1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Vision Res 2011 July 15; 51(14): 1667-1678. doi:10.1016/j.visres.2011.05.009.

Age-dependence of the optomechanical responses of ex vivo
human lenses from India and the USA, and the force required to
produce these in alens stretcher: the similarity to in vivo
disaccommodation

Robert C Augusteynl:2:3 Ashik Mohamed1#, Derek Nankivill:3, Pesala Veerendranathl:,
Esdras Arrietal:3, Mukesh Tanejal#, Fabrice Manns1:3:5 Arthur Hol2, and Jean-Marie
Parel35

1 vision Cooperative Research Centre, Brien Holden Vision Institute, Sydney, Australia

2 Department of Optometry and Vision Science, University of NSW, Sydney, Australia

3 Ophthalmic Biophysics Center, Bascom Palmer Eye Institute, University of Miami Miller School
of Medicine, Miami, FL33136

4L V Prasad Eye Institute, Hyderabad, India

5 Biomedical Optics and Laser Laboratory, Department of Biomedical Engineering, University of
Miami College of Engineering, Coral Gables, FL 33146.

Abstract

The purpose of this study was to study the age-dependence of the optomechanical properties of
human lenses during simulated disaccommodation in a mechanical lens stretcher, designed to
determine accommodative forces as a function of stretch distance, to compare the results with in
vivo disaccommodation and to examine whether differences exist between eyes harvested in the
USA and India.

Post-mortem human eyes obtained in the USA (n=46, age = 6 to 83 years) and India (n=91, age =
1 day to 85 years) were mounted in an optomechanical lens stretching system and dissected to
expose the lens complete with its accommodating framework, including zonules, ciliary body,
anterior vitreous and a segmented rim of sclera. Disaccommodation was simulated through radial
stretching of the sectioned globe by 2 mm in increments of 0.25 mm. The load, inner ciliary ring
diameter, lens equatorial diameter, central thickness and power were measured at each step.
Changes in these parameters were examined as a function of age, as were the dimension/load and
power/load responses.

Unstretched lens diameter and thickness increased over the whole age range examined and were
indistinguishable from those of in vivo lenses as well as those of in vitro lenses freed from zonular
attachments. Stretching increased the diameter and decreased the thickness in all lenses examined
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but the amount of change decreased with age. Unstretched lens power decreased with age and the
accommodative amplitude decreased to zero by age 45-50. The load required to produce
maximum stretch was independent of age (median 80 mN) whereas the change in lens diameter
and power per unit load decreased significantly with age.

The age related changes in the properties of human lenses, as observed in the lens stretching
device, are similar to those observed in vivo and are consistent with the classical Helmholtz theory
of accommodation. The response of lens diameter and power to disaccommaodative (stretching)
forces decreases with age, consistent with lens nuclear stiffening.
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1. INTRODUCTION

Accommodation is the dioptric change in the power of the eye required to bring near objects
into focus. This change is brought about by an increase in lens thickness, a decrease in lens
diameter, and an increase in curvature of the lens anterior and posterior surfaces in response
to contraction of the ciliary muscle ([Young, 1793], [Cramer, 1853], [Helmholtz, 1855],
[Koretz et al., 1984], [Atchison, 1995] and [Glasser and Kaufman, 2003]). The
accommodative amplitude of humans begins to decline early in life and is almost completely
lost by the age of 50 to 55 years ([Donders, 1864], [Duane, 1912] and [Kaufman, 1992].
This loss of accommaodative ability with age is referred to as presbyopia. It affects virtually
everyone and is the most common ocular affliction in the world.

The etiology of presbyopia is still not clearly defined and alterations in every component of
the accommodative apparatus have been invoked ([Atchison, 1995], [Fincham, 1937],
[Glasser and Kaufman, 2003] and [Strenk, Strenk and Koretz, 2005]), but most of the recent
observations and current theories implicate age-related changes in the lenticular component.
Lens hardening, in particular, has long been considered to be a major factor. Support has
come from numerous investigations, although some suffer from drawbacks which make the
data unreliable or difficult to compare (Burd et al., 2006). Recent dynamic mechanical
analyses have revealed the age-related development of a stiffness gradient and substantial
stiffening of the lens nucleus ([Heys et al., 2005] and [Weeber et al, 2005]). In view of the
involvement of nuclear deformation in accommaodation (Patnaik, 1967) and the
demonstration that stretching stresses are distributed around the corticonuclear boundary
(Belaidi and Pierscionek, 2007), it would be expected that the force required for
accommodation would have to increase with age. What this force may be and whether the
ciliary body is able to deliver it remain to be established. Such information would be of
considerable value for understanding the causes of presbyopia and for the development of
devices or strategies for restoring accommodation, especially lens refilling protocols in
which the hard contents of the old lens are removed and replaced with a softer, more pliable
gel ([Kessler, 1964] and [Parel et al., 1986]).

Several in vitro studies have examined the role of the different components of the ocular
system in the accommodative process and attempted to assess the forces required. In early
studies, disaccommodation was simulated by attaching weights to the ciliary body, by
uniaxial loading experiments or by applying centrifugal forces to isolated lenses ([Fisher,
1971], [Pau, 1951], [Schachar, 2004] and [Stadfeldt, 1896]). Centrifugation has again been
used more recently to assess the deformability of decapsulated lenses (Burd et al., 2011)
These were followed by the development of various mechanical devices for radially
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stretching the lens while still attached to the accommodative apparatus ([Fisher, 1977],
[Sunderland and O'Neill, 1976] and [van Alphen and Graebel, 1991]). An electronically
driven instrument was constructed by Pierscionek (1993, 1995) and, since then, several
stretching devices, designed to address specific aspects of the accommodative process, have
been developed in other laboratories ([Ehrmann et al., 2008], [Gerometta et al., 2007],
[Glasser and Campbell, 1998], [Koopmans et al., 2003], [Manns et al., 2007] and [Reilly et.
al., 2008]) The Pierscionek instrument measured thickness and curvature (Pierscionek,
1993, 1995), while that designed by Glasser and Campbell (1998) was able to provide
information on focal length and spherical aberration, as well as thickness and diameter in a
later design (Koopmans et al., 2003). However, other than the device constructed by Reilly
et al., (2008), these later instruments did not permit a quantitative assessment of the
relationship between the forces applied and the optical or biometric responses. The only
device that did allow measurement of force was used only on a small number of porcine
lenses (Reilly et al., 2009).

