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Optical properties of artificial
intraocular lenses and
considerations for additive
manufacturing
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Omnyah Albosaad, Batool Alokosh, Tala Alnaili, Abeer Syed and

Michael R. Gardner*

Department of Biomedical Engineering, College of Engineering, King Faisal University, Al Ahsa,

Saudi Arabia

Cataracts, a leading cause of blindness in the world, are commonly treated by

replacing the ocular lens with an artificial intraocular lens (IOL). The material

and structure of the IOL are major factors in their e�cacy, a�ecting, among

other characteristics, the optics of the eye. In the recent research record,

two optical properties have emerged as standardized characterization methods

for IOL optics: (1) optical transmittance and (2) optical scattering. This mini

review describes these two methods and collates data in such a way that

comparisons may be drawn across four di�erent IOL material types (PMMA,

hydrophobic acrylic, hydrophilic acrylic, and silicone) and three IOL conditions

(in-vivo, cadaver explant, and inventory control). Finally, the emerging field of

additive manufacturing for IOL production is considered. Such technologies

hold promise for optimizing IOLs for cataract patients. Researchers in additive

manufacturing for IOL production may incorporate optical transmittance and

optical scattering as standard characterization methods for 3D-printed IOLs

developed by the broader IOL researcher community.

KEYWORDS

intraocular lens, optical transmittance, optical scattering, additive manufacturing,

cataracts

1 Introduction

As people age, the proteins of the ocular lens can undergo abnormal structural

and chemical changes, pigmentation, and stiffening (1). These changes lead to areas of

cloudiness in the ocular lens known as cataracts, which contribute to visual symptoms such

as blurred vision and decreased contrast sensitivity. Left untreated, cataracts often lead to

blindness. Almost 95 million people suffer from cataracts, the leading cause of preventable

vision impairment worldwide (2).

Surgery is the primary treatment for cataracts (1), and the most common method

of cataract surgery is an outpatient procedure in which a foldable artificial intraocular

lens (IOL) is placed within the capsular bag to provide anatomic stability and mimic the

refractive power of the ocular len (3–5).

The material and structure help determine the efficacy of IOLs. Important

considerations for material selection include optical properties, bio-compatibility,

transparency, and biomechanics. The IOL’s structural design determines mechanical fit
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and can inform the surgical procedure itself, and the surface

geometry—along with the refractive index—of the IOL help defines

its refractive power (6).

Although cataract surgery is known to be one of the most

successful surgeries in the world (7), emerging manufacturing

processes such as additive manufacturing are creating an

opportunity for improved outcomes and patient-centered care.

Patient-specific ocular characteristics may inform preoperative

considerations and optimize surgical outcomes (8). Beyond

mechanical fit and bio-compatibility (9), IOL optical properties are

key to optimizing IOL performance for improved vision.

This mini review paper examines two key optical properties

of IOLs: (1) optical transmittance and (2) optical scattering. We

compare these well-studied properties across various IOL types

and studies. While the optical properties of IOLs explanted due

to failure were reported in many studies, the mechanisms of

failure were often unreported and, in many cases, may have been

due to factors exogenous to the IOL itself. Instead of including

explanted failed IOLs to described longitudinal performance of

IOLs, we have opted to limit inclusion to pre-implanted controls or

healthy functioning IOLs explanted from cadavers when the data

is available.

Finally, we review emerging additive manufacturing

technologies for IOL production. This mini review aims to

provide a summary of key optical characteristics of IOLs for

consideration in emerging IOL manufacturing approaches.

2 Optical transmittance

Optical transmittance of the ocular lens refers to the amount

of light that passes through the lens to be focused onto the retina.

As with other optical materials, the ocular len’s transmittance is a

function of many parameters, including the wavelength of light.

In the healthy human eye, optical transmittance is optimized for

visible wavelengths, to which the rods and cones of the retina are

sensitive. The lens is an optical filter that controls the amount and

type of radiation that passes through it (10). In their canonical

study, Boettner and Wolter (11) reported the transmission of light

at 80% from 360 nm, increasing rapidly to 90% between 450 nm and

540 nm, depending on age (older patients have a slower increase).

The lens’ high transmittance continues out to 1,400 nm, with typical

water bands at 980, 1,200, and 1,430 nm. The lens’ transmittance

reduces with age due to changes in the lens’ protein structures,

commonly associated with cataracts (10, 12).

To replace the cataract lens with an artificial IOL, the

transmission of the material should be carefully considered. Many

such studies have been performed for different kinds of IOLs.

In this review, 10 studies were selected for the discussion of

optical transmittance. The reports of IOL optical transmission

included in these publications were reported for a diverse set

of research objectives and often included measurements of both

explanted IOLs (i.e., removed from patient due to failure) and

control IOLs from inventory. Because IOL failure is multifactorial

and the reasons for failure were not consistent across studies

reporting optical transmission, only control/inventory IOLs (i.e.,

pre-implantation) transmission values are reported in this section.

