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Abstract
Purpose—To determine if changes in elastic properties of the lens capsule ex vivo with age
contribute to the forces required to accommodate.

Methods—Post-mortem human (n=22; age average: 41±17years, range: 6–71 years) and
cynomolgus monkey (n=19; age average: 7.7±1.8 years, range: 4.2–10 years) tissues including the
lens, capsule, zonules, ciliary body, and sclera were mounted in an optomechanical lens stretching
system. Starting at zero load, the sclera was symmetrically stretched to 2mm in 0.25 steps at a speed
of 0.1mm.s−1. The load and lens diameter were measured at each step. The lens contents were
removed through a mini-capsulorhexis. The stretching cycles were repeated on the empty capsular
bag. The forces required to stretch the natural lens and empty bag were quantified as a function of
age and compared.

Results—The force required to stretch the empty lens capsule was independent of age (human=2.6–
34.9g/mm [25.2–342.7mN/mm], monkey=8.2–21.3g/mm [80.3–208.6mN/mm]). The ratio of the
force required to stretch the empty lens capsule to the force required to stretch the natural lens
decreases with age in human and monkey lenses (p=0.003, p=0.72, respectively).

Conclusions—The mechanical properties of the empty lens capsule assessed ex vivo in a lens
stretcher remain constant with age, suggesting that the changes in elasticity of the lens capsule do
not play a significant role in presbyopia. In young eyes, the lens capsule determines the force required
to stretch the whole lens. The age-related increase in force required to stretch the lens is due to changes
in the lens contents.

1. Introduction
The loss of accommodation with age is most likely due to optical and physical changes of the
crystalline lens, lens capsule, ciliary muscle, and zonules. These changes commence at birth,
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but do not become symptomatic until around the age of 40. Lens and capsule-based theories
of presbyopia assume that the contribution of age-related changes of the ciliary muscle and
zonules are insignificant compared to the effect of changes in the lens and lens capsule1. These
theories of presbyopia suggest that a main factor in the loss of accommodation is the decreased
elasticity of both the lens matter and lens capsule with age. The loss of elasticity results in the
inability of the lens capsule to mold the lens material, which is necessary for the lens shape
changes during accommodation. Measuring the mechanical properties of the lens capsule, and
their changes with age, is therefore vital to a more complete understanding of accommodation
and presbyopia2.

The relative contribution of the lens matter and lens capsule in accommodation is also an
important variable in the understanding of accommodation and presbyopia. Accommodation
can only occur if the lens material is sufficiently pliable so that the lens capsule can mold it
and subsequently change its shape3–6. In the young eye, the modulus of elasticity of the lens
material is several orders of magnitude less than that of the lens capsule2,7–10. Therefore, the
lens material is compliant with the molding pressure of the lens capsule11–14. With age, the
lens modulus of elasticity increases, and the capsule can no longer change the shape of the
lens. The onset of presbyopia may represent the point in an individual’s lifetime when Young’s
modulus of the lens material exceeds that of the lens capsule13,14. Understanding the relative
role of the lens and lens capsule in accommodation is also vital for the success of procedures
designed to restore accommodation, such as lens refilling, which rely on the assumption that
the loss of elasticity of the lens capsule with age does not have a significant effect on the loss
of accommodative amplitude15–20.

The strength and elasticity of the lens capsule have been previously investigated using uniaxial
stress-strain analysis7,21,22 or by stretching capsular rings2 or openings23–27. From these
studies, it is known that the lens capsule becomes stiffer and looses extensibility with age.
However, these uniaxial methodologies do not necessarily represent the physiological response
of the lens capsule, as the accommodative mechanism involves the ciliary muscle, zonules,
and lens capsule stretching circumferentially. To quantify the impact of the lens capsule on
accommodation, the empty capsular bag should be stretched and this response should be
compared to that of the entire lens plus capsule system.

The purpose of this study is to determine the forces required to stretch the empty lens capsule
during simulated accommodation as a function of age using an optomechanical lens stretcher
that was developed to simulate accommodation ex vivo28,29. The system was designed to
measure lens and ciliary body diameters, load, and lens optical power as the dissected scleral
tissue is stretched radially four millimeters in diameter. The lens stretcher also enables surgery
to be performed directly on the mounted tissue, so the tissue can be measured in the natural
state and after endocapsular surgery is performed. The results will be used to determine the
relationship between the force required to stretch the natural lens and the empty lens capsule.