Information on the effect of increasing age on the forces required to stretch lenses and on the
response of the lens to those forces would be of particular value for understanding the causes
of presbyopia and for the development of devices or strategies for restoring accommodation.
In particular, knowledge of the forces involved in lens stretching would greatly facilitate the
selection of gels with appropriate visco-elastic properties to be used as replacements for the
ageing lens contents. Such information can be obtained with an instrument (EVAS, Ex Vivo
Accommodation System) developed in our laboratories (Manns et al., 2007). The EVAS
system was designed to measure lens diameter, thickness and power and, simultaneously,
the force required to change these. The instrument was also designed for development and
investigation of the phaco-ersatz procedure (Parel et al., 1986) in which the contents of the
lens are removed through a small capsulorhexis and replaced with a suitable gel, after which
the optomechanical responses can again be assessed.

A first generation of the EVAS system has been used to examine small numbers of grouped
monkey and human lenses (Manns et al., 2007). This initial study showed that the EVAS
lens stretcher produces changes in lens diameter and power that are consistent with in vivo
measurements and with the Helmholtz theory of accommaodation, but the number of lenses
was insufficient to characterize the age-dependence of the responses. The purpose of the
present study was to examine the age dependence of the optical and mechanical responses of
a large number of post-mortem human lenses, using the EVAS lens stretching system and to
evaluate possible differences between lenses obtained in the USA and India.

2. MATERIALS AND METHODS

2.1 Tissue preparation

Post-mortem human eyes were obtained from donors, ranging in age from 1 day to 85 years,
and used in compliance with the guidelines of the Declaration of Helsinki for research
involving the use of human tissue. Upon arrival at the laboratory, eyes were either directly
prepared for the stretching experiment or refrigerated at 4°C. The cause, time of death and
time to enucleation had been recorded for each eye. Where detailed medical histories were
available, it was possible to eliminate eyes from donors having had uncontrolled diabetes,
head or ocular trauma or prior eye surgery. Other contraindications included death through
electrocution, liver failure, kidney failure, poisoning and sepsis, as well as treatments and
medications which affect collagen and elastin or have the potential to damage tissue, such as
chemotherapy, radiation and immunosuppressive therapy.

The eyes were dissected according to the protocol described previously (Manns et al., 2007).
In short, after exposing a clean dried scleral surface, eight custom-made annular segments of
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PMMA termed “scleral shoes” were bonded with cyanoacrylate adhesive onto the anterior
scleral surface of the intact globe to form a circumferential band located ~ 1 mm posterior to
the limbus to 3 mm above the equator. The shoes were custom-designed to match the
anatomy of the eyes and prevent deformation of the globe during dissection as well as
providing attachment points to mount the tissue in the lens stretcher (EVAS).

The posterior segment of the eye was then circumferentially dissected and the excess
vitreous was removed until the vitreous surface was flush with the scleral shell. Special care
was taken to leave the anterior vitreous and the hyaloid membrane near the lens and ciliary
body untouched. The tissue chamber was then % filled with Dulbecco's Modified Eagle's
Medium (DMEM/F-12, D8437, Sigma, St Louis, MO) in order to minimize the risk of
zonular damage and to prevent the lens from drying (Rosen et al., 2005). After removing the
fixation pins, the ring was placed with the anterior surface facing upward and the dissected
eyeball was transferred to the tissue chamber and connected to the lens stretcher (EVAS) via
stainless steel hooks. The cornea was removed at the level of the limbus and the iris was
carefully dissected out at its root. Eight segments were then produced by making full-
thickness meridional incisions in the sclera between adjacent shoes, avoiding damage to the
ciliary body, zonule and lens capsule. At the completion of the dissection, the chamber was
completely filled with DMEM. The final preparation was carefully inspected under the
operating microscope (BPEI: OMS-300, Topcon, Tokyo, Japan; LVPEI: OPMI 1-FR, Carl
Zeiss, Germany) to ensure all components of the accommaodative apparatus were intact
before stretching commenced.

2.2 Lens stretcher (EVAS: Ex Vivo Accommodation Simulator)

The tissue assembly was connected to the motorized translation stage of the stretcher
(EVAS) using an assembly of strings and pulleys. The arrangement of the various elements
of the instrument is shown in Figure 1.

The apparatus has been described in detail (Manns et al., 2007). The translational movement
of the T-bar produces a radial stretching force equally distributed among the eight segments.
A load cell with a range of 100 g and resolution of 0.01 g was mounted on the T-bar to
record the total load during the experiment. The recorded load was converted from grams (g)
to milliNewtons (mN) using the conversion factor, 1 g = 9.81 mN. Mechanical testing of the
lens stretcher, to ensure that reasonable load values were obtained, was done before each
series of experiments, using a 70 pm thick annulus made of medical grade silicone elastomer
(PDMS, Elastic modulus: 1.7 MPa) with a rectangular cross-section and 17 mm inner
diameter and 19 mm outer diameter.

The amount of stretching to be applied was determined in preliminary experiments by
monitoring ciliary body condition in response to stretching over a variety of distances. At 4
mm radial stretch, the ciliary body was damaged so that a second stretching experiment
yielded different results for the changes in lens parameters. By reducing the amount of
stretch until successive runs generated identical results, it was determined that 2 mm was
optimal. The translation stage was programmed to move outwards by a total of 2 mm in 0.25
mm increments at a speed of 0.5 mm/s, corresponding to a diameter increase of the outer
sclera by 4 mm in 0.5 mm steps. The translation stage is stopped for 10 s at the end of each
step to permit measurements of the diameters of the lens and inner ciliary ring and the power
of the lens (see below). The load, at equilibrium after each step, was also recorded. At the
end of the last step, the translation stage is returned to its initial position at 0.5 mm/s and the
dimensions and power were measured again. If these had returned to the original starting
values, indicating the stretching had not altered the tissues permanently, the stretching
protocol was repeated a further minimum of two times and the data were averaged. Slit-lamp
images of the lens cross-section were obtained in separate stretching cycles to ensure that
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there was no significant axial movement or tilting of the lens. Pre-loading was done to
ensure uniform stretching and to ensure that there were no problems with the pulley
transmission system, the attachment of the shoes, or with the tissue. One or two pre-
conditioning runs were performed to verify symmetrical stretching and to ensure there was a
stable response in the load versus stretched distance.

