-21-70
https://doi.org/10.1007/s00417-017-3843-2
http://www.ncbi.nlm.nih.gov/pubmed/29147767
https://doi.org/10.2147/OPTH.S144238
https://doi.org/10.2147/OPTH.S144238
http://www.ncbi.nlm.nih.gov/pubmed/28979092
https://doi.org/10.1186/s40662-023-00365-y
https://doi.org/10.1186/s40662-023-00365-y
http://www.ncbi.nlm.nih.gov/pubmed/38037146
https://doi.org/10.1016/s0042-6989(03)00428-0
https://doi.org/10.1016/s0042-6989(03)00428-0
http://www.ncbi.nlm.nih.gov/pubmed/12962993
https://doi.org/10.1364/BOE.472053
https://doi.org/10.1364/BOE.472053
http://www.ncbi.nlm.nih.gov/pubmed/36589595
https://doi.org/10.1016/j.ajo.2023.03.018
http://www.ncbi.nlm.nih.gov/pubmed/36963605
https://doi.org/10.1167/iovs.61.14.7
https://doi.org/10.1167/iovs.61.14.7
http://www.ncbi.nlm.nih.gov/pubmed/33270843
https://doi.org/10.1097/00004397-200604630-00006
http://www.ncbi.nlm.nih.gov/pubmed/16929224

PLOS ONE

Human Lens Shape During Accommodation

70.
71.

72,

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Helmholtz H. Uber die Akkommodation des Auges. Archiv fiir Ophthalmologie. 1855;1(1):1-74.

Kaufman PL, Rohen JW, Barany EH. Hyperopia and loss of accommodation following ciliary muscle
disinsertion in the cynomolgus monkey: physiologic and scanning electron microscopic studies. Invest
Ophthalmol Vis Sci. 1979;18(7):665—73. PMID: 109411

Schachar RA. Central surface curvatures of postmortem- extracted intact human crystalline lenses:

implications for understanding the mechanism of accommodation. Ophthalmology. 2004;111(9):1699—

704. https://doi.org/10.1016/j.ophtha.2004.03.033 PMID: 15350325

Zhang L, Wen K, Liu M, Wang J, Huang Y, ZhangY, et al. Unveiling the mysteries of the Chinese

lens zonule balance tension: a statistical analysis. Heliyon. 2024;10(20): e38712. doi: 10.1016/j.heli-
on.2024.e38712

Schachar RA. Qualitative effect of zonular tension on freshly extracted intact human crystal-

line lenses: implications for the mechanism of accommodation. Invest Ophthalmol Vis Sci.

2004;45:2691-5.

Cheng H, Barnett J, Vilupuru A, Marsack J, Kasthurirangan S, Applegate R. A population study on

changes in wave aberrations with accommodation. J Vis. 2004;4(3):272-80.

Plainis S, Ginis HS, Pallikaris A. The effect of ocular aberrations on steady-state errors of accommo-
dative response. J Vis. 2005;5(5):466—77. https://doi.org/10.1167/5.5.7 PMID: 16097877

Lépez-Gil N, Fernandez-Sanchez V, Legras R, Montés-Micé R, Lara F, Nguyen-Khoa J.
Accommodation-related changes in monochromatic aberrations of the human eye as a function of
age. Invest Ophthalmol Vis Sci. 2008;49(4):1736—43.

Atchison DA, Collins MJ, Wildsoet CF, Christensen J, Waterworth MD. Measurement of monochro-
matic ocular aberrations of human eyes as a function of accommodation by the Howland aberro-
scope technique. Vision Res. 1995;35(3):313-28. https://doi.org/10.1016/0042-6989(94)00139-d
PMID: 7892727

Lépez-Gil N, Fernandez-Sanchez V. The change of spherical aberration during accommodation and
its effect on the accommodation response. J Vis. 2010;10(12):12.

Lotmar W. Theoretical eye model with aspherics. J Opt Soc Am. 1971;61:1522-9.

Urs R, Ho A, Manns F, Parel J-M. Age-dependent Fourier model of the shape of the isolated ex vivo
human crystalline lens. Vision Res. 2010;50(11):1041-7. https://doi.org/10.1016/j.visres.2010.03.012
PMID: 20338192

Giovanzana S, Schachar R, Talu S, Kirby R, Yan E, Pierscionek B. Evaluation of equations for
describing the human crystalline lens. J Mod Opt. 2013;60(5):406—13.

Lim R, Mitchell B, Cumming RG. Refractive associations with cataract: the Blue Mountains Eye Study.
Invest Ophthalmol Vis Sci. 1999;40(12):3021-6. PMID: 10549667

Schachar RA, Solin SA. The microscopic protein structure of the lens with a theory for cataract
formation as determined by Raman spectroscopy of intact bovine lenses. Invest Ophthalmol.
1975;14(5):380-96. PMID: 1126827

Phuyal S, Djaerff E, Le Roux A-L, Baker MJ, Fankhauser D, Mahdizadeh SJ, et al. Mechanical strain
stimulates COPII-dependent secretory trafficking via Rac1. EMBO J. 2022;41(18):e110596. https://doi.
org/10.15252/embj.2022110596 PMID: 35938214

Gauthier NC, Masters TA, Sheetz MP. Mechanical feedback between membrane tension and dynam-
ics. Trends Cell Biol. 2012;22(10):527-35. https://doi.org/10.1016/j.tcb.2012.07.005 PMID: 22921414

