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Abstract 

Accurate central surface radius of curvature (RoC) measurements of isolated human 

lenses are essential for understanding the zonular forces required to modify human 

lens shape to focus at near; i.e., accommodate. The human lens can be described 

as an encapsulated oblate spheroid, with its minor axis aligned with its optical axis. 

The lens is suspended by zonular fibers that originate from the epithelium of the 

ciliary body and insert into the equatorial region of the lens capsule. According to 

Helmholtz’s theory of accommodation when the eye views a distant object (the 

unaccommodated state), the ciliary muscle is fully relaxed and the zonules are under 

maximal tension. This tension flattens both the central and peripheral lens surfaces 

resulting in minimal central optical power (COP). During near focus (accommoda-

tion), contraction of the ciliary muscle reduces zonular tension, allowing the elastic 

capsule to restore the lens to a more rounded shape. This increases the curvature 

of the lens surfaces, central thickness, and COP. Consequently, isolated lenses 

without zonular tension from young donors (20–30 years old) would be expected to 

exhibit maximum COP. However, the companion independent profilometric equation 

fitting study found that, within central optical zones ≤ 3 mm, 10 fresh isolated lenses 

from donors in this age range actually had minimal COP. The present study utilizes 

a white light scanning interferometer (WLSI) with a 10x objective that was validated 

by measuring RoCs of glass and porcine lenses. Fourteen transparent human lenses 

were obtained from both eyes of seven donors aged 20–30 years of whom 2 were 

female and 5 were male. One lens of each donor was placed in preservative media 

and the contralateral lens in culture media within 11:26 ± 5:15 (range: 4:47–21:54) of 

the donor’s death. Two of the lenses stored in the culture media had torn capsules 
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and were excluded from the study. Central thickness and WLSI surface vertex RoCs 

of 12 lenses were measured within 16:27 ± 5:22 (range: 10:11–25:33) of the donor’s 

death. Mean central thickness, anterior and posterior vertex RoCs and COP were 

3.54 ± 0.07 mm, 10.2 ± 0.9 mm, 6.8 ± 1.0 mm, and 20.7 ± 2.1 diopters, respectively. 

These results confirm the companion study that isolated human lenses have low 

COP consistent with the unaccommodated state of lenses in vivo. Therefore, relax-

ation of all the zonules does not increase COP and cannot be the basis for the mech-

anism of accommodation. These results have implications for the development and 

treatment of myopia, presbyopia, glaucoma, cortical cataracts and design of accom-

modative intraocular lenses.

Introduction

In 1801, Thomas Young definitively demonstrated that the increase in central opti-
cal power (COP) of the human eye required for near vision (accommodation) is 
solely due to a change in the shape of the lens [1]. The human lens is supported 
360 degrees by anterior, equatorial and posterior zonules. The anterior and posterior 
zonules are approximately 150 microns in diameter while the equatorial zonules are 
only 15 microns in diameter. The equatorial zonules, which are present throughout 
life, originate in the valleys between the ciliary processes and insert into the lens 
capsule at the lens equator. The anterior and posterior zonules originate at the pars 
plana and proceed anteriorly while being held adjacent to the surface of the ciliary 
body by tensor zonules. The posterior zonules separate from the ciliary body prior to 
the anterior zonules, and the anterior and posterior zonules insert into the lens cap-
sule anterior and posterior to the lens equator, respectively [2–5].

Two major theories have been proposed to explain the mechanism of accom-
modation. Both agree that all the zonular fibers are under tension when the eye is 
focused at a far distant object (the unaccommodated state). However, the Helmholtz 
theory [6] postulates that in this state the ciliary muscle is relaxed and all the zonules 
are under maximum tension. In contrast, Schachar hypothesizes that in the unac-
commodated state while the ciliary muscle is fully relaxed, all the zonules are under 
the minimum tension necessary to maintain lens stability [7–9].

According to Helmholtz, during accommodation ciliary muscle contraction causes 
a reduction in tension of all zonular fibers allowing the elastic lens capsule to round 
up the lens, which leads to a decreased equatorial diameter, increased central thick-
ness and increased COP. Consequently, it has been concluded that isolated human 
lenses without zonular tension have maximum COP and are equivalent to in vivo 
lenses during maximum accommodation [10–14].

Alternatively, during accommodation, Schachar proposes distinct actions of the 
three different groups of zonules. Schachar believes that during accommodation, 
equatorial zonular tension increases while simultaneously anterior and posterior 
zonular tension decrease. The selective increase in equatorial zonular tension 
results from the unique orientation of the different ciliary muscle fiber groups. The 
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increase in equatorial zonular tension is due to outward notching of the anterior ciliary muscle fibers [7,8,15–17]. 
The simultaneous decrease in anterior and posterior zonular tension is due to forward movement of the pars plana 
from contraction of the posterior longitudinal and posterior radial ciliary muscle fibers. Given the human lens is an 
encapsulated ellipsoid with negligible incompressible stroma and an aspect ratio (minor axis/major axis) ≤ 0.6, an 
increase in equatorial zonular tension leads to peripheral surface flattening, and counterintuitively, to steepening of 
the central surfaces with an increase in central lens thickness and COP [7,8,18–22]. This topography occurs to min-
imize changes in surface curvatures [7,18]. Schachar’s theory would anticipate that with zonular removal, the COP 
of the isolated lens would be minimal and diametrically opposite to the high lens COP expected with the Helmholtz 
hypothesis.

Multiple studies support Helmholtz’s theory that the isolated lens has maximum COP by evaluating surface radius of 
curvatures (RoCs) at central optical zones ≥ 4 mm diameter or by measuring lenses that were not fresh [10–14]. However, 
the companion study found that the COP at central optical zones ≤ 3 mm from shadowgraph profilometer measurements of 
fresh isolated human lenses from young donors (20–30 years old) were low [23]. This finding was consistent with studies 
that measured RoCs of isolated human lenses by phakometry [6,24,25] and lens topography [26].

