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Introduction

1. Introduction

Within the human eye, the sharpest vision is located 15° temporal and 1.5° inferior to the
optic nerve in a circular area called the fovea (Atchison, 2023). At the center of this pit-
like structure, with an approximate diameter of 1.5 mm, only cones are present. These
cones are responsible for color vision and high visual acuity in daylight. Apart from the
fovea, both rods and cones can be found (Kolb et al., 2020; Atchison, 2023). The light
must first be refracted to bring the incident light into focus on this area and thus enable
the eye to perceive the surroundings sharply. This is mainly done (= 42 D) by the fixed
refractive power of the cornea (Atchison, 2023) but also by the variable refractive power
of the crystalline lens (16- 20 D) (Chen, Tan and Chen, 2016). The latter is required for
focusing at a close range of less than 6 m (Levin et al., 2011). The adjustment of the lens’s
refractive power by the ciliary muscle, known as accommodation, is inversely related to
the viewing distance. Similar to an electrocardiogram (ECG), the muscle emits a bioelec-
tric signal during contraction. These so-called “biopotentials” can be used as an input
signal for an electronic control to adjust a tunable lens in an implant, a contact lens, or

spectacles according to the wearer’s subjective refractive needs.

Taken together, this work introduces a novel approach to quantifying the residual subjec-
tive amplitude of accommodation. In addition, it focuses on characterizing accommoda-
tion-related biopotentials using a contact lens electrode and an implant. Given the im-
plant’s exposure to the body’s harsh internal environment, appropriate encapsulation
techniques must be addressed in accordance with the medical device regulations. Overall,
this research lays the foundation for a new class of visual aids that use bioelectrical signals

to adjust a tunable lens.
1.1 Accommodation

Accommodation refers to the eye’s ability to change its refractive power to focus on near
objects (Atchison, 1995; Glasser, 2006). In primates, including humans, this change in
dioptric power is primarily driven by contraction of the ciliary muscle, which reduces
tension on the lens capsule (Glasser and Kaufman, 1999). Consequently, the lens’s cur-
vature increases (cf. Figure 1), leading to greater refractive power (Ciuffreda, 2006;

Glasser, 2006). Since the mechanisms of accommodation, including its neural control and
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structural components, are not yet fully understood (2025), ongoing research is conducted
using animal models. These studies are based on the high anatomical similarity of the
accommodative apparatus between humans and non-human primates, such as cynomol-
gus monkeys (Tornqvist, 1967; Glasser and Kaufman, 1999) or rhesus monkeys (Glasser
and Kaufman, 1999; Qiao-Grider et al., 2007; Croft et al., 2013; Fliigel-Koch et al., 2016;
Lin et al., 2021).

1.1.1 Theoretical Accommodation Control Mechanism

Accommodation involves the coordinated action of the ciliary muscle, pupillary muscles,
and extraocular muscles, a combination commonly referred to as the “near triad” (Myers
and Stark, 1990; Charman, 2008; Levin et al., 2011). Although the neurological processes
are simulated in theoretical models, they are still the subject of scientific debate today
(Read et al., 2022). The difference between the perceived actual value and the required
refraction (target value), referred to as defocus, is the neural trigger of accommodation
and thus the control deviation in the negative feedback loop (Toates, 1972; Ciuffreda,
2006; Read et al., 2022). From the perception of the defocus to the contraction of the
ciliary muscle, approximately 0.3 - 0.4 seconds elapse (Campbell and Westheimer, 1960;
Morgan, 1968; Myers and Stark, 1990; Heron, Charman and Schor, 2001), regardless of
age (Heron, Charman and Schor, 2001). Defocus is detected using cues derived from the
retinal image, particularly the blur induced by chromatic aberration (Fincham, 1951,
1953; Seidemann and Schaeffel, 2002; Stark et al., 2002; Ciuffreda, 2006; Cholewiak,
Love and Banks, 2018) and from depth perception (Ittelson and Ames, 1950; Heath,
1956). Chromatic aberration is caused by short-wave light (e.g., blue) being refracted
more than longer-wave light (e.g., red), resulting in not being focused in the same plane.
Depending on the strength of the stimulus in the form of defocus, the accommodation
response varies. This circumstance is described by the sigmoidal signal-response curve,
revealing how the response remains weak at low stimulus levels, increases linearly at
intermediate levels, and reaches saturation at high stimulus levels (Morgan, 1944). The
difference (A) between the actual response and the stimulus is referred to as lag of ac-
commodation (A < 0) or lead of accommodation (A > 0) depending on the sign indicator
(Labhishetty et al., 2021). In the absence of an accommodative stimulus, the eye goes
into tonic accommodation and the ciliary muscle returns to its basal tone over time (Figure