Liu J. Roles of membrane mechanics-mediated feedback in membrane traffic. Curr Opin Cell Biol.
2024;89:102401. https://doi.org/10.1016/j.ceb.2024.102401 PMID: 39018789

Michael R, Barraquer Rl, Willekens B, van Marle J, Vrensen GRJM. Morphology of age-related cune-
iform cortical cataracts: the case for mechanical stress. Vision Res. 2008;48(4):626—34. https://doi.
org/10.1016/j.visres.2007.12.005 PMID: 18221767

Schachar RA. Growth patterns of fresh human crystalline lenses measured by in vitro photographic
biometry. J Anat. 2005;206(6):575-80. https://doi.org/10.1111/].1469-7580.2005.00422.x PMID:
15960767

Schachar RA. Gravity does not affect lens position during accommodation. Invest Ophthalmol Vis Sci.
2016;57(11):4566—7. https://doi.org/10.1167/iovs.16-19793 PMID: 27588615

Schachar RA, Davila C, Pierscionek BK, Chen W, Ward WW. The effect of human in vivo accom-
modation on crystalline lens stability. Br J Ophthalmol. 2007;91(6):790-3. https://doi.org/10.1136/
bjo.2006.110791 PMID: 17215266

Schachar R, Koivula A. The stress on the anterior lens surface during human in vivo accommodation.
British Journal of Ophthalmology. 2008;92(3):348-50.

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317740 March 17, 2025 20/21



http://www.ncbi.nlm.nih.gov/pubmed/109411
https://doi.org/10.1016/j.ophtha.2004.03.033
http://www.ncbi.nlm.nih.gov/pubmed/15350325
https://doi.org/10.1016/j.heliyon.2024.e38712
https://doi.org/10.1016/j.heliyon.2024.e38712
https://doi.org/10.1167/5.5.7
http://www.ncbi.nlm.nih.gov/pubmed/16097877
https://doi.org/10.1016/0042-6989(94)00139-d
http://www.ncbi.nlm.nih.gov/pubmed/7892727
https://doi.org/10.1016/j.visres.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20338192
http://www.ncbi.nlm.nih.gov/pubmed/10549667
http://www.ncbi.nlm.nih.gov/pubmed/1126827
https://doi.org/10.15252/embj.2022110596
https://doi.org/10.15252/embj.2022110596
http://www.ncbi.nlm.nih.gov/pubmed/35938214
https://doi.org/10.1016/j.tcb.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22921414
https://doi.org/10.1016/j.ceb.2024.102401
http://www.ncbi.nlm.nih.gov/pubmed/39018789
https://doi.org/10.1016/j.visres.2007.12.005
https://doi.org/10.1016/j.visres.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18221767
https://doi.org/10.1111/j.1469-7580.2005.00422.x
http://www.ncbi.nlm.nih.gov/pubmed/15960767
https://doi.org/10.1167/iovs.16-19793
http://www.ncbi.nlm.nih.gov/pubmed/27588615
https://doi.org/10.1136/bjo.2006.110791
https://doi.org/10.1136/bjo.2006.110791
http://www.ncbi.nlm.nih.gov/pubmed/17215266

PLOS ONE

Human Lens Shape During Accommodation

93.

94,

95.

96.

97.

Schachar RA, Kamangar F. Computer image analysis of ultrasound biomicroscopy of primate accom-
modation. Eye (Lond). 2006;20(2):226—-33. https://doi.org/10.1038/sj.eye.6701838 PMID: 15818391

Schachar RA, Tello C, Cudmore DP, Liebmann JM, Black TD, Ritch R. In vivo increase of the human
lens equatorial diameter during accommodation. Am J Physiol. 1996;271(3 Pt 2):R670-6. hitps://doi.
org/10.1152/ajpregu.1996.271.3.R670 PMID: 8853390

Buehren T, Collins MJ, Loughridge J, Carney LG, Iskander DR. Corneal topography and accom-
modation. Cornea. 2003;22(4):311-6. https://doi.org/10.1097/00003226-200305000-00007 PMID:
12792473

Sis6-Fuertes |, Dominguez-Vicent A, del Aguila-Carrasco A, Ferrer-Blasco T, Montés-Micé R. Cor-
neal changes with accommodation using dual Scheimpflug photography. J Cataract Refract Surg.
2015;41(5):981-9. https://doi.org/10.1016/j.jcrs.2014.08.038 PMID: 25953474

Kaphle D, Schmid KL, Suheimat M, Read SA, Atchison DA. Central and peripheral choroidal thick-
ness and eye length changes during accommodation. Ophthalmic Physiol Opt. 2023;43(3):311-8.
https://doi.org/10.1111/0p0.13084 PMID: 36597948

PLOS ONE | https://doi.org/10.1371/journal.pone.0317740 March 17, 2025 21 /21



https://doi.org/10.1038/sj.eye.6701838
http://www.ncbi.nlm.nih.gov/pubmed/15818391
https://doi.org/10.1152/ajpregu.1996.271.3.R670
https://doi.org/10.1152/ajpregu.1996.271.3.R670
http://www.ncbi.nlm.nih.gov/pubmed/8853390
https://doi.org/10.1097/00003226-200305000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12792473
https://doi.org/10.1016/j.jcrs.2014.08.038
http://www.ncbi.nlm.nih.gov/pubmed/25953474
https://doi.org/10.1111/opo.13084
http://www.ncbi.nlm.nih.gov/pubmed/36597948