To resolve the diametrically opposed results of these studies, objective accurate lens surface RoCs measurements of 
fresh isolated human lenses without zonular tension are required and are fundamental for understanding the mechanism 
of accommodation. Curve fitting and shadowgraph profilometer RoC measurements are subjective and have significant 
variability. To overcome these deficiencies, white light scanning interferometry (WLSI) was utilized in the present study to 
objectively and automatically measure lens surface RoCs.

WLSI involves vertically scanning the lens surface reflected focal plane while acquiring multiple interference patterns 
with a reference surface. Then distances are determined from the association between phase variation and wavenumber. 
By analyzing the frequency domain, the WLSI lens surface RoCs are obtained while avoiding problems associated with 
variation in the source emission spectrum, distortion of the fringe contrast envelope and changes in the sampling interval 
[27–31].

We validated the WLSI by assessing RoCs of glass lenses. The glass lenses were measured dry and after a drop of 
saline was applied to the lens surface to emulate the wet surfaces of porcine and human lenses. Since the porcine lens 
has been a model for understanding the physical and physiochemical attributes of the human lens [32–35] and has been 
measured interferometrically [36,37], it provided the methodological basis for assessing the WLSI surface RoCs of iso-
lated human lenses.

Methods

Glass lenses

The accuracy of the WLSI with a 10x objective (NewView, Zygo/Ametek, Tucson, AZ, USA) were evaluated by measuring 
the RoCs of uncoated double-convex glass lenses. The lenses had RoCs of 3.50, 6.58 mm, 7.59 mm, central thicknesses 
of 2.30 mm, 2.60 mm, 2.54 mm and clear apertures of 2.50 mm, 4.05 mm, 5.40 mm, respectively. Focal length and central 
thickness tolerances were 1% and 0.050 mm, respectively (stock #s 32-023, 45-176 and 32-021, Edmund Optics, Bar-
rington, NJ, USA).

Using a linear beam of a red laser that was attached to a micrometer, central lens thickness was measured. Then 
the lens was placed on a rotational stage that was mounted on the WLSI so that the glass lens optic axis was in line 
with the WLSI objective. After this alignment, the WLSI automatically measured the vertex RoC and the RoCs when 
the lens was tilted 3°, 6°, and 9°. To emulate the wet surfaces of porcine and human lenses, soapy distilled water was 
applied to the glass lens surfaces and the measurements repeated. The soap was added to the saline to ensure it 
spread evenly over the glass surface and the liquid film was identified interferometrically. Due to the small diameter 
and steep curvature, angular rotation measurements of the glass lenses could not be obtained beyond 9°.
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Porcine lenses

Eyes from 6 month to 9 month old porcine donors were enucleated at a slaughterhouse within 1 hour of their death, 
placed on ice, and shipped to our laboratory in two separate lots one week apart. The porcine lenses were carefully 
removed from the enucleated eyes within 24 hours postmortem. To evaluate the reliability of the WLSI, the vertex ROCs 
of the anterior and posterior surfaces of three porcine lenses of lot # 1were each measured 10 times. The lenses were 
initially placed anterior surface up in a central concavity of an aluminum plate that was mounted on a tilting stage. The 
concavity had a 6.5 mm RoC. The optic axes of the porcine lens and the WLSI objective were aligned with the tilting stage 
at 0°. The WLSI then automatically found the lens vertex and determined the ROC. The lens was turned over and the 
posterior surface was measured.

A week later, central thickness and vertex RoCs of four porcine lenses from lot # 2 were measured. Central thickness 
was only measured on Day 1 to keep lens handling to a minimum. Following the measurements, two lenses were placed 
in separate sterile vials (Wheaton CryoElite, DWK Life Sciences, NJ, USA) containing 2.5 mL of Optisol (50006-OPT, 
Optisol-GS, Bausch & Lomb, Rochester, NY, USA) [26] and the 2 were placed in separated vials containing 2.5 mL of 
DMEM (D6421, Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham, Sigma-Aldrich, St. Louis, MO, USA) [38]. 
The lenses were stored overnight at 4° C. The vertex ROCs were measured and repeated daily for the next three days. 
After each daily measurement, the lens was placed in a new sterile vial containing fresh media. All measurements were 
made at room temperature and the RoC measurements of both lens surfaces were completed within less than 30 minutes.

Human lenses

Following written informed consent, the San Diego Eye Bank procured the lenses that were evaluated in the present 
study. The San Diego Eye Bank (San Diego, CA, USA) is authorized for organ and/or tissue donation for research in 
accordance with the California‘s Uniform Anatomical Gift Act effective since 10-Aug-2020. For the present study, 14 
lenses from seven unidentifiable donors aged 20–30 years were supplied from 30-Nov-2024–30-Mar-2025. There were 
2 female and 5 male donors. One lens of each donor was placed in Optisol and the contralateral in DMEM within a mean 
of 11:26 ± 5:15 (range: 4:47–21:54) of the donor’s death and shipped on ice. This ensured that the lenses were as fresh 
as logistically possible. The 14 lenses were transparent without evidence of cataracts. Two of the lenses that had been 
placed in DMEM, one from a 21 y/o and the other from a 25 y/o donor, had torn capsules and were excluded from the 
study. Donor demographics, cause of death, and medical history are summarized in Table 1. Aside from three donors 
wearing spectacles, no significant ophthalmic history was reported.

Table 1.  Demographics and medical characteristics of the donors.