2. Materials and Methods
2.1 Experiments

Experiments were conducted on 22 donor globes from 22 humans (age average: 41±17 years,
range: 6–71 years) and on 19 globes from 17 cynomolgus monkeys (macaca fascicularis, age
average: 7.7±1.8 years, range: 4.2–10 years). The human and monkey globes arrived in sealed
vials placed in styrofoam containers filled with ice. Upon arrival in the laboratory, the eyes
were stored in the refrigerator at 4°C before they were used. Experiments were performed on
monkey eyes less than two days postmortem (0.9±0.8 days) and on human eyes less than five
days postmortem (2.6±1.0 days). The animal eyes were obtained after enucleation following
approved institutional animal care guidelines. All animal experiments adhered to the ARVO
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Statement for the use of animals in research. All human eyes were obtained and used in
compliance with the guidelines of the Declaration of Helsinki for research involving the use
of human tissue.

The tissue preparation protocol and optomechanical lens stretcher have been described in detail
previously (Figure 1)29. The conjunctiva, adipose, and muscle tissues were removed from the
globe to expose the scleral surface. Eight custom-made PMMA shoes designed to fit the
external curvature of the globe were bonded with cyanoacrylate adhesive onto the anterior
scleral surface to form a segmented ring covering the circumference of the globe. The posterior
pole of the globe was then removed using surgical scissors. Excess vitreous was carefully
removed, but care was taken to preserve the hyaloid membrane and anterior vitreous. The
partially dissected sample was then placed in the tissue chamber of the lens stretcher. The
chamber was filled with DMEM solution (Invitrogen, Carlsbad, CA), immersing the tissue, to
maintain lens hydration to a physiological level30. Hooks were inserted into holes located in
the shoes to connect each shoe to a 6-0 nylon monofilament suture that allowed the stretcher
to pull on the tissue. The cornea and iris were excised and the sclera was sectioned between
each shoe to produce eight independent segments for the stretching experiments.

Once the tissue was mounted in the stretcher and the dissection complete, the position of the
motorized translation stage was adjusted using a joystick control until the strings stopped
sagging and the recorded force began to increase. Due to differences in the diameter of the
scleral shell of different globes, the strings are sometimes slack after the tissue is mounted.
Jogging removes the slack of the lens-stretching system, but still leaves the lens-zonules-ciliary
body-sclera system under zero tension. This position was chosen as the starting point for the
stretching experiments. Once this position was determined, it remained the same for both
natural lens and empty lens capsule experiments. The translation stage was programmed to
move a total of 2mm in 0.25mm steps at a speed of 0.1mm.s−1, corresponding to a maximum
4mm diameter increase of the outer sclera. Preliminary results indicated that a 4mm increase
in the diameter of the outer scleral ring was necessary to elicit lens diameter and power changes
comparable to those found in vivo during accommodation. The translation stage was
programmed to pause for 10 seconds at each of the displacement steps. At the end of the last
step, the translation stage automatically returns to the initial position. The load was
continuously recorded and a digital picture was taken at each step to measure the lens and
ciliary body diameter changes. This stretching cycle was performed three times for each eye.
After performing measurements on the natural lens, a mini-capsulorhexis31 no larger than
2mm was made using Utrata forceps in the peripheral lens capsule (Figure 2). The
capsulorhexis size was measured in the horizontal and vertical directions by the surgeon. Any
lenses with a capsulorhexis larger than 2mm were excluded from this study. The lens contents
were then removed through this capsulorhexis by means of hydrodissection followed by
aspiration or ultrasonic phacoemulsification so that only the empty capsular bag remained. The
stretching cycle was then repeated for the empty lens capsular bag. The zero position of the
motorized translation stage was the same as for the natural lens experiments. The lens and
ciliary body diameters and load were also measured for the empty bag stretch cycle. All values
presented are the average of the three repeated measurements.

2.2 Data analysis
The stretching cycle for each experiment was programmed to begin when a trigger pulse was
sent to the system. This trigger pulse was recorded along with the load data, so the beginning
point of each cycle was easily distinguished. The beginning load value at this point was
subtracted out to provide a common baseline for all experiments. The load value when the
digital image was captured was superimposed on the image. This load value was used as the
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uncorrected load at that step. The final load value for each step was determined after subtracting
out the baseline from the uncorrected load recorded at each step.