Importantly, each of the studies was performed using

spectrophotometry. The selected studies include optical

transmittance evaluations of the most common commercially

available IOL materials (7, 13): (1) poly(methyl methacrylate)

(PMMA), (2) hydrophobic acrylic, (3) hydrophilic acrylic, and

(4) silicone. Three studies examined the differences between

hydrophobic acrylic IOLs with (yellow) and without (clear) blue-

light filtering chromophore (14–16), and one study evaluated the

transmittance of PMMA vs PMMA copolymers (13, 17). Where

data were available or data extraction from plots was possible, the

transmittance values from each study are listed over a selection

of visible wavelengths (450, 600, and 750 nm). Additionally,

overall transmittance values are listed when reported. The exact

method for calculating overall transmittance is unreported in most

reviewed publications, but in most cases seems to be an average

transmittance level (%) from around 300 nm extending to 800 nm.

See Table 1.

No standard has emerged from the literature for reporting

overall transmittance. Some publications report transmittance at

key wavelengths, and others only overall transmittance. Further

compounding the problem is that themethod for calculating overall

transmittance varies. Some publications do not report their method

(e.g., if it is a median or average value, or the wavelength range over

which the statistic is calculated). Still others do clarify the method,

but problems remain. For example, Werner et al. (18) measure,

with 1-nm sampling frequency, the transmittance of IOLs across

a 550 nm bandwidth (300–850 nm), but the authors report only a

single overall transmittance calculated as an average across in the

visible range (400–700 nm): 98.9% for PMMA IOLs. This “overall

transmittance" method of reporting one value over a wavelength

range is less valuable than reporting the transmittance curve,

because there are many possible absorption spectra that could yield

an 98.9% average transmittance. The overall transmittance of a

material can only be meaningfully relied upon if the shape of the

transmittance spectrum is also given. Moreover, almost all reports

of transmittance are limited to the visible range, even though many

clinical retinal imaging systems function in the near infrared range.

IOL fabrication should take into consideration these other imaging

techniques that may be necessary at some point for the patient

due to other clinical indications. A proposed best practice for

those reporting optical transmittance for IOLs is to provide the

transmittance values at 5-nm sampling frequency extending from

the visible into the near infrared range.

With regard to absolute transmittance levels across the visible

range, the PMMAmeasured by Michelson et al. (19) demonstrated

the highest transparency. These tests were consistent with the

relative improvement of PMMA over hydrophilic acrylic and

silicone in other studies (18, 19). Wang et al. (13) demonstrated

an increase in transmittance over PMMA with a POSS-

PMMA copolymer. The incorporation of polyhedral oligomeric

silsesquioxane (POSS) improved surface hydrophobicity and

roughness, leading to enhancement of cell viability and spreading

of human lens epithelial cells (HLECs) and improving bio-

compatibility. While POSS-PMMA copolymers seem promising,

there are limited published studies and no long-term testing results

available. Moreover, there is a more recent report of many technical

challenges hindering the clinical translation of POSS-PMMA
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TABLE 1 A review of optical transmittance values for di�erent IOL materials.

Transmittance (%)

References Material 450 nm 600 nm 750 nm Overall

Wang et al. (13) PMMA 93.1 93.8 94.5 -

0.05 MA POSS-PMMA 99.1 99.1 99.3 -

0.10 MA POSS-PMMA 99.1 99.3 99.4 -

0.25 MA POSS-PMMA 99.2 99.2 99.2 -

0.50 MA POSS-PMMA 99.4 99.5 99.6 -

Wang et al. (17) PMMA 93.1 93.9 94.5 -

0.01 allyl POSS+PMMA 91.4 92.3 93.1 -

0.02 allyl POSS+PMMA 90.5 91.0 91.7 -

Michelson et al. (19) PMMA 99.7 99.6 99.8 98.8

Hydrophilic Acrylic 98.8 99.4 99.7 98.0

Silicone 94.6 99.0 99.2 97.7

Werner et al. (18) PMMA - - - 98.8

Hydrophilic Acrylic - - - 97.9

Silicone - - - 97.7

Barra et al. (69) Hydrophilic Acrylic 98.0 98.7 99.1 98.2

Matsushima et al. (70) Hydrophobic Acrylic 97.5 98.9 99.6 89.0

Yoshida et al. (71) Hydrophobic Acrylic 94.1 95.6 96.1 85.7

Werner et al. (14) Hydrophobic Clear Acrylic 98.4 99.2 99.3 96.9

Hydrophobic Yellow Acrylic 54.2 98.0 98.3 83.2

Bhattacharjee et al. (15) Hydrophobic Clear Acrylic 59.8 59.0 58.4 -

Hydrophobic Yellow Acrylic 78.0 94.2 96.1 -

Owczarek et al. (16) Hydrophobic Clear Acrylic 90.6 94.2 95.2 93.7

Hydrophobic Yellow Acrylic 54.8 88.7 86.8 87.8

copolymer IOLs and a corresponding proposal for improving anti-

biofouling (20). There remains a research gap in the long-term

efficacy of POSS-PMMA copolymers for use in implanted IOLs and

as a material for 3D printing. Readers may see more on the IOL

biomaterial discussion, including POSS-PMMA, in the short review

by Khader and Fahoum (21).