Age (years) Ethnicity Gender Cause of Death Medical History

20 White Female Anoxia 2nd to suicidal hanging Pneumonia marijuana/tobacco use, anxiety

21 White Male Motorcycle accident, cardia arrest, subarachnoid 
hemorrhage, pneumothorax, chest fractures

No significant medical history

23a White Male Subarachnoid hemorrhage, anoxia Headaches, seizures, polysubstance abuse, asthma, respiratory 
syncytial virus, pneumonia

25 White Female Cardiac arrest anoxic brain injury, drug overdose Substance abuse

27a Hispanic Male Metastatic bladder cancer Lower extremity paralysis 2nd to cancer, alcohol use

29 White Male Anoxia Type 2 diabetes, morbid obesity, hyperlipidemia

30a White Male Ventricular fibrillation, cardiac arrest Congenital heart defects, stents, heart valve replacement, type 2 
diabetes mellitus, tobacco/alcohol use, asthma, lower extremity 
blood clot

aDonor wore spectacles.

https://doi.org/10.1371/journal.pone.0327028.t001

https://doi.org/10.1371/journal.pone.0327028.t001
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Central thickness and WLSI surface vertex RoCs of the 12 lenses were measured within 16:28 ± 5:22 (range: 10:11–
25:33) of the donor’s death. All vertex RoC measurements were first made with the anterior lens surface up and then the 
lenses were turned over to measure the posterior surface. To minimize variability, ROC measurements were only per-
formed when the liquid film thickness on the lens surface was less than 3 microns.

Central lens thickness and WLSI RoC measurements were performed at room temperature following the same proce-
dures as the porcine lens. COP was calculated with the following thick lens formula [39]:

	
COP (diopters)=

nl – na
ra

+
na – nl
rp

–
t (nl – na) (na – nl)

nlrarp 	 (1)

where ra 
 = anterior lens surface RoC, rp = posterior lens RoC (negative by convention), t = central lens thickness, na= 1.336 

and nl= 1.42 were the refractive indices of aqueous humor/vitreous and lens, respectively.
For eight lenses, 10 consecutive vertex RoCs of the anterior and posterior lens surfaces were interferometrically mea-

sured. For the subsequent four lenses, peripheral RoCs were targeted by incrementally tilting the rotational stage coun-
terclockwise about the y-axis in 2° steps, ranging from 0° to 20°. However, with increasing tilt angle, each lens exhibited 
positional drift relative to its initial alignment, thereby limiting the measurements to vertex RoCs only. Even when a goni-
ometer with a long 101.6 mm axis of rotation was used (Model: GON65-L, MKS/Newport Andover, MA, USA) so that < 2° of 
tilt was required, the lenses still shifted precluding the measurement of peripheral RoCs (Fig 1).

Results

Glass lenses

Measured mean SD central thickness for the 3.50, 6.58 and 7.59 glass lenses were 2.32 ± 0.03 mm, 2.62 ± 0.03 mm and 
2.56 ± 0.02 mm. The maximum difference between the interferometrically measured mean RoCs and the reported RoCs 
for all the lenses when dry was < 10 μm and when wet was < 20 μm, which was within the manufacturer’s reported toler-
ance. Independent of the angular rotation of the glass lenses from 0° to 9°, there was no statistically significant difference 
in the measured RoCs between the wet and dry lenses as shown in Table 2 and Fig 2.

Fig 1.  Schematic of the WLSI coordinate systems. To assess peripheral RoCs, A) the lens was initially tilted counterclockwise around the y-axis in 2° 
steps from 0° to 20°; however, the lens shifted from its baseline position as the angle was increased. B) Even when a goniometer was used so that < 2° 
of tilt was required, the lens shifted precluding the measurement of peripheral RoCs.

https://doi.org/10.1371/journal.pone.0327028.g001

https://doi.org/10.1371/journal.pone.0327028.g001
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Porcine lenses

The vertex RoCs of each of the 3 lenses from lot # 1 for the anterior surface were 6.489 ± 0.018 mm, 6.580 ± 0.009 mm 
and 6.544 ± 0.046 mm and for the posterior surface 5.247 ± 0.003 mm, 5.383 ± 0.039 mm and 5.299 ± 0.027 mm. The total 
mean vertex ROCs for the lot # 1 lenses were 6.544 ± 0.046 and 5.311 ± 0.069 mm. For the lenses from lot # 2 on Day 1 
stored in Optisol and DMEM the anterior surface vertex RoCs were 6.371 ± 0.029 mm and 6.516 ± 0.118 mm, and for the 
posterior surface 5.331 ± 0.137 mm and 5.135 ± 0.384 mm. The mean central thickness of the 4 lenses from lot # 2 on Day 
1 was 7.19 ± 0.04 mm. This central thickness and the RoCs were consistent with published data [36,37]. Interferometric 
RoCs images of the lenses stored in Optisol and in DMEM are shown in Fig 3. There was no meaningful difference in the 
surface RoCs over the 4 days between lenses stored in Optisol and DMEM (Fig 4).

Human lenses

Interferometric vertex RoCs measurements were made within 16:28 ± 5:22 (range: 10:10–25:33) of the donor’s death. 
The central thickness, vertex anterior and posterior RoCs and calculated COP of the lenses were 3.54 ± 0.07 mm, 
10.2 ± 0.9 mm, 6.8 ± 1.0 mm, and 20.7 ± 2.1 diopters, respectively (Table 3, Figs 5 and 6). There was no statistically 
significant difference between lenses stored in Optisol and DMEM, see Table 4. In Table 5, COP of the isolated lenses 
from the present study and the companion profilometric equation fitting study [23] were compared to accommodated 
and unaccommodated lenses in vivo [23,41–43]. In addition, the mean thickness of the isolated lenses (3.54 ± 0.07 mm) 
was nearly identical to the in vivo mean unaccommodated lens thickness (3.53 ± 0.09 mm) of age-matched individuals 
[23,41,43].

Table 2.  Interferometric dry and wet glass lens RoCs.

Reported RoC (mm) Tilt Stage Angle (degrees) Dry RoC (mm) Wet RoC (mm) Absolute Difference |Wet RoC- Dry RoC| (mm) p-valuea

7.59 0.0 7.595 7.603 0.008 0.06

3.0 7.601 7.621 0.020

6.0 7.599 7.608 0.009

9.0 7.597 7.631 0.034

Mean 7.598 7.616 0.018

SD 0.003 0.013 0.012

6.58 0.0 6.582 6.589 0.007 0.22

3.0 6.584 6.556 0.028

6.0 6.585 6.574 0.011

9.0 6.589 6.577 0.012

Mean 6.585 6.574 0.015

SD 0.003 0.014 0.009

3.50 0.0 3.504 3.505 0.001 0.13

3.0 3.482 3.489 0.007

6.0 3.489 3.497 0.008

9.0 3.499 NA NA

Mean 3.494 3.497 0.005

SD 0.010 0.008 0.004
aTwo-sided paired Student’s t-test for the difference between the wet and dry glass lenses.