It was generally at the first step that problems arose which necessitated the abandonment of
the experiment. Most common were ciliary body detachment at the corneo-scleral spur, with
stretching, and lens prolapse during the dissection. By careful exclusion of eyes according to
the contraindications listed above, the attrition rate was reduced to less than 25% of all eyes
received. Experiments were made on 46 eyes in the Ophthalmic Biophysics Center, Bascom
Palmer Institute, University of Miami, USA. The instrument was then shipped to the LV
Prasad Eye Institute in Hyderabad, India, where it was used for the assessment of 91 Indian
eyes.

2.3 Measurement of dimensions and power

At each step of the stretching cycles, images of the lens with ciliary body were captured at
high magnification under retroillumination, using a digital camera mounted on the operation
microscope. Diameters were measured along the horizontal and vertical axes in units of
pixels using graphics software Canvas 9.0 (ACD Systems, Miami, FL). An image of a
metric ruler with 0.5-mm graduations captured before each experiment was used to convert
pixel units to length units. The mean of the horizontal and vertical measurements was used
as a measure of the diameter.

The apparent lens thickness (Ta) was measured on images recorded using the same camera
in a separate stretching cycle, with the lens illuminated with a slit at an angle of 31 + 1°. A
factor to convert apparent thickness to true thickness was derived following a paraxial
analysis of lens changes in the stretcher. The first step of the analysis is a forward ray-trace
through the immersed lens to determine the points of intersection of the slit beam with the
anterior and posterior lens surfaces. The second step is calculation of the position of the
virtual aerial reflected image of these two points, which is the image viewed through the
microscope. The analysis showed that as a first approximation, the true thickness is directly
proportional to the apparent thickness. Changes in the anterior curvature during stretching or
with increasing age, and in the fluid layer thickness were found to have only a small effect
on the proportionality factor. We therefore derived a fixed proportionality factor, with a
different value for the Indian and American eyes, to take into account differences in the slit
angle at the two sites, by comparison of the apparent thickness from the slit lamp images
with the averaged values from all published in vitro measurements, over the age range of
25-65 years where the change in thickness is approximately linear (Augusteyn, 2010). For
nine Indian eyes, not stretched because of ciliary body detachment, it was also possible to
compare the slit lamp dimensions with those obtained with calipers. A first order
propagation of errors showed that these conversion factors provide thickness values (total
accuracy as standard deviation or 95% c.i.) with an uncertainty of + 7%.

The lens power during stretching cycles was measured with an optical system based on the
Scheiner principle. Four parallel laser beams were refracted through the lens and brought to
a point focus, the position of which was detected by a miniature board-level camera and the
axial position of the focal plane was accurately measured with a height gauge. The refractive
power of the immersed lens (in DMEM/F-12; assumed n = 1.332 at 635 nm) was then
determined using an optical model.
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2.4 Data analysis

Lens diameter (D), apparent thickness (Ta), focal distance and the applied stretching load
(L) were measured at the beginning of each cycle and at each step during the stretching. Ta
was converted to actual thickness (T) and focal distance to power (P), after which D, T and
P were plotted against L to produce Diameter-load, Thickness-load and Power-load response
curves. The slopes of the linear portions of these plots, as well as D, T and P, were analyzed
as a function of the age since conception (Augusteyn, 2010) since lens growth commences
early in gestation.

First, to test for significance of the correlation between the measured parameters and age
since conception and postmortem time, all measured and derived parameters were grouped
into trivariate sets, involving age since conception, parameter and postmortem time. Then, a
trivariate Partial Correlation Analysis was performed to generate Spearman's Ranked Partial
Correlation Coefficients and the corresponding p-values for each trivariate set, and the
Bonferroni method was employed to allow for multiple comparison while assuring that an
overall confidence level (o = 0.05) is maintained. No parameter showed a significant
correlation with postmortem time (p > 0.1) and, in all cases, the correlation with age since
conception was much more significant than with postmortem time. Therefore, postmortem
time was eliminated as an effector and not considered in subsequent analysis.

Then, to determine if any significant differences exist between the two populations (Indian
and USA), all measured and derived parameters were paired with the age of the eye to give
bivariate data for both the Indian and USA samples and used to generate scatter plots.
Parameters that were found to correlate with age were checked for normality by plotting a
histogram, a normal plot and by performing the Shapiro-Wilk normality test. Parameters that
were found not to correlate with age were compared directly using the Wilcoxon Rank Sum
Test. Data that were not normally distributed were transformed by the application of a
deterministic mathematical function to each point in the data set to obtain a normal
distribution. Then, normalized non-linear data were transformed in the same fashion to
obtain a linear trend. Once the data were both normalized and linearized, a least squares
linear regression was performed. Using this regression, the residuals and standardized
residuals were computed, and any residual outside of the 99% confidence interval (2.575c)
was removed as an outlier. Finally, the slopes and slope errors of each data set were used to
construct hypothesis tests on the age-dependent trends using Student-t statistics and, once
again, the Bonferroni method was applied. The results of this analysis provided the basis for
subsequent grouping of both Indian and USA eyes for further age-dependent analyses. The
final numbers of data displayed in the figures and used for analysis are included in the
legends to the figures.