3 Optical scattering

While most of the visible wavelengths of light passing through

the ocular media are transmitted, the scattering properties of the

eye play also an important role in vision. Light scattering—the

redirection of light due to its dielectric interactions with the media

it traverses—greatly affects visual acuity (22). Light may scatter in

different specular directions as a function of the light’s wavelength

and the size of the scatterer (23, 24).

In the cataract lens, scattering accounts for much of the

optical disturbance. Sources of scattering include modifications to

cytoplasmic crystallin proteins and resulting aggregation (25–29),

nuclear fiber cell membrane damage (30, 31), and the presence of

multilammelar bodies (MLBs) (32–35).

For artificial IOLs, scattering due to native material

imperfections should be minimized. Additionally, IOLs should

be designed such that post-implantation scattering (e.g., due

to biofouling) is inhibited. In this mini review, we limit the

presentation of optical scattering to pre-implantation (“inventory")

IOLs and functioning IOLs explanted from cadavers for time-

dependent performance. The inventory or cadaver origin is

indicated under the heading “Condition" in Table 2. Though many

of the cited studies examine failed and subsequently explanted

IOLs, the scientific discussion of optical scattering changes in IOLs

that have failed is more complex (e.g., snowflake degeneration,

calcification within the IOL, calcification on the IOL anterior

surface, calcification on the IOL posterior surface, etc.) and beyond

the scope of this review.

In the analysis of IOL optical scattering, Scheimpflug imaging

is used to quantify relative amounts of light scattered from the

ocular lens back to a detector aligned anterior to the object

along the optical axis. For artificial IOL imaging, results are often

expressed in units of computer-compatible tape (CCT, i.e., an

8-bit integer ranging from 0 to 255 where 255 represents high

scattering). In papers measuring the scattering properties of IOLs,

the presentation of results varies, including scattering from the
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anterior (A) surface, posterior (P) surface, or internal (I) matrix.

The values are reported as a maximum of one surface or an average

of multiple surfaces.

In addition to the measurement method, another important

consideration is the condition of the tested IOL. Ong et al. (36)

demonstrated that the scattering properties of IOLs are highly

dependent on if the IOL is dry, wetted (≥ 2 min of hydration),

or hydrated (≥ 2 h of hydration). IOLs labeled as “unprocessed"

are those that are immediately imaged upon extraction, and IOLs

imaged in-vivo are labeled accordingly. These notes are included in

Table 2. under the heading “Hydration."

From the studies reviewed, a few key observations may be

drawn. First, several studies (36, 37) demonstrate that the scattering

behavior highly depends on the lenses’ hydration condition

(dry, wetted, or hydrated) because of so-called glistening or

nanoglistening (36). Kato et al. (38) demonstrated that small

temperature fluctuations led to micro-vacuole formation, and

Saylor et al. (39) proposed a osmotic cavitation mechanism for

glistening formation in which pressure differences form small

pockets of water. The distribution of glistening ranges in size

from 1 to 20 µm (slightly larger than the wavelength of visible

light), and their scattering properties may be well described

by Mie scattering. As the hydration environment of the IOL

varies, it would be expected that the micro-vacuoles eventually

fill with the surrounding media, changing the refractive index of

the scatterer. According to Mie scattering theory, the measure

scattering profile will vary with the refractive index of the scatter

changes. Interestingly, glistening is known to occur more often in

hydrophopic materials (40, 41).

Nanoglistening is distinguished from glistening by the size

of the vacuoles. Nanoglistening vacuoles are smaller than the

wavelength of visible light—on the range of 140 to 185 nm (42)—

and may best be approximated with Rayleigh scattering theory.

Nanoglistening appears as IOL whitening (43, 44) and forms by

water aggregating in subsurface volumes (43). This is the main

source of surface scattering in IOLs (36).

According to the hydrostatic and osmotic pressure

mechanisms of micro- and nano-vacuole formation, it can

be reasonably extrapolated that studies conducted in-vivo

[e.g., Hayashi et al. (45) and Bissen-Miyajima et al. (46)]

also have scattering values affected by the IOL’s environment

and should not be directly compared to the IOLs tested in

other environments.