NA = not applicable since the liquid rolled off the surface of the glass lens at 9° tilt.

https://doi.org/10.1371/journal.pone.0327028.t002

https://doi.org/10.1371/journal.pone.0327028.t002
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Discussion

The widely accepted Helmholtz theory of accommodation is founded on the principle that an increase in COP results from 
a reduction in zonular tension. Accordingly, isolated lenses without zonular tension are expected to exhibit their maximum 
COP [6]. However, Helmholtz’s ophthalmometer measurements of in vitro lenses from donors aged 25–30 years revealed 
anterior and posterior surface RoCs of 10.2 mm, 8.9 mm, and 5.86 mm, 5.89 mm, respectively. These measurements 

Fig 2.  Interferometric images of the RoC = 7.59 mm glass lens at 0° and 9° tilt when the lens was dry A) and C) RoC measured 7.595 mm and 
7.597 mm, and when wet B) and D) RoC measured 7.603 mm and 7.631 mm, respectively. The abbreviations Sa, Sq and Sz are surface roughness 
parameters for the measured area. Sa = absolute mean height difference of each point from the mean lens surface height, Sq = root mean square height 
and Sz = maximum height [40].

https://doi.org/10.1371/journal.pone.0327028.g002

https://doi.org/10.1371/journal.pone.0327028.g002
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agreed with his in vivo measurements of unaccommodated lenses, paradoxically contradicting his own theory. Further-
more, they correspond with anterior surface RoCs of 11.4 mm and 12.4 mm reported by Stradfelt [24] and Tscherning [25], 
respectively, as well as Schachar’s topographically measured anterior and posterior RoCs of 10.5 mm and 7.1 mm [26].

The present WLSI interferometric measurements automatically and objectively determined the RoCs of human isolated 
lenses from donors aged 20–30 years. All lenses were placed in preservative or culture media and measurements initiated 
within a mean of 11:26 ± 5:15 (maximum 21:54) and 16:28 ± 5:22 (maximum of 25:13) of the donor’s death, respectively. 
This ensured that the measurements were made on fresh lenses. There was no statistically significant difference in the 
vertex RoCs of the human lenses stored in preservative or culture media. The resulting mean anterior and posterior RoCs 
and calculated COPs were 10.2 ± 0.9 mm, 6.8 ± 1.1 mm, and 20.7 ± 2.1 diopters, respectively. These values are consistent 

Fig 3.  Interferometric porcine lens RoCs after 1 day of refrigeration at 4° C in Optisol for the A) anterior surface and B) posterior surface, and 
in DMEM for the C) anterior surface and D) posterior surface.

https://doi.org/10.1371/journal.pone.0327028.g003

https://doi.org/10.1371/journal.pone.0327028.g003
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with RoCs and COPs of central optical zones (3 mm diameter) obtained from curve fitting shadow profilometer x-y coor-
dinates of fresh lenses obtained from donors in the same age range as noted in the companion paper [23]. Furthermore, 
these values are consistent with eleven in vivo studies of unaccommodated subjects aged 18–35 years (n = 117) that 
measured both anterior and posterior RoCs by optical coherent topography (OCT), Scheimpflug images, phakometry, 
magnetic resonance imaging (MRI) and/or Bessel beam phakometry [45–55]. The mean anterior and posterior RoCs from 
these in vivo studies were 11.79 ± 0.90 mm and 6.29 ± 0.26 mm, which are within 2 standard deviations of the means of the 
present study.

The lens surfaces were measured with the opposite surface resting on a firm support. A previous study demonstrated 
that when isolated lenses were floated, the mean RoC increased by 0.26 ± 0.21 mm (p < 0.01) relative to when the opposite 
surface was supported [26]. Accordingly, if the measurement approach used in the present study introduced any bias, it 

Fig 4.  RoC vs time for the four lenses of lot # 2. There was no meaningful difference in the anterior (Ant) or posterior (Post) surface RoCs between 
the lenses stored in Optisol and DMEM.

https://doi.org/10.1371/journal.pone.0327028.g004

Table 3.  Isolated human lens interferometric RoCs and calculated COPs.

Age
(years)

Preservative Media Thickness
(mm)

Anterior RoC (mm) Posterior RoC (mm) COP (diopters)

20 Optisol 3.42 10.4 6.8 20.2

DMEM 3.45 11.8 5.4 22.4

21 Optisol 3.50 9.1 ± 0.5a 7.8 ± 0.3a 19.8

23 Optisol 3.51 8.7 5.9 23.6

DMEM 3.49 9.1 5.3 24.7

25 Optisol 3.54 9.8 ± 0.6a 8.1 ± 0.3a 18.7

27 Optisol 3.59 11.0 ± 0.3a 8.5 ± 0.1a 17.5

DMEM 3.57 11.0 ± 0.7a 7.4 ± 0.6a 19.1

29 Optisol 3.62 10.5 ± 0.3a 6.7 ± 0.1a 20.3

DMEM 3.57 10.2 ± 0.2a 6.7 ± 0.1a 20.2

30 Optisol 3.58 9.7 ± 0.4a 6.5 ± 0.1a 21.3

DMEM 3.60 10.7 ± 0.4a 6.9 ± 0.1a 21.1

Mean 3.54 10.2 6.8 20.7

SD 0.07 0.9 1.0 2.1

aMean ± SD of 10 interferometric RoC measurements.

https://doi.org/10.1371/journal.pone.0327028.t003

https://doi.org/10.1371/journal.pone.0327028.g004
https://doi.org/10.1371/journal.pone.0327028.t003
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would have been toward an underestimation of RoC. Thus, the true RoC may be slightly greater than reported, further 
reinforcing the conclusions of the present study.