The horizontal and vertical diameters of the natural lens and empty lens capsule were measured
from the digital pictures that were taken at each step of the stretching cycle (Figure 3) using
image editing software (Canvas 8, ACD Systems, Inc., Miami, FL). The horizontal and vertical
diameters were measured by drawing lines across the capsule on the picture using the software.
A picture of a ruler with 1mm divisions was taken before the start of each experiment to
determine the calibration factor for the particular magnification. The pixel resolution of these
images in the plane of the lens was 37µm (Figure 4). The horizontal and vertical diameters
found for each step were averaged to obtain a single average diameter value for that step.

The load found at each step was graphed as a function of the corresponding diameter for all
runs of both natural lens and empty lens capsular bag experiments. The force required to stretch
was quantified as the slope of the load-diameter responses. The slope was found for all
stretching cycles using linear regression analysis (Figure 5). In the case of paired eyes, the
values obtained for the right and left eyes were averaged. In the empty lens capsule stretching
experiments, the empty lens capsule diameter and load do not change for the first few stretching
steps. These initial steps are required to remove the slack on the zonules resulting from the
increase in diameter of the capsule after removal of the lens contents.

The load-empty bag diameter slopes found were graphed as a function of age for human and
cynomolgus monkey whole lenses as well as lens capsules alone. The ratio of the force required
to stretch the empty lens capsule to the force required to stretch the natural lens was also graphed
as a function of age. This ratio was used to determine the relative contribution of the lens
capsule and lens contents at different ages. These relationships were analyzed using linear
regression analysis. The p-value of the regression analysis was used to evaluate statistical
significance. The slope of the regression was considered to be significantly different from zero
when the p-value was less than 0.05.

3. Results
There was a significant relationship between the unstretched empty lens capsule diameter and
age (p=0.008) in humans only. There was no significant variation with age of the unstretched
natural lens diameter in humans or the unstretched natural lens or empty bag diameter. The
unstretched natural lens diameter was 9.1±0.5mm (range: 8.1–9.8mm) in human and 7.5
±0.2mm (range: 7.0–7.9mm) in cynomolgus monkey. The unstretched empty bag diameter
was 9.8±0.5mm (range: 8.4–10.5mm) in human and 8.1±0.3mm (range: 7.4–8.6mm) in
cynomolgus monkey. Removal of the lens contents results in an 8% increase in lens capsule
diameter, which is constant for both species and independent of age (Table 1).

The load-natural lens diameter response significantly increases as a function of age in humans
(p=0.008); however, this relationship was not significant in monkey lenses (p=0.33), most
likely due to the small age range. There was no relationship between load-empty bag diameter
response and age for humans or monkeys (Figure 6). The slope was 17.04±7.8g/mm (range:
2.6–34.9g/mm [25.2–342.7mN/mm]) in human and 14.1±4.2g/mm (range: 8.2–21.3g/mm
[80.3–208.6mN/mm]) in cynomolgus monkey.

The ratio of the force required to stretch the empty lens capsule to the force required to stretch
the natural lens decreases significantly with age (p=0.003; Figure 7) in human lenses. This
ratio also decreases with age in cynomolgus monkey lenses, although it was not statistically
significant (p=0.72). Statistical significance may not have been found due to the relatively
small age range in the cynomolgus monkey lenses tested (1 monkey year=2–3 human years,
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Bito et al, 1982). In young human and monkey lenses, the ratio of the force required to stretch
the empty lens capsule to the force required to stretch the natural lens is approximately 1.

4. Discussion
This study used an ex vivo accommodation system to measure the mechanical response of both
the empty lens capsular bag and the natural lens.

The tissue preparation was designed to preserve the shape of the globe and the anatomical
relationship between the accommodative components. In the current system, we do not have
the capability to measure the angle of the ciliary body. However, the optical and biometrical
changes we observed in the lens stretcher are similar to those reported in vivo29,33,34. The
forces obtained are also in good agreement with predictions by finite element models33. The
surgical preparation most likely does not greatly affect the results observed for the force
transmission through the ciliary body and zonules. Since the lens density is only slightly higher
than the density of the DMEM solution in which it is immersed, the relative weight of the
natural lens in solution is small. The force exerted by gravity can be calculated using the
Archimedes principle, and is approximately 0.03g. This load is more than one order of
magnitude smaller than the changes measured during stretching. Therefore, the force
transmission through the ciliary body and zonules should not be different for the natural lens
and empty lens capsule due to differences in weight.