Finally, to examine the nature of the age-dependence, all measured and derived parameters
were paired with the age of the eye to give bivariate data, with the Indian and USA samples
grouped together. Then, the aforementioned protocol concerning normalization, linearization
and outlier discrimination was employed on the grouped data sets, where data points before
20 years of age were excluded from the final analysis to eliminate the complexity of rapid
early growth from the analyses presented herein.

3. RESULTS

3.1 Unstretched dimensions

The dimensions of the ciliary body and lens were measured, prior to application of
stretching forces, with the tension adjusted until the zonules were slightly taut, but not
stretched.

Vision Res. Author manuscript; available in PMC 2012 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Augusteyn et al.

Page 7

The inner ring diameter of the unstretched ciliary body decreases slightly with age (Fig 2A).
In eyes over 20 years, Diameter = 11.8 - 0.011xAge (p=0.004). A decrease has also been
observed in vivo but the actual dimensions differ. Strenk et al. (1999) found that, with an 8
D accommodation stimulus, the inner ciliary ring diameter decreased from around 13.3 mm
at age 20 years to 12 mm at 83 years.

The distances between the inner margin of the ciliary body (CB) and the lens (the
circumlental space) are shown in Figure 2B. In 20 years-old eyes, the distance of around 1.2
mm would correspond to the average length of the zonules. With increasing age, this
distance decreases to 0.6-0.7 mm. Calculations from the in vivo measurements of Strenk et
al. (1999) suggest a similar age-related decrease but all the in vivo distances appear to be
about 0.5 mm greater than those observed in the present study.

The lens diameters (Fig 2C) are indistinguishable from the published data on isolated in
vitro lenses (solid line) (Augusteyn, 2010), indicating that the lenses were in their fully
accommodated state prior to commencement of the stretching experiments. They are also
very similar to the (accommodated) in vivo measurements (Strenk et al., 1999). The data
show that lens diameter increases continuously throughout life; between the ages of 50 and
85 years, this amounted to 0.3 mm.

Central lens thicknesses are presented in Figure 2D together with the previously described
trend derived from all published in vitro measurements (solid line, Augusteyn, 2010).
Although our data are too few to reveal convincing trends, they are consistent with previous
observations that central thickness decreases from birth to the teenage years, followed by an
increase for the rest of life.

3.2 Stretched dimensions

The dimensions of the ciliary body, lens and circumlental space, after stretching, are
presented in Figure 3 and the changes from the unstretched to the stretched state in Figure 4.
Comparison of the stretched (Fig 3) with the unstretched (Fig 2) dimensions reveals that the
overall trends with age were unaltered but there were age-dependent differences in the
responses to stretching.

Although there is considerable variation, it would appear that stretching increased the inner
ring diameter of young (<20 years) ciliary bodies by approximately 1 mm and by around 0.7
mm for those over 20 years (Fig 4A). These are similar to the increases observed with in
vivo MRI measurements (Strenk et al., 1999), suggesting that the forces being applied to the
ciliary body and lens were similar to those applying in vivo.

The circumlental space increased with each step of stretching. Since the tension at the sclera
was adjusted to ensure that some opposing zonules were taut prior to stretching, the increase
would represent zonular stretch. Figure 4B indicates there was an increase of 0.29 mm,
around 15% of the CB-lens distance, for the 2 mm of stretch applied at the sclera, and that
this was independent of age.

The total change in lens diameter achieved with stretching is shown as a function of donor
age in Figure 4C. As much as 0.7 mm of stretch was observed with lenses under age 20
years, but this decreased rapidly to an almost constant 0.16 + 0.1 mm in lenses older than 40.
During in vivo disaccommodation, lens diameter increases by 0.6-0.8 mm in young lenses
reducing to 0 by age 50 (Strenk et al., 1999).

The amount of lens thinning with stretching decreased from near 0.5 mm, for 2 year-old
lenses, to under 0.2 mm, after age 50 (Fig 4D). In vivo MRI measurements, for an
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accommodation stimulus of 6D, yielded values ranging from a 0.5 mm increase in central
thickness at age 25, to 0 mm after age 50 (Strenk et al.,1999). It may also be calculated from
the Scheimpflug data of Dubbelman et al. (2005) that, for a 20 year-old, 6 D of
accommodation stimulus results in a 0.3 mm increase in lens thickness.

3.3 Lens optical power

The optical power of the unstretched lens was observed to decrease with age from 40-50 D
at birth to ~20 D after age 50 (Fig 5A). This is comparable to the observations of Borja et al.
(2008) who found that the power of the isolated human lens decreased from around 45 D at
age 6 years to 20 D at age 60, although, we found no evidence for the apparent increase in
power after this age, reported by these authors. The focal lengths, calculated from our data
(F=1.336/P), range from 27-40 mm near birth to 65-80 mm after age 50. These are similar
to the values reported by Glasser and Campbell (1998).

The power of stretched lenses also decreased with age, virtually leveling off at around 20 D
after age 50 (Figure 5B), the same as for the unstretched lenses. The differences between the
data in Figures 5A and 5B indicate that the accommodative amplitude that could be
achieved in the EVAS stretcher, decreased from 12-14 D at birth to around 0 D by age 40-50
(Fig 5C). Using a simple paraxial eye model, it may be estimated that the in vivo
accommodative amplitude is ~80% of the change in lens power. Our data yield an estimate
of 8-10 D for the accommodative amplitude of the newborn eye, in very close agreement
with the objective in vivo measurements of Anderson et al. (2008). The decrease with age is
essentially identical to the in vivo accommodative loss ([Anderson et al., 2008], [Hamasaki
et al., 1956], [Koretz et al., 1989],]). It is clear from Figure 6 that the accommodative
amplitude is directly correlated to the response of lens thickness to stretching, averaging 1 D
change for every 0.06 mm of central thickness change. This is comparable to the 0.045 mm/
D observed in vivo (Dubbelman et al., 2005). It may be noted that several lenses stretched
by up to 0.3 mm with no or very small accommodative change. A similar response was seen
with the diameter which averaged around 1 D/0.08 mm, including several lenses which
appeared to change by up to 0.3 mm with no discernable accommodative change.