Interferometric measurements of the lens peripheral RoCs were not possible with the WLSI in the present study, which 
precluded assessment of spherical aberration of the isolated human lens. In the future, peripheral RoCs and accurate 
surface profiles of the human isolated lens may be evaluated by multi-wavelength interferometry [56] or multi-directional 
orthogonal lateral shearing interferometry [57].

Together, the present and companion profilometric equation fitting studies evaluated a total of 22 fresh isolated human 
lenses, without zonular tension, obtained from 17 donors aged 20–30 years. This donor age range was specially selected 

Fig 5.  Interferometric RoCs of both human isolated lenses from a donor aged 29 years. Vertex anterior and posterior RoCs of the lens stored in 
Optisol (A and B) and the lens stored in DMEM (C and D), respectively.

https://doi.org/10.1371/journal.pone.0327028.g005

https://doi.org/10.1371/journal.pone.0327028.g005
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for their large accommodative amplitude [44]. These findings clearly demonstrate that the COP of isolated lenses align 
with the minimum COP of unaccommodated lenses in vivo. Therefore, relaxation of all the zonules cannot account for the 
mechanism of accommodation, thereby refuting the widely accepted Helmholtz theory [6]. In addition to this fundamental 
inconsistency, the Helmholtz theory proposes that zonular tension should be maximum when the eye is unaccommodated 
and that during accommodation both the peripheral and central lens surfaces steepen resulting in a shift of spherical 
aberration in the positive direction. However, zonular tension in the unaccommodated state is low [58], and during accom-
modation, the peripheral lens surfaces flatten [25,41] with spherical aberration universally shifting in the negative direction 
[59]. Moreover, finite element analysis demonstrates that for accommodation, the Helmholtz theory would require a total 
zonular force exceeding 0.05 N, which is greater than the ciliary muscle can exert [9,60].

In contrast, the Schachar mechanism predicts that in the unaccommodated state, zonular force is minimal, but sufficient 
to maintain lens stability as demonstrated by finite element analysis [9]. During accommodation, equatorial zonular tension 
increases while anterior and posterior zonular tension simultaneously decreases, maintaining lens stability. Maximum accom-
modation requires an equatorial zonular force of 0.020N [9]. The increase in equatorial zonular tension causes peripheral 
surfaces to flatten, thereby shifting spherical aberration in the negative direction. Recognizing that accommodation involves 

Fig 6.  Calculated COP of isolated human lenses vs donor’s age. There was no statistically significant difference in COP between the lenses stored 
in Optisol and DMEM.

https://doi.org/10.1371/journal.pone.0327028.g006

Table 4.  Statistical comparison of the paired lenses stored in Optisol and DMEM.

Age Thickness (mm) Anterior RoC (mm) Posterior RoC (mm) COP (diopters)

Optisol DMEM Optisol DMEM Optisol DMEM Optisol DMEM

20 3.42 3.45 10.4 11.8 6.8 5.4 20.2 19.4

23 3.51 3.49 8.7 9.1 5.9 5.3 23.6 19.2

27 3.59 3.57 11.0 11.0 8.5 7.4 17.3 18.8

29 3.62 3.62 10.5 10.2 6.7 6.9 20.3 20.2

30 3.58 3.60 9.7 10.7 6.5 6.2 21.3 21.1

p-valuea 0.85 0.19 0.08 0.12

aTwo-sided paired Student’s t-test.

https://doi.org/10.1371/journal.pone.0327028.t004

https://doi.org/10.1371/journal.pone.0327028.g006
https://doi.org/10.1371/journal.pone.0327028.t004
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increased equatorial zonular tension necessitates a reevaluation of the pathogenesis and treatment strategies for myopia, 
glaucoma, presbyopia, and cortical cataracts, as well as the design of accommodative intraocular lenses.

Supporting information

S1 Checklist.  PLOS One human subjects research checklist. 
(DOCX)

Acknowledgments

The authors wish to thank the San Diego Eye Bank and especially Jennifer Nary for her exceptional diligence in assuring 
the lenses were carefully obtained, preserved and shipped rapidly. In addition, the authors wish to thank Zygo/Ametek for 
use of the white light scanning interferometer.

Author contributions

Conceptualization: Ronald A. Schachar, Ira H. Schachar, John Fabio, Dani Balicki, Nabeel Sufi, Barbara K. Pierscionek, 
Boyd Hunter.

Formal analysis: Ronald A. Schachar, Ira H. Schachar, Barbara K. Pierscionek, Boyd Hunter.

Methodology: Ronald A. Schachar, Ira H. Schachar, John Fabio, Dani Balicki, Nabeel Sufi, Barbara K. Pierscionek, Boyd 
Hunter.

Writing – original draft: Ronald A. Schachar, Ira H. Schachar, John Fabio, Dani Balicki, Nabeel Sufi, Barbara K. 
Pierscionek, Boyd Hunter.

Writing – review & editing: Ronald A. Schachar, Ira H. Schachar, John Fabio, Dani Balicki, Nabeel Sufi, Barbara K. 
Pierscionek, Boyd Hunter.

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

	2.	 Rohen JW. Scanning electron microscopic studies of the zonular apparatus in human and monkey eyes. Invest Ophthalmol Vis Sci. 1979;18(2):133–
44. PMID: 104933

Table 5.  Comparison of the isolated lenses to in vivo lenses.