Moreover, the scattering properties of IOLs extracted from

cadavers were not similar to those taken from inventory (i.e.,

control IOLs) (14, 36, 37, 47). These scattering differences

were further exaggerated in IOLs extracted from patients due

to IOL failure (not included in Table 2) (19). This indicates

that calcification or other pathologic processes are negatively

impacting scattering properties of IOLs in-vivo, even when the

impact is either unnoticed or deemed unnecessary to treat

by clinicians.

Finally, comparing IOL materials across the reviewed studies,

PMMA exhibits the best scattering performance, scattering the

least light on average in studies that directly compared PMMA to

alternatives. (19, 45, 47). Still, hydrophobic acrylic lenses did not

significantly impair optical performance, despite higher scattering

levels, as evidenced by similar MTF (modulation transfer function)

and Badal image resolution values between hydrated explanted

IOLs and controls (47).

4 Additive manufacturing and IOLs

Additive manufacturing holds much potential in the area of

ophthalmology, with unique possibilities of creating custom optics

for patient personalization (48, 49). While there are many possible

ophthalmic applications of additive manufacturing, IOLs hold

unique promise. Printed materials may be combined with so-

called 4D methods, which consider the object’s response to its

changing environment in time. For example, drug-eluting implants

could serve to administer various medications in-vivo (50, 51)

and in response to physiological conditions (e.g., change in pH or

pressure).

Additionally, 3D-printed IOLs may also be able to mimic

the refractive index of the ocular lens. The lens’ refractive index

is not constant through its volume but is a gradient, and the

gradient changes with age (52, 53). It has been demonstrated

that the lens’ gradient refractive index compensates for optical

aberrations introduced by the cornea (54). The highest refractive

index values are in the nucleus of the lens, and the lowest values

in the cortex (55–57). Additive manufacturing techniques have

recently been used to create lenses(58, 59), including lenses with

a gradient refractive index (60). By combining such efforts with

ongoing work in bio-compatible additive manufacturing (61), bio-

compatible gradient index lenses could work to optimize visual

acuity for cataract patients.

An emerging research area is in IOL production with additive

manufacturing techniques. The field is young and in the stage of

material selection and method fine-tuning. Hydrogels hold several

material properties that make them candidates for 3D-printed

IOLs: bio-compatibility, hydrophilicity, optical transparency, and

mechanical strength (62–64). Li et al. (65) reported a 3D-printed

IOL made of a poly(acrylamide-co-sodium acrylate) hydrogel with

promising bio-compatibility. Debellemanière et al. (66) reported

a 3D-printed Ridley-style (67) IOL using UV-cured PMMA. The

lens achieved an average of 75% transmittance in the visible range,

well below the transmittance of IOLs reported in Table 1. Hidalgo-

Alvarez et al. (68) reported stereolithographic prototyping of a

IOL from a photopolymerizable resin (2-phenoxyethyl acrylate,

polly (ethylene glycol) dimethacylate) and included transmittance

data, but no scattering data. Furthermore, the scalability and

reproducibility of the technique must be demonstrated before

adoption. None of the recent studies has sufficiently examined

the standard optical properties of the 3D-printed IOLs, focusing

instead on bio-compatibility and more isolated measurement

techniques for optical characterization. Moreover, issues of long-

term viability are underexplored. After developing methods to

simulate long-term use, standard optical measurements (scattering

and transmittance) may be used to assess optical performance after

long-term use.

This mini review has demonstrated, over the past 10 years,

optical transmittance and optical scattering have become the

standard for IOL characterization, and both techniques should be
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TABLE 2 A review of optical scattering values for di�erent IOL materials and methods.

References Material Condition Hydration Surface Scattering [CCT]