3.4 Stretching loads

Figure 7A demonstrates that the maximum load achieved with 8 stretching steps was
independent of age, with a median of 0.08 £ 0.02 mN (¢ = — 0.1; p = 0.3) for the combined
Indian and USA eyes. In all cases, the maximum load occurred at the maximum stretch.
Although the measured changes in the various parameters provide a very useful view of the
effects of stretching, the end points may be influenced by variations in the starting points,
due, for example, to differences in the initial zonule tension or eye mounting. Therefore, for
each eye, the observed lens diameters, ciliary ring diameters, ciliary body-lens distances and
optical powers after every stretching step, were plotted against the force (load) required for
the step. It was found in agreement with the observations of Manns et al. (2007) that, once
stretching started, the parameter being observed increased or decreased linearly with the
applied load (R >0.85; p<0.05) but the magnitude of the response to a given load
(Parameter/Load) decreased with increasing age. This can be seen from the slopes of the
various Parameter/Load plots, presented in Figures 7B-D.

There appears to be no change with age in the force required to stretch the zonules (Figure
7B), as judged from the slopes of the Circumlental space/Load plots. An average of 7.3 + 2
um/mN was obtained for the whole age range.

By contrast, although there is considerable scatter in the data, it is clear that the slopes of the
Lens diameter/load plots decrease with age (Fig 7C), indicating that the response of the lens
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to a given stretching force decreases with increasing age. The decrease is most rapid in the
first 30-40 years of life and appears to level off at an average of 2.4 um/mN for lenses over
50 years, similar to the 2.9 um/mmN (0.029 mm/g), previously observed (Manns et al.,
2007).

A similar age-related trend is seen in the Optical power/Load data (Fig 7D) in the two
populations. There is a gradual decrease in the slope from —0.1 to —0.15 D/mN, in lenses
under 10 years of age, to 0 D/mN after age 50.

4. DISCUSSION

4.1 Lens quality and numbers

Data have been obtained on the effects of stretching on ciliary body and lens dimensions,
optical power and the forces required to alter these during in vitro stretching of lenses from
donors, aged 0-85 years. Although human lens stretching studies, similar to that presented
here, have been conducted previously ([Gerometta et al., 2007], [Koopmans et al., 2003],
[Manns et al., 2007] and [Pierscionek, 1993]), they were conducted with small numbers of
eyes, ranging from 2 to 27, and, in some cases, assessed fewer and different properties.
Because of the small sample numbers ([Koopmans et al., 2003] and [Pierscionek, 1993,
1995]) or the grouping of data (Manns et al., 2007), it is difficult to identify age-related
trends. In the present study, the 137 eyes examined were distributed over a broad age range,
with 100 in the 20-60 year range, which is of most interest in relation to presbyopia.

Particular care was taken in the present study to ensure that the tissues used were in good
condition. Consequently, about 25% of available eyes were rejected because of
contraindications known to weaken the ciliary body or zonules. Eyes were also monitored
during the experimental procedures to ensure they remained undamaged and lenses were
carefully examined for evidence of swelling. It is not clear if such precautions were taken in
previous studies. Given the variability observed in lenses obtained from eye bank eyes
(Augusteyn et al., 2006), it would be expected that a significant number of the lenses
examined in previous studies may have been swollen and could have yielded unreliable data.
It is suggested that future reports on human eyes include a description of parameters used for
the inclusion or exclusion of eyes.

4.2 Indian and USA eyes

The data from experiments conducted in Miami and in Hyderabad were originally analyzed
separately in order to determine if there might be differences between eyes obtained from
the relatively homogeneous Indian population and the racially more diverse USA donors. In
addition, post mortem times for eyes examined in India were significantly shorter than those
from the USA. Our results indicate there are no differences in any of the parameters
examined. Therefore, all analyses and interpretations were based on the combined data.

4.3 Prestretching

The present estimates of inner ciliary ring diameter are 10% lower than those observed in
vivo (Strenk et al., 1999). The difference might be related to the disruption of the scleral
wall and/or changes in the geometry of the accommodative structures in the absence of
intraocular pressure when mounting the eye in the EVAS device. Nevertheless, in agreement
with in vivo observations ([Strenk et al., 1999] and [Tamm et al., 1992]), we found that,
after age 20, inner ciliary ring diameter decreases with age.

Our observations on the lens, prior to stretching, are very similar to those made previously.
Thus, we find, in agreement with in vitro studies on the isolated lens ([Augusteyn, 2010] and
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[Borja et al., 2008]), that the fully accommodated diameter increases throughout life, central
thickness decreases from birth to the late teens and increases thereafter, and power decreases
from birth onwards. The patterns of changes in these parameters are also very similar to
those observed for the accommodated lens in vivo ([Jones et al., 2007] and [Strenk et al.,
1999]). Such observations do much to reinforce confidence in the ability of the EVAS
apparatus to preserve the natural shape of the lens and, therefore, to provide reliable
information on (dis)accommodation.

The shape of the human lens is known to change with age. At birth, it has an aspect ratio (T/
D) near 0.6, which decreases to 0.4 in the teenage years. Thereafter, the ratio gradually
increases to just above 0.5 late in life. This shape change would be expected to significantly
affect the curvature of the lens, especially in the early years and, consequently, alter optical
power. Coupled with the increase in inner ciliary ring diameter up to adolescence and its
possible effect on zonular tension, this makes it difficult to assess the effects of early growth
on the optical properties of the eye. Therefore, analysis of the data, with respect to
presbyopia development, was restricted to eyes over 20 years of age. However, all data have
been shown.