Age In Vivo In Vitro

AAa Accommodatedb Unaccommodatedb Mean of 4 Fitting Equations Present Study

20 9.7 31.6 21.0 22.5 21.3c

21 9.4 31.2 21.1 23.8 19.8

23 8.9 31.1 21.2 24.2c

25 8.4 30.1 21.3 20.3 18.7

27 7.9 29.5 21.4 17.5 18.3c

29 7.3 28.9 21.5 21.0 20.3c

30 7.1 28.7 21.6 19.8 21.2c

Mean 8.4 30.2 21.3 20.8 20.5

SD 1.0 1.2 0.2 2.2 2.0
aLower limit of accommodative amplitude [44].
bIn vivo from Dubbelman et al. [23,41–43].
cMean COP of lenses from the same donor that were stored in either Optisol or DMEN.

https://doi.org/10.1371/journal.pone.0327028.t005

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0327028.s001
http://www.ncbi.nlm.nih.gov/pubmed/104933
https://doi.org/10.1371/journal.pone.0327028.t005


PLOS One | https://doi.org/10.1371/journal.pone.0327028  June 24, 2025 13 / 14

	 3.	 Streeten BW. The zonular insertion: a scanning electron microscopic study. Invest Ophthalmol Vis Sci. 1977;16(4):364–75. PMID: 844993

	 4.	 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

	 5.	 Flügel-Koch CM, Croft MA, Kaufman PL, Lütjen-Drecoll E. Anteriorly located zonular fibres as a tool for fine regulation in accommodation. Ophthal-
mic Physiol Opt. 2016;36(1):13–20. https://doi.org/10.1111/opo.12257 PMID: 26490669

	 6.	 Helmholtz H. Uber die Akkommodation des Auges. Archiv für Ophthalmologie. 1855;1:1–74.

	 7.	 Schachar RA. The Mechanism of Accommodation and Presbyopia. Amsterdam: Kugler Publications; 2012.

	 8.	 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

	 9.	 Schachar RA, Schachar IH, Li X, Pu Y, Kumar S, Kamangar F, et al. Finite element analysis of the lens profile during accommodation. PLoS One. 
2025;20(3):e0317740. https://doi.org/10.1371/journal.pone.0317740 PMID: 40096132

	10.	 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

	11.	 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

	12.	 Borja D, Manns F, Ho A, Ziebarth N, Rosen AM, Jain R, et al. Optical power of the isolated human crystalline lens. Invest Ophthalmol Vis Sci. 
2008;49(6):2541–8. https://doi.org/10.1167/iovs.07-1385 PMID: 2785024

	13.	 Martinez-Enriquez E, Sun M, Velasco-Ocana M, Birkenfeld J, Pérez-Merino P, Marcos S. Optical coherence tomography based estimates of 
crystalline lens volume, equatorial diameter, and plane position. Invest Ophthalmol Vis Sci. 2016;57(9):OCT600-10. https://doi.org/10.1167/iovs.15-
18933 PMID: 27627188

	14.	 Martínez-Enríquez E, Curatolo A, de Castro A, Birkenfeld JS, González AM, Mohamed A, et al. Estimation of the full shape of the crystalline lens 
in-vivo from OCT images using eigenlenses. Biomed Opt Express. 2023;14(2):608–26. https://doi.org/10.1364/BOE.477557 PMID: 36874490

	15.	 Schachar RA, Anderson DA. The mechanism of ciliary muscle function. Ann Ophthalmol. 1995;27:126–32.

	16.	 Shao Y, Tao A, Jiang H, Mao X, Zhong J, Shen M, et al. Age-related changes in the anterior segment biometry during accommodation. Invest Oph-
thalmol Vis Sci. 2015;56(6):3522–30. https://doi.org/10.1167/iovs.15-16825 PMID: 26030106

	17.	 Schachar RA. Human accommodative ciliary muscle configuration changes are consistent with Schachar’s mechanism of accommodation. Invest 
Ophthalmol Vis Sci. 2015;56(10):6075. https://doi.org/10.1167/iovs.15-17452 PMID: 26393665

	18.	 Schachar RA, Liao GG, Kirby RD, Kamangar F, Savoie JH, Abolmaali A, et al. Unexpected shape changes of encapsulated oblate spheroids in 
response to equatorial traction. J Physics A Math Theor. 2008;41:495204.

	19.	 Schachar RA, Fygenson DK. Topographical changes of biconvex objects during equatorial traction: an analogy for accommodation of the human 
lens. Br J Ophthalmol. 2007;91(12):1698–703. https://doi.org/10.1136/bjo.2006.094888 PMID: 16837546

	20.	 Schachar RA. Qualitative effect of zonular tension on freshly extracted intact human crystalline lenses: Implications for the mechanism of accom-
modation. Invest Ophthalmol Vis Sci. 2004;45:2691–5.  https://doi.org/10.1167/iovs.03-1267 PMID: 18316704

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

	22.	 Schachar RA, Schachar IH, Pu Y, 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

	23.	 Schachar RA, Schachar IH, Kumar S, Kamangar F, Hunter B, Pierscionek BK, et al. Central optical power of the isolated human lens without zonu-
lar tension. PLoS One. 2025, forthcoming.

	24.	 Stadfeldt AE. Die Veränderung der Linse bei Traktion der Zonula. Klin Monatsbl Augenheilkd. 1896;34:429–31.

	25.	 Tscherning M. Physiologic optics. 2nd ed. Philadelphia: The Keystone; 1904. p. 184–5.

	26.	 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

	27.	 de Groot P, Deck L. Surface profiling by analysis of white-light interferograms in the spatial frequency domain. J Mod Opt. 1995;42:389–401.

	28.	 Wyant JC. White light interferometry. Proceedings of the SPIE. 2002;4727:98–107.

	29.	 de Groot P. Principles of interference microscopy for the measurement of surface topography. Adv Opt Photonics. 2015;7:1–65.

	30.	 Im J, Ahn B-W, Jo A-J, Choi S, Ahn JS. High-speed lateral scanning white-light phase shift interferometry. Opt Express. 2024;32(13):23280–7. 
https://doi.org/10.1364/OE.523941 PMID: 39538795

	31.	 Yanar N, Park S, Yang E, Choi H. Surface fouling characterization methods for polymeric membranes using a short experimental study. Polymers 
(Basel). 2024;16:2124.