Michelson et al. (19) PMMA Inventory Dry I Max 9

Hydrophilic Acrylic Inventory Dry I Max 19± 6

Silicone Inventory Dry I Max 5

Ong et al. (36) Hydrophobic Acrylic Cadaver Unprocessed A&P Avg 40± 22

Dry A&P Avg 3± 2

Wetted A&P Avg 16± 10

Hydrated A&P Avg 41± 19

Inventory Unprocessed A&P Avg 2± 1

Dry A&P Avg 4± 2

Hydrated A&P Avg 2± 1

Morris et al. (47) Hydrophobic Acrylic Cadaver Hydrated A Max 43± 43

I Max 31± 19

P Max 43± 38

Inventory Hydrated A Max 4± 3

I Max 17± 28

P Max 5± 4

Hydrophilic Acrylic Cadaver Hydrated A Max 12± 1

I Max 19± 4

P Max 10± 1

Inventory Hydrated A Max 5

I Max 13

P Max 7

PMMA Cadaver Hydrated A Max 7± 3

I Max 0± 1

P Max 7± 5

Inventory Hydrated A Max 5

I Max 1

P Max 10

Silicone Cadaver Hydrated A Max 18± 16

I Max 12± 5

P Max 19± 18

Inventory Hydrated A Max 5± 4

I Max 3± 6

P Max 5± 2

Ogura et al.(37) Hydrophobic Acrylic Cadaver Dry A&P Avg 5± 4

Wetted A&P Avg 25± 15

Hydrated A&P Avg 104± 26

Inventory Dry A&P Avg 6± 4

Wetted A&P Avg 3± 2

Hydrated A&P Avg 4± 2

Bissen-Miyajima et al. (46) Hydrophobic Acrylic In-Vivo AMax 109± 16

I Max 46± 10

(Continued)
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TABLE 2 (Continued)

References Material Condition Hydration Surface Scattering [CCT]

P Max 90± 20

Werner et al. (14) Hydrophobic Acrylic Cadaver Hydrated A&P Avg 52± 49

Inventory Hydrated A&P Avg 14± 4

Barra et al. (69) Hydrophobic Acrylic Inventory Hydrated A Max 5± 3

Hayashi et al. (45) Hydrophobic Acrylic In-Vivo AMax 103± 27

I Max 13± 10

Silicone In-Vivo AMax 7± 5

I Max 2± 2

PMMA In-Vivo AMax 7± 8

I Max 1± 1

A, anterior surface; I, internal matrix; P, posterior surface.

performed as a standard assessment method for IOL prototyping.

Scattering data should include an assessment spectrum extending

from the visible through near infrared wavelengths.

We have thus situated emerging additive manufacturing

technologies in the recent historical context of IOL efficacy.

Researchers working in additive manufacturing for IOL production

may demonstrate the efficacy of a 3D-printed IOL in comparison

to other viable solutions with standard optical transmittance

and optical scattering techniques. Such reporting will enable fair

comparison across IOL technologies.

5 Discussion

In summary, this mini review has examined two optical

properties of IOLs used in cataract surgeries that have become

standard measurements for IOL comparison: (1) optical

transmittance and (2) optical scattering. We have combined

the results of various IOL materials (PMMA, hydrophobic acrylic,

hydrophilic acrylic, and silicone) and IOL conditions (inventory,

explanted from cadavers, and in-vivo) across many studies,

drawing out the superior performance of PMMA and PMMA

copolymers. Finally, the emerging field of 3D-printed IOLs was

reviewed. Additive manufacturing approaches in IOL production

are immature but promising. Researchers in this area should

understand the recent historical context of optical transmittance

and optical scattering as tools for standardized comparisons across

types of IOLs.

Author contributions

BB: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Writing – original draft, Writing –

review & editing. NA: Conceptualization, Data curation, Formal

analysis, Investigation, Methodology, Writing – original draft,

Writing – review & editing. AN: Conceptualization, Data curation,

Formal analysis, Investigation, Methodology, Writing – original

draft, Writing – review & editing. OA: Conceptualization, Data

curation, Formal analysis, Investigation, Methodology, Writing –

original draft, Writing – review & editing. BA: Conceptualization,

Data curation, Formal analysis, Investigation, Methodology,

Writing – original draft, Writing – review & editing. TA:

Conceptualization, Data curation, Formal analysis, Investigation,

Methodology, Writing – original draft, Writing – review & editing.

AS: Data curation, Formal analysis, Methodology, Supervision,

Writing – review & editing. MG: Data curation, Formal analysis,

Funding acquisition, Methodology, Supervision, Writing – review

& editing.

Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by the Deanship of Scientific Research, Vice Presidency for

Graduate Studies and Scientific Research, King Faisal University,

Saudi Arabia [Grant No. KFU251211].

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers inMedicine 06 frontiersin.org

https://doi.org/10.3389/fmed.2025.1563766
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Brighesh et al. 10.3389/fmed.2025.1563766

References

1. Miller KM, Oetting TA, Tweeten JP, Carter K, Lee BS, Lin S, et al. Cataract in
the adult eye preferred practice pattern registered. Ophthalmology. (2022) 129:P1–26.
doi: 10.1016/j.ophtha.2021.10.006

2. WHO.World Report on Vision. Geneva: World Health Organization (2019).

3. Yu Jg, Zhao Ye, Shi Jl, Ye T, Jin N, Wang Qm, et al. Biaxial microincision
cataract surgery versus conventional coaxial cataract surgery: metaanalysis
of randomized controlled trials. J Cataract Refract Surg. (2012) 38:894–901.
doi: 10.1016/j.jcrs.2012.02.020

4. Liu YC, Wilkins M, Kim T, Malyugin B, Mehta JS. Cataracts. Lancet. (2017)
390:600–12. doi: 10.1016/S0140-6736(17)30544-5