There have been reports, based on in vivo observations ([Jones et al., 2007] and [Strenk et
al., 1999]), that the diameter of the human lens does not increase beyond age 50. It has also
been reported that there are no age-related diameter increases in old Rhesus monkeys
(Wendt et al., 2008). However, these conclusions were based on small numbers of
unaccommodated eyes. As pointed out previously (Augusteyn, 2010), in vivo lens
dimensions are dependent on interaction of the lens with other ocular components and these
interactions may change with age, accommodative and visual stimuli as well as other
factors. Our data, obtained with 37 fully accommodated lenses, aged over 50 years, while
still attached to the accommaodative apparatus, are comparable to the dimensions obtained in
several laboratories with in vitro lenses, freed from vitreous and zonules and are consistent
with continued growth of the lens diameter. It might be argued that our estimates are high
because the lenses were partly stretched when tensioning the zonules, prior to the
commencement of the experiments. However, stretching loads were <1 mN when diameters
were measured, insufficient to stretch any of the components of the accommodative
apparatus, except for the lax ciliary body, emptied of aqueous humor as the tight junctions of
the blood-aqueous barrier are breached after death. Furthermore, in a few cases, dimensions
were measured again, using calipers at LVPEI and shadowphotogrammetry at BPEI, after
removal of the lens from the eye and stretching apparatus. No differences were observed.

Between the ages of 20 and 40 years, there is a reduction of 0.4-0.5 mm in the stretched
ciliary body-lens distance, the same as observed in vivo (Strenk et al., 1999). A decrease in
inner ciliary ring diameter (0.4-0.5 mm/2) and an increase in lens diameter (0.4-0.5 mm/2)
contribute equally to this reduction. This suggests that zonular tension might decrease over
this age range, so that the relaxed lens could assume a more accommodated (rounded) shape
and ciliary muscle contraction might, then, produce less shape alteration. However, since the
zonular insertion band moves onto the lens surfaces, remaining at a fixed distance from the
lens poles (Farnsworth and Shyne, 1979) only the ciliary body diameter decrease would
affect zonular tension. At age 40-50, the ciliary ring diameter still increases by an average of
0.7 mm, with in vitro stretching, and by 0.6 mm during in vivo disaccommodation (Strenk et
al., 1999), ample to overcome any age-related zonular slackness.

As has been observed in many other studies, unstretched (accommaodated) lens power
decreases relatively smoothly from birth until age 40-50 years, by which time
accommodative amplitude has been completely lost. In young lenses, before the adolescent
change in growth pattern which leads to an increase in the aspect ratio, unstretched power
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decreases faster (in D/year) than in the adult lens. This implies that the complex growth
changes before adulthood accelerate the loss of power. The accelerated decrease could be
due either to a faster rate of surface flattening in the young lens, or to a greater effect of
changes in the refractive index gradient profile.

It appears unlikely that alterations in the location of the ciliary body are responsible for this
loss of accommaodative amplitude with age. During in vivo accommaodation in young eyes,
the ciliary body moves forward and inwards (Tamm et al., 1992), thereby releasing tension
on some of the zonules and facilitating lens rounding. From age 30-80, the ciliary muscle
continuously atrophies and adopts an anterior-inward position (Tamm et al., 1992),
suggesting that zonular tension and, therefore, the forces which can be exerted on the lens
would be significantly reduced. This does not appear to be the case for monkeys where the
ciliary body is fixed in a far position (Tamm et al., 1992). In the stretching device, the
ciliary body moves radially outwards and there is no vitreous humour to support the lens.
Despite this, it is possible to closely reproduce the in vivo age-related changes, in particular,
the accommodative loss. Thus, lenticular changes, alone, are probably responsible for the
loss of accommaodative amplitude as well as the unaccommodated power loss.

4.4 Stretching

The mechanical stretching in the EVAS instrument affects the 3 principal components of the
accommodative apparatus, the ciliary body, the zonules and the lens. Each responds
differently and some of their responses change with age.

Diametrical stretching by 4 mm increased the inner ciliary ring diameter by approximately
0.8 mm in the youngest eyes and 0.4 mm in the oldest. These are comparable to the in vivo
responses, to an 8D accommodative stimulus, of 1.0-1.2 mm at age 25 years and 0.2-0.3 mm
at 83 years (Strenk et al., 1999). The similarity between the changes suggests that the effect
of the stretcher on the inner portion of the accommodative apparatus (ciliary ring, zonules
and lens) is similar to that in vivo, despite the major differences in the way these changes are
produced (radial stretching versus muscle contraction). The ciliary body changes are
matched by increases in the circumlental space and lens diameter of 0.25 and 0.55 mm,
respectively, in the youngest lens and 0.25 and 0.2 mm, respectively, in the oldest. The fact
that the change in the circumlental space remains constant is expected, since we found that
the force remains constant with age and there is no change in the force required to stretch the
zonules. The reduced lens diameter change, with age, reflects the increased resistance of the
lens to stretching.

As noted above, the distance between the ciliary body and lens increased by 0.25 + 0.1 mm
during stretching, independent of age. A similar change has been observed previously with a
smaller number of eyes (Manns et al., 2007) and can also be deduced from the in vivo MRI
observations (Strenk et al., 1999). The increase appears to be independent of age and takes
place early in the stretching protocol, before any changes are detected in the lens diameter. It
is probable that this represents stretching and re-alignment of the zonules as they take up
tension. Because of the variety of insertion and anchorage points, differing angles between
the zonules and lens and involvement of the hyaloid membrane ([Bernal et al., 2006] and
[Farnsworth and Shyne, 1979]), it is likely that the loads on some zonules change and
different zonules come into play as the ciliary body moves outwards during in vivo
disaccommodation. The forces generated would change with age since some zonular
insertion points move onto the surfaces of the lens as the diameter increases (Farnsworth and
Shyne, 1979). Our data suggest that this actually has little measurable effect on the
circumlental space, probably because there are some zonules anchored near the equator that
remain there, even in old lenses.
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4.4.1 Lens dimensions—A large decrease, from 0.7 to 0.2 mm, was observed with
increasing age in the amount of lens diameter stretch which could be generated and a
comparable decrease of 0.5 to 0.2 mm in the thickness change. These alterations indicate
that the lens becomes more resistant to stretching with increasing age. This resistance is
probably responsible for the 0.4 mm decrease in ciliary ring diameter displacement.
Interestingly, there appeared to be around 0.2-0.3 mm of residual stretch in the thickness of
old lenses, suggesting that the lens retains some flexibility, possibly in the outer, soft cortex,
and can still be slightly altered by accommodative forces after age 40-50. Although this has
not been observed in vivo for humans, there is a suggestion in the data of Bito et al. (1982)
that this could also be the case in rhesus monkey. However, the small change in shape did
not appear to translate into any discernable change in power. This may be a function of the
limitations of the power measurements (accurate to + 1.5 D, based on calibration with
known power lenses) or of errors in the measurement of dimensions. It is also possible that
the changes in lens curvature and, hence, power were in the outer cortex, beyond the
measurement zone of our Scheiner optical system which employed four parallel beams
effectively representing a pupil size of 3 mm. For future studies, more comprehensive
characterisation across a wider extent of the lens, by the incorporation of systems that are
able to quantify the topography of the entire lens surface ([Manns et al., 2004] and [Uhlhorn
et al., 2008]), would be beneficial.