In both the natural lens and empty lens capsule experiments, the scleral shell was stretched
4mm in diameter. Preliminary results indicated that this degree of stretch was necessary to
elicit lens diameter changes comparable to those found in vivo during accommodation. In
vivo research found a 7.0±0.6% (monkeys)33 and 0–11.2% (humans)34 change in lens
diameter, which compares to the 2–12% (monkey) and 0–7% (humans) found in the lens
stretcher in the current study. Preliminary testing to determine an appropriate stretch range
demonstrated the risk of tissue damage, including ciliary body detachment from the sclera
segments, past a 4mm increase in the scleral shell diameter. The response of both the natural
lens and empty lens capsule is linear throughout the 4mm stretch of the scleral shell (Figure
5). In all cases, the empty lens capsule total stretch was less than 10%. Increasing the amount
of stretch could shift the experiments into the non-linear range of the stress-strain curve2.

The surgeon performed a mini-capsulorhexis31 in the peripheral of the lens capsule to remove
the lens contents. The mini-capsulorhexis size was smaller than 2mm in all cases. This small
size was chosen to preserve the integrity of the lens capsule as much as possible. Due to the
small size and location of the capsulorhexis, we are essentially stretching the entire capsular
bag, not a hoop or ring as was used in previous experiments on lens capsule mechanics2. The
empty lens capsule response was analyzed as a function of capsulorhexis size, and it was found
to be independent (p=0.393 humans and p=0.372 monkeys). This demonstrates that the use of
a mini-capsulorhexis in these experiments had a minimal effect on the lens capsule response
observed.

There was a significant relationship between the unstretched empty lens capsule diameter and
age (p=0.008) in humans only. There was no significant variation with age of the unstretched
natural lens diameter in humans or the unstretched natural lens or empty bag diameter. The
unstretched (accommodated) natural lens diameters found in the lens stretcher in this study are
comparable to those found for the in vivo accommodated state (monkey: 7.6–8.3mm in
vivo33 versus 7.0–7.9mm in stretcher; human: 7.9–9.4mm in vivo34 versus 8.1–9.8mm in
stretcher). The ratio of unstretched empty lens capsule diameter to unstretched natural lens
diameter is constant for all ages and is the same for humans and monkeys. This result is
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important for the prediction of the proper intraocular implant size and volume to be implanted
during cataract surgery.

There was no relationship between the force required to stretch the empty lens capsule and
age, indicating that the lens capsule may retain the potential to produce accommodation if the
lens would retain its ability to undergo accommodation. It has been suggested that the loss of
accommodation with age is due partly to the inability of the lens capsule to apply molding
pressure to the lens due to this loss of elasticity11–14. Previous research2,7 on ex vivo lens
capsules during uniaxial stretching found that Young’s Modulus of elasticity of the lens capsule
increases threefold with age2 We believe that this slight change is not sufficient to see changes
in lens capsule behavior in the setting of the lens stretcher. Our previous study found that the
force required to change the shape of the natural lens increases with age, but only about 4–5
times29. In contrast, previous research has shown that Young’s Modulus of lens elasticity
changes several orders of magnitude with age9,10. This indicates that whole lens behavior,
when together with the ciliary body and zonules as it is in the stretcher, is different than the
excised state. In addition, differences in methodology alone could also explain why age-related
changes in lens capsule behavior were not observed.

Previous research involved stretching excised lens capsular rings in one dimension2. In the
current study, however, only a very small opening (approximately 1mm)31 was made in the
lens capsule to remove the lens contents. Therefore, we were stretching a nearly intact lens
capsule circumferentially. Other differences in methodology that most likely impacted the
results include speed of loading and degree of stretch. Our results suggest that any changes in
lens capsule mechanical properties are not significant factors in decreased accommodative
ability, as the lens capsule retains its ability to stretch under the forces involved in focusing
from near to far. The amount of force required to elicit a diameter change in the empty lens
capsule is not dependent on age. The lens capsule of older individuals should still therefore
have the ability to exert molding pressure on the lens material. Although there was no
relationship between the force required to stretch the empty lens capsule and age, it should be
noted that there was a high variability (47% in humans, and 30% in monkeys). This variability
may be due to differences in the condition of the tissue due to different post-mortem times,
donor age, and effects of tissue preparation. Overall the variability was smaller in monkey
lenses, probably because these lenses were used within hours of enucleation and were from
young monkeys. In older human lenses, the responses are generally found to be more variable,
probably because the zonules and ciliary body are more fragile and variable in properties and
architecture.