	32.	 Abdelrahman O, Topka M, Zhang Y, Bock A, Lörner J, Jungbauer R, et al. Suitability of slaughterhouse-acquired pig eyes as model systems for 
refractive ultraviolet and infrared femtosecond laser research. Curr Eye Res. 2024;49(4):401–9. https://doi.org/10.1080/02713683.2023.2297348 
PMID: 38146603

http://www.ncbi.nlm.nih.gov/pubmed/844993
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
http://www.ncbi.nlm.nih.gov/pubmed/26490669
https://doi.org/10.1097/00004397-200604630-00006
https://doi.org/10.1097/00004397-200604630-00006
http://www.ncbi.nlm.nih.gov/pubmed/16929224
https://doi.org/10.1371/journal.pone.0317740
http://www.ncbi.nlm.nih.gov/pubmed/40096132
https://doi.org/10.1016/j.exer.2020.108334
http://www.ncbi.nlm.nih.gov/pubmed/33121973
https://doi.org/10.1016/j.visres.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20338192
https://doi.org/10.1167/iovs.07-1385
https://doi.org/10.1167/iovs.15-18933
https://doi.org/10.1167/iovs.15-18933
http://www.ncbi.nlm.nih.gov/pubmed/27627188
https://doi.org/10.1364/BOE.477557
http://www.ncbi.nlm.nih.gov/pubmed/36874490
https://doi.org/10.1167/iovs.15-16825
http://www.ncbi.nlm.nih.gov/pubmed/26030106
https://doi.org/10.1167/iovs.15-17452
http://www.ncbi.nlm.nih.gov/pubmed/26393665
https://doi.org/10.1136/bjo.2006.094888
http://www.ncbi.nlm.nih.gov/pubmed/16837546
https://doi.org/10.1167/iovs.03-1267
https://doi.org/10.1038/s41598-024-56563-8
https://doi.org/10.1016/j.exer.2023.109709
http://www.ncbi.nlm.nih.gov/pubmed/37923162
https://doi.org/10.1016/j.ophtha.2004.03.033
http://www.ncbi.nlm.nih.gov/pubmed/15350325
https://doi.org/10.1364/OE.523941
http://www.ncbi.nlm.nih.gov/pubmed/39538795
https://doi.org/10.1080/02713683.2023.2297348
http://www.ncbi.nlm.nih.gov/pubmed/38146603


PLOS One | https://doi.org/10.1371/journal.pone.0327028  June 24, 2025 14 / 14

	33.	 Dzialoszynski TM, Milne KJ, Trevithick JR, Noble EG. Heat shock protein concentration and clarity of porcine lenses incubated at elevated tem-
peratures. Mol Vis. 2016;22:1309–17. PMID: 27843266

	34.	 Heichel J, Wilhelm F, Kunert KS, Hammer T. Topographic findings of the porcine cornea. Med Hypothesis Discov Innov Ophthalmol. 
2016;5(4):125–31. PMID: 28293660

	35.	 Watson R, Gray W, Sponsel WE, Lund BJ, Glickman RD, Groth SL, et al. Simulations of porcine eye exposure to primary blast insult. Transl Vis Sci 
Technol. 2015;4(4):8. https://doi.org/10.1167/tvst.4.4.8 PMID: 26336633

	36.	 Acosta E, Vázquez D, Castillo LR. Analysis of the optical properties of crystalline lenses by point-diffraction interferometry. Ophthalmic Physiol Opt. 
2009;29(3):235–46. https://doi.org/10.1111/j.1475-1313.2009.00661.x PMID: 19422554

	37.	 Acosta E, Bueno JM, Schwarz C, Artal P. Relationship between wave aberrations and histological features in ex vivo porcine crystalline lenses. J 
Biomed Opt. 2010;15(5):055001. https://doi.org/10.1117/1.3484259 PMID: 21054083

	38.	 Augusteyn RC, Rosen AM, Borja D, Ziebarth NM, Parel JM. Biometry of primate lenses during immersion in preservation media. Molecular Vision. 
2006;12:740–7.

	39.	 Jenkins FA, White HE. Fundamentals of Optics. 3rd ed. New York: McGraw-Hill Book Company; 1957.

	40.	 ISO 25178-2. Geometrical Product Specifications (GPS). 2nd ed. Geneva: International Organization for Standardization; 2021.

	41.	 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

	42.	 Dubbelman M, Van der Heijde GL. The shape of the aging human lens: curvature, equivalent refractive index and the lens paradox. Vision Res. 
2001;41(14):1867–77. https://doi.org/10.1016/s0042-6989(01)00057-8 PMID: 11369049

	43.	 Dubbelman M, van der Heijde GL, Weeber HA. The thickness of the aging human lens obtained from corrected Scheimpflug images. Optom Vis 
Sci. 2001;78(6):411–6. https://doi.org/10.1097/00006324-200106000-00013 PMID: 11444630

	44.	 Duane A. Normal values of the accommodation at all ages. JAMA. 1912;59:1010–3.

	45.	 Pradhan A, Hughes RPJ, Pieterse E, Atchison DA, Carkeet A. Measurement of in vivo lens shapes using IOLMaster 700 B-scan images: Compari-
son with phakometry. Ophthalmic Physiol Opt. 2024;44(5):1041–51. https://doi.org/10.1111/opo.13319 PMID: 38676399

	46.	 Ortiz S, Pérez-Merino P, Gambra E, de Castro A, Marcos S. In vivo human crystalline lens topography. Biomed Opt Express. 2012;3(10):2471–88. 
https://doi.org/10.1364/BOE.3.002471 PMID: 23082289

	47.	 Gambra E, Ortiz S, Perez-Merino P, Gora M, Wojtkowski M, Marcos S. Static and dynamic crystalline lens accommodation evaluated using quanti-
tative 3-D OCT. Biomed Opt Express. 2013;4(9):1595–609. https://doi.org/10.1364/BOE.4.001595 PMID: 24049680