4.4.2 Power changes—As reported in numerous studies, both in vivo and in vitro, we
found that the power of the accommodated lens decreases with age from around 45 D at
birth to 20 D at age 40. Thereafter, lens power changes only slightly, in vitro or in vivo, as
the lens continues to grow and change shape. The age-related in vivo decline has been
variously attributed to changes in lens surface curvature and refractive index distributions as
well as, but less likely, alterations in other ocular components ([Atchison, 1995], [Fincham,
1937], [Glasser and Kaufman, 2003] and [Strenk et al., 2005]). Recent studies on isolated
lenses ([Borja et al., 2008] and [Jones et al., 2005]) indicate that the surfaces contribute only
20-40% of accommodated power change, most from the anterior surface ([Dubbleman et al.,
2005], [Fincham, 1937], [Garner and Yap, 1997] and [Koretz et al., 2002]) and this changes
little with age. Thus, alterations in the refractive index distribution, such as the development
of the nuclear refractive index plateau (Augusteyn et al., 2008), would be major factors
responsible for the loss of power.

Extrapolation from our data indicates that the power of newborn lenses can change by up to
12-14 D. This would correspond to 8-10 D for the accommodative amplitude of the newborn
eye, in very close agreement with the objective in vivo measurements of Anderson et al.
(2008). We found lens power change declines to near 0 D by age 40-50 years, similar to
previous in vitro and in vivo observations ([Borja et al., 2008], [Duane, 1912], [Glasser and
Campbell, 1998], [Hamasaki et al., 1956], [Koretz et al., 1989] and [Manns et al., 2007]).
The power change appears to be directly related to the responses of lens shape to stretching
forces. Our measurements show that a change of around 0.06 mm in the central thickness
(and diameter) altered the amplitude by 1 D, close to the 0.045 mm/D estimated by
Dubbelman et al. (2003) for the in vivo nucleus and the 0.05mm/D reported by Jones et al.
(2007) for the lens.

Accommodation involves changes in the dimensions of the nucleus (Patnaik, 1967). Except
for the residual cortical and nuclear stretch, referred to earlier, the alterations we observe in
lens dimensions are matched by similar changes previously observed in the nucleus
([Dubbelman et al., 2003], [Kasthurirangan et al., 2008], [Patnaik, 1967] and [Weeber and
van der Heijde, 2007]). Therefore, it is likely that the 12-14D lens power loss can be
attributed to the inability of the nucleus to change shape because of stiffening ([Weeber and
van der Heijde, 2007] [Heys et al., 2005] and [Weeber et al., 2005]). The decrease in the
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Lens diameter/Load slopes would be consistent with this conclusion although a much larger
decrease than the observed 4-fold might have been expected for the reported ‘'massive
increase in nuclear stiffness'. This could suggest that the stiffness of the nucleus may not
matter as much as was previously thought.

In addition to the loss of accommaodative amplitude, a further 10-15 D of lens power is lost
in the unstretched (fully accommodated) lens before age 40-50, apparently at the same rate
as the accommodative amplitude loss, suggesting that both may be a consequence of the
same events taking place in the nucleus. These events result in formation of a refractive
index plateau and stiffening of the nucleus, as well as development of a diffusion barrier
between nucleus and cortex. It may be that the additional power loss is due to the equivalent
refractive index reduction, associated with growth of the plateau.

4.4.3 Load—EVAS delivered a constant maximum load of approximately 80 mN which
was dissipated in different ways according to the age of the eye. In the younger eyes,
substantial stretching of the lens resulted. In the older eyes, lens stretch was reduced and,
instead, the ciliary body stretched more. This result was unexpected. One would expect the
load to increase with age since the radial displacement of the shoes is fixed at 4 mm and the
lens becomes stiffer. This apparent discrepancy can be explained using a simple model of
the tissue where the lens, zonules and ciliary body are represented by three springs in series.
According to our results, the spring constant of the zonules is independent of age,
approximately equal to 137 mN/mm (1/7.3 um/mN). The fact that the force remains constant
therefore suggests that the equivalent stiffness of the lens-ciliary body system remains
constant with age. This is consistent with our observations that the stiffness of the ciliary
body seems to decrease with age while the stiffness of the lens increases with age. In
addition, the lens is much stiffer than the ciliary body. The equivalent spring constant of the
lens-ciliary body system is therefore dominated by the spring constant of the ciliary body
and changes in lens stiffness will have small effects on the total stretching force measured in
EVAS.

Since the changes in the EVAS stretching device are the same as in vivo, it is tempting to
speculate that the observed load is similar to that generated in vivo. This would facilitate the
selection of appropriate replacement gels in the Phaco-ersatz procedure (Parel et al., 1986).
However, we cannot be certain that the endpoint in the stretcher corresponds to the relaxed
in vivo lens. In particular, we find that the stretched lens power decreases by several diopters
between 20 and 40 years of age, whereas the in vivo relaxed lens power is approximately
constant. This suggests that lenses were slightly understretched, compared to in vivo
disaccommodation. We can therefore deduce only that the in vivo force of accommodation
will either increase slightly with age or remain constant. A constant force would be
consistent with the FEM model of Hermans et al. (2009).