The ratio of the empty lens capsule to natural lens load-diameter slope decreased significantly
with age in humans (p=0.006). This ratio is nearly 1.0 in young, pre-presbyopic humans and
monkeys, indicating that the force applied by the ciliary muscle during accommodation is
completely transferred from the lens capsule to the lens. The lens capsule, in turn, distributes
this force to the pliable lens contents3,12,35,36. In presbyopic human eyes, however, the
relative contribution of the lens capsule is less than 20%, meaning that the energy stored in the
lens capsule is no longer sufficient to mold the lens material during accommodation. This
finding indicates that it is changes in the lens material with age, and not the lens capsule, which
are responsible for the increase in the force required to change the lens shape. In monkey eyes,
the values and trends were similar to human eyes, but the age range was insufficient to make
conclusions. Using the age comparison suggested by Bito et al37, all the monkeys used in this
study are pre-presbyopic. This would explain the lack of age dependence observed in the
monkeys. It would be expected that the ratio of empty lens capsule to natural lens load-diameter
slope would always be less than 1, since the force to stretch the empty lens capsule should not
be greater than the force to stretch the lens capsule plus the lens contents. In some cases,
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however, this ratio was nearly 1.2. This can most likely be attributed to the experimental
variability as well as noise inherent to ex vivo experimentation.

Our experimental results demonstrate that there is a similarity between the ex vivo response of
the empty lens capsule of both humans and monkeys. The load-diameter response of humans
and monkeys are not statistically different (p=0.12), and the values are similar on average
(16.9g/mm human compared to 14.1g/mm cynomolgus). The ratio of the force required to
stretch the empty lens capsule to the force required to stretch the natural lens decreases in both
human and cynomolgus lenses. The rate of this decrease is twice as fast for cynomolgus
monkeys, which is most likely due to differences in growth rates between humans and
monkeys. It would be expected that the empty lens capsule response of humans and cynomolgus
monkeys correspond since the anterior and posterior lens capsule thickness of these two species
are not statistically different38.

These results hold promise for techniques to restore accommodation, such as lens refilling and
accommodating intraocular lenses, since the changes in lens capsule mechanical properties do
not appear to significantly impact its ability to mold a lens material. The finding that the relative
contribution of the lens capsule and lens contents plays a role in the onset of presbyopia also
reveals the importance of the mechanical properties of the lens substitute used in lens refilling
– the lens capsule must retain its role as a stress distributor for full accommodation to occur.
Given a lens substitute with proper optical, mechanical, and material properties, the lens
capsule will mold its shape during ciliary body contraction and relaxation.

In summary, the results of this study show that previously measured uniaxial mechanical
changes in the lens capsule with age do not significantly affect its ability to undergo
accommodation. At a young age, it is the capsule that determines the force to change the lens
diameter, whereas it is the lens contents that determine the force in old eyes.
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Figure 1.
Ex vivo accommodation system.
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Figure 2.
Close-up picture showing the size of the mini-capsulorhexis.
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Figure 3.
Digital pictures taken of a human natural lens (left) and empty lens capsule (right). The
unstretched state is shown at the top, and the stretched state is shown at the bottom. The
magnification is 10.6× for the left image and 10.9× for the right image. The dotted line
highlights the size and location of the mini-capsulorhexis.
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Figure 4.
Left, Graph obtained for the load recorded during each stretching cycle. Right, Digital picture
taken for each step during the stretching cycle. The superimposed lines indicate how the
capsular bag diameters were measured.
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Figure 5.
Load-diameter response of a cynomolgus monkey (7.4 years old) natural lens (left) and empty
lens capsule (right). In the empty lens capsule stretching experiments, the empty lens capsule
diameter and load do not change for the first few stretching steps. These initial steps are required
to remove the slack on the zonules resulting from the increase in the lens capsule diameter after
removal of the lens contents.
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Figure 6.
Natural lens (left) and empty bag (right) load-diameter slopes as a function of age for
cynomolgus monkey (top) and human (bottom) lenses. Only the human natural lens load-
diameter response and age was statistically significant..
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Figure 7.
Empty bag load-diameter slope divided by natural lens load-diameter slope for cynomolgus
monkey (left) and human (right) eyes. A linear regression shows statistical significance for
human eyes (p=0.003), but not for monkey eyes (p=0.72).
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