5. Lapp T, Wacker K, Heinz C, Maier P, Eberwein P, Reinhard T. Cataract surgery–
indications, techniques, and intraocular lens selection. Dtsch Arztebl Int. (2023)
120:377. doi: 10.3238/arztebl.m2023.0028

6. Marcos S, Martinez-Enriquez E, Vinas M, de Castro A, Dorronsoro
C, Bang SP, et al. Simulating outcomes of cataract surgery: important
advances in ophthalmology. Annu Rev Biomed Eng. (2021) 23:277–306.
doi: 10.1146/annurev-bioeng-082420-035827

7. Thompson J, Lakhani N. Cataracts. Prim Care. (2015) 42:409–23.
doi: 10.1016/j.pop.2015.05.012

8. Yeu E, Cuozzo S. Matching the patient to the intraocular lens: preoperative
considerations to optimize surgical outcomes. Ophthalmology. (2021) 128:e132–41.
doi: 10.1016/j.ophtha.2020.08.025

9. Al-Zyoud W, Haddadin D, Hasan SA, Jaradat H, Kanoun O. Biocompatibility
testing for implants: a novel tool for selection and characterization. Materials. (2023)
16:6881. doi: 10.3390/ma16216881

10. Weale R. Age and the transmittance of the human crystalline lens. J Physiol.
(1988) 395:577–87. doi: 10.1113/jphysiol.1988.sp016935

11. Boettner EA, Wolter JR. Transmission of the ocular media. Invest Ophthalmol
Vis Sci. (1962) 1:776–83.

12. Artigas JM, Felipe A, Navea A. Fandiño A, Artigas C. Spectral transmission of
the human crystalline lens in adult and elderly persons: color and total transmission of
visible light. Invest Ophthalmol Vis Sci. (2012) 53:4076–84. doi: 10.1167/iovs.12-9471

13. Wang B, Lin Q, Shen C, Han Y, Tang J, ChenH. Synthesis ofMA POSS-PMMA as
an intraocular lens material with high light transmittance and good cytocompatibility.
RSC Adv. (2014) 4:52959–66. doi: 10.1039/C4RA08060B

14. Werner L, Morris C, Liu E, Stallings S, Floyd A, Ollerton A, et al. Light
transmittance of 1-piece hydrophobic acrylic intraocular lenses with surface light
scattering removed from cadaver eyes. J Cataract Refract Surg. (2014) 40:114–20.
doi: 10.1016/j.jcrs.2013.05.050

15. Bhattacharjee H, Das D, Bhattacharjee K, Buragohain S, Javeri H. Transmittance
characteristics of transparent hydrophobic acrylic foldable intraocular lenses that were
in vivo for a prolonged period of time: a UV visible spectrophotometric study. Ind J
Ophthalmol. (2023) 71:3663–8. doi: 10.4103/IJO.IJO_273_23

16. Owczarek G, Gralewicz G, Skuza N, Jurowski P. Light transmission
through intraocular lenses with or without yellow chromophore (blue light
filter) and its potential influence on functional vision in everyday environmental
conditions. Int J Occup Saf Ergon. (2016) 22:66–70. doi: 10.1080/10803548.2015.10
83733

17. Wang B, Lin Q, Shen C, Tang J, Han Y, Chen H. Hydrophobic modification
of polymethyl methacrylate as intraocular lenses material to improve the
cytocompatibility. J Colloid Interface Sci. (2014) 431:1–7. doi: 10.1016/j.jcis.2014.05.056

18. Werner L, Stover JC, Schwiegerling J, Das KK. Effects of intraocular lens
opacification on light scatter, stray light, and overall optical quality/performance. Invest
Ophthalmol Vis Sci. (2016) 57:3239–47. doi: 10.1167/iovs.16-19514

19. Michelson J, Werner L, Ollerton A, Leishman L, Bodnar Z. Light scattering and
light transmittance in intraocular lenses explanted because of optic opacification. J
Cataract Refract Surg. (2012) 38:1476–85. doi: 10.1016/j.jcrs.2012.03.038

20. Lan X, Lei Y, He Z, Yin A, Li L, Tang Z, et al. A transparent
hydrophilic anti-biofouling coating for intraocular lens materials prepared by
“bridging" of the intermediate adhesive layer. J Mater Chem B. (2021) 9:3696–704.
doi: 10.1039/D1TB00065A

21. Khader A, Fahoum A. Intraocular lens biomaterials for cataract surgery.
Semicond Optoelectron. (2023) 42:492–501.

22. van den Berg TJ. Intraocular light scatter, reflections, fluorescence and
absorption: what we see in the slit lamp. Ophthalmic Physiol Opt. (2018) 38:6–25.
doi: 10.1111/opo.12426

23. Dobbie KLS.Ocular Findings and Intraocular Lens Power in Captive Chimpanzees
(Pan troglodytes). University of Pretoria: South Africa (2020).