However, caution should be exercised when interpreting in vitro data since the geometry of
the forces applied on the lens in the stretching device will be different from those in vivo.
The sclera does not move in vivo and the ciliary body diameter is changed through
contraction and relaxation of the longitudinal, circular and reticular muscle components. In
the EVAS device, the sclera moves and the intact ciliary body width increases by as much as
1.7 mm in order to produce changes in the ciliary body diameter, similar to those observed
in vivo. The in vivo forces applied through zonules inserted on the anterior and posterior
surfaces, central to the lens equator, may not be operative in vitro.

In order to avoid complications due to any lag in the response of the different parameters to
the applied load, as well as differences in the responses, slopes were determined from the
parameter versus load plots. It is clear from a consideration of the parameter/load slopes that
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the responses of the lens to a given load decrease with age, whereas other components of the
accommodative apparatus appear to be unaffected. Thus, the Lens power/Load slope
decreases from 0.25 D/mN to almost zero by around age 40 while the Lens diameter/Load
slope decreases from 8 to 3 um/mN. By contrast, the slopes for the CB-lens distance (7.3
um/mN) and CB inner diameter (11 um/mN) appear to be constant with age. These
observations are consistent with a lenticular origin for presbyopia.

An increased resistance of the lens to stretching, rather than alterations in the ciliary body or
other parts of the accommodative apparatus is consistent with conclusions from FEM
modeling ([Belaidi and Pierscionek, 2007], [Hermans et al., 2009] and [Weeber and van der
Heijde, 2007]). Hermans et al. (2009) deduced that the force exerted by the ciliary body is
constant with age, while Belaidi and Pierscionek (2007) predicted that the same amount of
force would produce less deformation in old lenses, as has been observed in the present
study. Interestingly, the latter authors noted that, with radial equatorial stretching, the
maximum stress is located around the nuclear-cortical boundary, which lies at about 2/3 of
the lens diameter and thickness. This is what one might expect for a mechanism in which the
nucleus changes shape during accommodation. The boundary separates the pre- and post-
natal tissues, which are characterized by different crystallin distributions (Augusteyn, 2010).
The barrier to diffusion of low molecular weight substances is also located in this region
(Sweeney and Truscott, 1998), as is the outer edge of the refractive index plateau, both of
which develop with increasing age ([Augusteyn et al., 2008] and [Jones et al., 2005]). It
may be that the resistance to stretching and the consequential failure of the nucleus to
change shape originate in this region and that they are related to the gradually increasing
nuclear stiffness ([Heys et al., 2005] and [Weeber et al., 2005]). Weeber and van der Heijde
(2007) modeled the effects of lens stiffness and concluded that a changing gradient of
stiffness would affect accommodation.

Although the current study has provided a wealth of information on the accommaodative
apparatus and its age-related changes, variations and shortcomings in some aspects of the
measuring protocols have introduced uncertainty into the calculations. In particular, the
measurement of lens central thickness using the slit lamp is unsatisfactory because of the
need to correct for optical distortion. Optical coherence tomography (OCT) (Uhlhorn et al.,
2008) is currently being incorporated into a newer version of the EVAS stretching device
(Ehrmann et al., 2008) This will provide far more accurate measures of lens thickness, cross
sectional areas, as well as refractive index distributions.

In conclusion, through the use of the EVAS stretching device we have been able to examine
aspects of the accommodative system, in vitro, using a large number of eyes, harvested in
the USA and India. Our observations on the effect of age on the human accommodative
system and the changes which occur during accommodation are very similar to those
obtained in vivo and are consistent with the classical Helmholtz theory of accommaodation.
Our data indicate that the responses of lens diameter and power to disaccommodative
(stretching) forces decrease with age and can be primarily attributed to stiffening of the
nucleus. Overall, we find that for all measured parameters which change with age, the
changes occur progressively after the initial complex growth phase ending at the end of the
teenage years. Our results, therefore, also show that presbyopia is a consequence of the
normal continued growth of the lens during adulthood.

The information obtained and the protocols developed in the current study will be invaluable
for the development of procedures for replacement of the ageing lens contents.
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Figure 1.
The EVAS lens stretching instrument showing the arrangement of the various elements
used for measuring dimensions, power and loads.
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Figure 2. Ocular dimensions prior to stretching, as a function of age
inner ciliary ring diameter (A, 127 points) circumlental space (B,116 points), lens diameter
(C, 131 points), and lens central thickness (D, 65 points), for Indian (coo) and USA (eee)
eyes mounted in the EVAS apparatus. Included in C and D are the lines obtained from
analysis of all published dimensions for in vitro lenses (Augusteyn 2010).
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Figure 3. Ocular dimensions after 2mm radial stretch, as a function of age
inner ciliary ring diameter (A, 117 points) circumlental space (B, 99 points), lens diameter

(C, 118 points), and lens central thickness (D, 56 points), for Indian (cooc) and USA (eee)
eyes mounted in the EVAS apparatus.
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Figure 4. Changes in ocular dimensions with 2 mm radial stretch, as a function of age
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inner ciliary ring diameter (A, 117 points) circumlental space (B, 89 points), lens diameter
(C, 117 points), and lens central thickness (D, 49 points), for Indian (coo) and USA (eee)

eyes mounted in the EVAS apparatus
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B

18

Figure 5. Optical power

The optical power of accommodated (A, 108 points) and disaccommodated with 2mm
stretch (B, 101 points) lenses, and the accommodative amplitude (C, 90 points), as a
function of age, for Indian (coo) and USA (eee) eyes mounted in the EVAS apparatus.
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Figure 6.
The accommodative amplitude as a function of central thickness change (D) for Indian
(ooo) and USA (eee) eyes mounted in the EVAS apparatus.
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Figure 7. Stretching loads
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Alterations in the load (force) required for 2 mm radial stretch (A, 114 points) and in the
slopes of the circumlental space/load (B, 81 points), lens diameter/load (C, 107 points) and
optical power/load (D, 85 points), as a function of age, for the combined Indian and USA
eyes mounted in the EVAS stretching apparatus.
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