	48.	 Pérez-Merino P, Velasco-Ocana M, Martinez-Enriquez E, Marcos S. OCT-based crystalline lens topography in accommodating eyes. Biomed Opt 
Express. 2015;6(12):5039–54. https://doi.org/10.1364/BOE.6.005039 PMID: 26713216

	49.	 Martinez-Enriquez E, Pérez-Merino P, Velasco-Ocana M, Marcos S. OCT-based full crystalline lens shape change during accommodation in vivo. 
Biomed Opt Express. 2017;8(2):918–33. https://doi.org/10.1364/BOE.8.000918 PMID: 28270993

	50.	 Shoji T, Kato N, Ishikawa S, Ibuki H, Yamada N, Kimura I, et al. In vivo crystalline lens measurements with novel swept-source optical coher-
ent tomography: an investigation on variability of measurement. BMJ Open Ophthalmol. 2017;1(1):e000058. https://doi.org/10.1136/bmjop-
hth-2016-000058 PMID: 29354706

	51.	 Garner LF, Yap MK. Changes in ocular dimensions and refraction with accommodation. Ophthalmic Physiol Opt. 1997;17(1):12–7. PMID: 9135807

	52.	 Hermans EA, Pouwels PJW, Dubbelman M, Kuijer JPA, van der Heijde RGL, Heethaar RM. Constant volume of the human lens and decrease in 
surface area of the capsular bag during accommodation: an MRI and Scheimpflug study. Invest Ophthalmol Vis Sci. 2009;50(1):281–9. https://doi.
org/10.1167/iovs.08-2124 PMID: 18676625

	53.	 Sheppard AL, Evans CJ, Singh KD, Wolffsohn JS, Dunne MCM, Davies LN. Three-dimensional magnetic resonance imaging of the phakic crystal-
line lens during accommodation. Invest Ophthalmol Vis Sci. 2011;52(6):3689–97. https://doi.org/10.1167/iovs.10-6805 PMID: 21296812

	54.	 Kasthurirangan S, Markwell EL, Atchison DA, Pope JM. MRI study of the changes in crystalline lens shape with accommodation and aging in 
humans. J Vis. 2011;11(3):19. https://doi.org/10.1167/11.3.19 PMID: 21441300

	55.	 Suheimat M, Bhattarai D, Maher HK, Chandra M, Chelepy W, Halloran SK, et al. Improvements to phakometry using bessel beams. Optom Vis Sci. 
2017;94(11):1015–21. https://doi.org/10.1097/OPX.0000000000001130 PMID: 28945628

	56.	 Zhou Q, Wang J, Xu M. Interferometric method of measuring external cylindrical surfaces. Appl Opt. 2021;60(1):47–51. https://doi.org/10.1364/
AO.412366 PMID: 33362072

	57.	 Zhu Y, Tian A, Wang H, Liu B. Aspherical surface wavefront testing based on multi-directional orthogonal lateral shearing interferometry. Sensors 
(Basel). 2024;24(23):7714. https://doi.org/10.3390/s24237714 PMID: 39686251

	58.	 Zhang L, Wen K, Liu M, Wang J, Huang Y, Zhang Y, et al. Unveiling the mysteries of the Chinese lens zonule balance tension: A statistical analysis. 
Heliyon. 2024;10(20):e38712. https://doi.org/10.1016/j.heliyon.2024.e38712 PMID: 39640735

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

	60.	 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

http://www.ncbi.nlm.nih.gov/pubmed/27843266
http://www.ncbi.nlm.nih.gov/pubmed/28293660
https://doi.org/10.1167/tvst.4.4.8
http://www.ncbi.nlm.nih.gov/pubmed/26336633
https://doi.org/10.1111/j.1475-1313.2009.00661.x
http://www.ncbi.nlm.nih.gov/pubmed/19422554
https://doi.org/10.1117/1.3484259
http://www.ncbi.nlm.nih.gov/pubmed/21054083
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(01)00057-8
http://www.ncbi.nlm.nih.gov/pubmed/11369049
https://doi.org/10.1097/00006324-200106000-00013
http://www.ncbi.nlm.nih.gov/pubmed/11444630
https://doi.org/10.1111/opo.13319
https://doi.org/10.1364/BOE.3.002471
http://www.ncbi.nlm.nih.gov/pubmed/23082289
https://doi.org/10.1364/BOE.4.001595
http://www.ncbi.nlm.nih.gov/pubmed/24049680
https://doi.org/10.1364/BOE.6.005039
http://www.ncbi.nlm.nih.gov/pubmed/26713216
https://doi.org/10.1364/BOE.8.000918
http://www.ncbi.nlm.nih.gov/pubmed/28270993
https://doi.org/10.1136/bmjophth-2016-000058
https://doi.org/10.1136/bmjophth-2016-000058
http://www.ncbi.nlm.nih.gov/pubmed/29354706
http://www.ncbi.nlm.nih.gov/pubmed/9135807
https://doi.org/10.1167/iovs.08-2124
https://doi.org/10.1167/iovs.08-2124
http://www.ncbi.nlm.nih.gov/pubmed/18676625
https://doi.org/10.1167/iovs.10-6805
http://www.ncbi.nlm.nih.gov/pubmed/21296812
https://doi.org/10.1167/11.3.19
http://www.ncbi.nlm.nih.gov/pubmed/21441300
https://doi.org/10.1097/OPX.0000000000001130
http://www.ncbi.nlm.nih.gov/pubmed/28945628
https://doi.org/10.1364/AO.412366
https://doi.org/10.1364/AO.412366
http://www.ncbi.nlm.nih.gov/pubmed/33362072
https://doi.org/10.3390/s24237714
http://www.ncbi.nlm.nih.gov/pubmed/39686251
https://doi.org/10.1016/j.heliyon.2024.e38712
http://www.ncbi.nlm.nih.gov/pubmed/39640735
https://doi.org/10.1038/eye.2014.244
http://www.ncbi.nlm.nih.gov/pubmed/25341432
https://doi.org/10.1016/j.cmpb.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17005291