24. Hahn DW. Light Scattering Theory. Department of Mechanical and Aerospace
Engineering, University of Florida: Gainesville (2009). p. 18.

25. Benedek GB. Cataract as a protein condensation disease:
the proctor lecture. Ophthalmic Physiol Opt. (1997) 38:1911–21.
doi: 10.1016/s0002-9394%2899%2980119-6

26. Costello MJ, Kuszak JR. “The types, morphology, and causes of cataracts." In:
Garner and Klintworth’s Pathobiology of Ocular Disease. Boca Raton, FL: CRC Press
(2008). p. 497–522. doi: 10.3109/9781420020977-28

27. Datiles III MB, Ansari RR, Reed GF. A clinical study of the human
lens with a dynamic light scattering device. Exp Eye Res. (2002) 74:93–102.
doi: 10.1006/exer.2001.1106

28. Metlapally S, Costello M, Gilliland K, Ramamurthy B, Krishna P,
Balasubramanian D, et al. Analysis of nuclear fiber cell cytoplasmic texture in
advanced cataractous lenses from Indian subjects using Debye-Bueche theory. Exp Eye
Res. (2008) 86:434–44. doi: 10.1016/j.exer.2007.11.018

29. Truscott RJ. Age-related nuclear cataract–oxidation is the key. Exp Eye Res.
(2005) 80:709–25. doi: 10.1016/j.exer.2004.12.007

30. Al-Ghoul K, Costello M. Fiber cell morphology and cytoplasmic texture
in cataractous and normal human lens nuclei. Curr Eye Res. (1996) 15:533–42.
doi: 10.3109/02713689609000764

31. Costello MJ, Johnsen S, Metlapally S, Gilliland KO, Ramamurthy B, Krishna
PV, et al. Ultrastructural analysis of damage to nuclear fiber cell membranes
in advanced age-related cataracts from India. Exp Eye Res. (2008) 87:147–58.
doi: 10.1016/j.exer.2008.05.009

32. Van den Berg T. Light scattering by donor lenses as a function of depth and
wavelength. Invest Ophthalmol Vis Sci. (1997) 38:1321–32.

33. Gilliland KO, Freel CD, Lane CW, FowlerWC, CostelloMJ.Multilamellar bodies
as potential scattering particles in human age-related nuclear cataracts.Mol Vis. (2001)
7:123.

34. Costello MJ, Johnsen S, Gilliland KO, Freel CD, Fowler WC. Predicted
light scattering from particles observed in human age-related nuclear cataracts
using Mie scattering theory. Invest Ophthalmol Vis Sci. (2007) 48:303–12.
doi: 10.1167/iovs.06-0480

35. Costello MJ, Johnsen S, Metlapally S, Gilliland KO, Frame L, Balasubramanian
D. Multilamellar spherical particles as potential sources of excessive light
scattering in human age-related nuclear cataracts. Exp Eye Res. (2010) 91:881–9.
doi: 10.1016/j.exer.2010.09.013

36. Ong MD, Callaghan TA, Pei R, Karakelle M. Etiology of surface light scattering
on hydrophobic acrylic intraocular lenses. J Cataract Refract Surg. (2012) 38:1833–44.
doi: 10.1016/j.jcrs.2012.05.043

37. Ogura Y, Ong MD, Akinay A, Carson DR, Pei R, Karakelle M. Optical
performance of hydrophobic acrylic intraocular lenses with surface light scattering. J
Cataract Refract Surg. (2014) 40:104–13. doi: 10.1016/j.jcrs.2013.05.051

38. Kato K, Nishida M, Yamane H, Nakamae K, Tagami Y, Tetsumoto K.
Glistening formation in an AcrySof lens initiated by spinodal decompositionof the
polymer network bytemperature change. J Cataract Refract Surg. (2001) 27:1493–8.
doi: 10.1016/S0886-3350(01)00895-1

39. Saylor DM, Richardson DC, Dair BJ, Pollack SK. Osmotic cavitation
of elastomeric intraocular lenses. Acta Biomater. (2010) 6:1090–8.
doi: 10.1016/j.actbio.2009.08.030

40. Grzybowski A, Markeviciute A, Zemaitiene R. A narrative review of
intraocular lens opacifications: update 2020. Ann Transl Med. (2020) 8:1547.
doi: 10.21037/atm-20-4207

41. Gurabardhi M, Häberle H, Aurich H, Werner L, Pham DT. Serial intraocular
lens opacifications of different designs from the same manufacturer: clinical and light
microscopic results of 71 explant cases J Cataract Refract Surg. (2018) 44:1326–32.
doi: 10.1016/j.jcrs.2018.07.026

42. Grzybowski A, Kanclerz P, Beiko GH. IOLs glistenings and
quality of vision. Graefes Arch Clin Exp Ophthalmol. (2019) 257:2795–6.
doi: 10.1007/s00417-019-04496-8

43. Stanojcic N, Hull C, O’Brart DP. Clinical and material degradations
of intraocular lenses: a review. Eur J Ophthalmol. (2020) 30:823–39.
doi: 10.1177/1120672119867818

44. Łabuz G, Knebel D, Auffarth GU, Fang H, Van den Berg TJ, Yildirim TM, et al.
Glistening formation and light scattering in six hydrophobic-acrylic intraocular lenses.
Am J Ophthalmol. (2018) 196:112–20. doi: 10.1016/j.ajo.2018.08.032

45. Hayashi K, Hirata A, Yoshida M, Yoshimura K, Hayashi H. Long-term effect of
surface light scattering and glistenings of intraocular lenses on visual function. Am J
Ophthalmol. (2012) 154:240–51. doi: 10.1016/j.ajo.2012.03.011

46. Bissen-Miyajima H, Minami K, Yoshino M, Taira Y. Surface light scattering
and visual function of diffractive multifocal hydrophobic acrylic intraocular
lenses 6 years after implantation. J Cataract Refract Surg. (2013) 39:1729–33.
doi: 10.1016/j.jcrs.2013.05.041

Frontiers inMedicine 07 frontiersin.org

https://doi.org/10.3389/fmed.2025.1563766
https://doi.org/10.1016/j.ophtha.2021.10.006
https://doi.org/10.1016/j.jcrs.2012.02.020
https://doi.org/10.1016/S0140-6736(17)30544-5
https://doi.org/10.3238/arztebl.m2023.0028
https://doi.org/10.1146/annurev-bioeng-082420-035827
https://doi.org/10.1016/j.pop.2015.05.012
https://doi.org/10.1016/j.ophtha.2020.08.025
https://doi.org/10.3390/ma16216881
https://doi.org/10.1113/jphysiol.1988.sp016935
https://doi.org/10.1167/iovs.12-9471
https://doi.org/10.1039/C4RA08060B
https://doi.org/10.1016/j.jcrs.2013.05.050
https://doi.org/10.4103/IJO.IJO_273_23
https://doi.org/10.1080/10803548.2015.1083733
https://doi.org/10.1016/j.jcis.2014.05.056
https://doi.org/10.1167/iovs.16-19514
https://doi.org/10.1016/j.jcrs.2012.03.038
https://doi.org/10.1039/D1TB00065A
https://doi.org/10.1111/opo.12426
https://doi.org/10.1016/s0002-9394%2899%2980119-6
https://doi.org/10.3109/9781420020977-28
https://doi.org/10.1006/exer.2001.1106
https://doi.org/10.1016/j.exer.2007.11.018
https://doi.org/10.1016/j.exer.2004.12.007
https://doi.org/10.3109/02713689609000764
https://doi.org/10.1016/j.exer.2008.05.009
https://doi.org/10.1167/iovs.06-0480
https://doi.org/10.1016/j.exer.2010.09.013
https://doi.org/10.1016/j.jcrs.2012.05.043
https://doi.org/10.1016/j.jcrs.2013.05.051
https://doi.org/10.1016/S0886-3350(01)00895-1
https://doi.org/10.1016/j.actbio.2009.08.030
https://doi.org/10.21037/atm-20-4207
https://doi.org/10.1016/j.jcrs.2018.07.026
https://doi.org/10.1007/s00417-019-04496-8
https://doi.org/10.1177/1120672119867818
https://doi.org/10.1016/j.ajo.2018.08.032
https://doi.org/10.1016/j.ajo.2012.03.011
https://doi.org/10.1016/j.jcrs.2013.05.041
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Brighesh et al. 10.3389/fmed.2025.1563766

47. Morris C, Werner L, Barra D, Liu E, Stallings S, Floyd A. Light scattering
and light transmittance of cadaver eye-explanted intraocular lenses of different
materials. J Cataract Refract Surg. (2014) 40:129–37. doi: 10.1016/j.jcrs.
2013.10.016

48. Lin N, Gagnon M, Wu KY. The third dimension of eye care: a
comprehensive review of 3D printing in ophthalmology. Hardware. (2024) 2:1–32.
doi: 10.3390/hardware2010001

49. Larochelle RD, Mann SE, Ifantides C. 3D printing in eye care. Ophthalmol Ther.
(2021) 10:733–52. doi: 10.1007/s40123-021-00379-6

50. Turner JG, White LR, Estrela P, Leese HS. Hydrogel-forming microneedles:
current advancements and future trends. Macromol Biosci. (2021) 21:2000307.
doi: 10.1002/mabi.202000307
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