1, left), resulting in a constant, subject-dependent refractive power of approximately 1 D
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(Schor, Johnson and Post, 1984; McBrien and Millodot, 1987; Rosenfield et al., 1993).
Anatomically, there are different functional theories regarding the mechanism of accom-
modation. As early as 1801, Young proposed that a change of focus was achieved by
altering the geometry of the crystalline lens (Young, 1801), a concept later confirmed by
Helmholtz, 1855. Helmholtz stated that the contraction of the ciliary muscle reduces the
tension of the zonular fibers attached to the lens (Helmholtz, 1855). In 1937, Fincham
added that accommodation also occurs in the absence of the iris (Fincham, 1937). Fur-
thermore, he demonstrated on an explanted lens that it changes into a spherical shape
when removed from the lens capsule, concluding that the actual lens deformation is driven
through the lens capsule. The associated tensile force is generated by the antero-inward
movement of the ciliary muscle (Croft et al., 2013). During the relaxation, it is assumed
that the choroid also contributes to the posterior displacement of the ciliary body (Croft,
Glasser and Kaufman, 2001; Ciuffreda, 2006; Read et al., 2022). Today, Helmholtz's the-
ory forms the basis for the current understanding of accommodation, with the enhance-
ment provided by Fincham. However, alternative schools of thought shall be mentioned.
According to Schachar, there is an increase in the equatorial but not the anterior and pos-
terior zonular fiber tension during accommodation. This implies that the central part of
the lens becomes rounder, while the peripheral lens flattens (Schachar et al., 1996, 2024).
There is also Coleman's theory, which builds on Helmholtz's theory and adds the hydrau-

lic force of the vitreous on the posterior lens (Coleman, 1970).

Disaccommodation Accommodation

Figure 1 - Schematic accommodation: The depicted cross-section of an eye shown here
illustrates the difference between accommodation and disaccommodation. During ac-
commodation, the ciliary muscle contracts, moves further forward and toward the lens
of the eye, thus reducing the distance between them. This decreases the tension of the
zonular fibres between the lens and the muscle, and the lens moves into a more spher-
ical shape. (Image edited using CAD)
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1.1.2  Neurological Contribution

The autonomic nervous system, which includes parasympathetic and sympathetic
branches, regulates involuntary processes such as heartbeat, blood pressure, and respira-
tion, as well as physiological eye functions such as the regulation of intraocular pressure,
pupil contraction, and accommodation (Ashwini and Raju, 2023). Although the ciliary
muscle is innervated by sympathetic branches (Mallen, Gilmartin and Wolffsohn, 2005;
McDougal and Gamlin, 2015), the parasympathetic component predominates (Gilmartin,
1986; Kandel et al., 2000; Mallen, Gilmartin and Wolffsohn, 2005). Furthermore, the
sympathetic branch does not seem to be active in everyone (Gilmartin, Mallen and
Wolffsohn, 2002; Mallen, Gilmartin and Wolffsohn, 2005) and has, at most, a minor in-
fluence in rapid accommodation changes (Gilmartin, 1986). There are two prevailing con-
cepts concerning the mode of action of sympathetic intervention. While some discuss that
the sympathetic branch adapts the eye to distance vision and counteracts the adaptation
of the parasympathetic system to near vision (Cogan, 1937; Gawron, 1983), others sug-
gest that accommodation is a two-stage process in which a fast response driven by the
parasympathetic system is modified by the slow (adaptation time: 30 - 40 s) sympathetic
innervation (Rosenfield and Gilmartin, 1989). The origin of the sympathetic signals is the
diencephalon, from which the signals travel via the lower cervical and upper thoracic
spinal cord to the superior cervical ganglion (Ciuffreda, 2006). Through the trigeminal
nerve, as well as via the long and short ciliary nerves, the signals reach the ciliary muscle
(Ciuffreda, 2006), where mainly noradrenaline is released to the muscle receptors
(Atchison, 1995). The control signal of the parasympathetic system, on the other hand,
originates from the visual cortex, which detects defocus via afferent signals from the ret-
ina. An efferent signal is then, consequently, sent to the Edinger-Westphal nucleus in the
oculomotor complex (Atchison, 1995). This parasympathetic nucleus complex, located
in the midbrain, transmits the control signal via its preganglionic axons to the third cranial
nerve, the oculomotor nerve, until it reaches the postganglionic cells in the ciliary gan-
glion (Warwick, 1954; Ruskell, 1990). Here, the control signal is transmitted via the
chemical synapses of the short ciliary nerves to the ciliary muscle, where the nerve end-
ings then attach to the muscle fibers. An incoming presynaptic action signal in the form
of an ion flow leads to a change in the membrane charge distribution and the opening of

voltage-gated calcium channels, causing calcium ions (Ca?*) to flow into the cell (Kandel
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et al., 2000). This shift in charge leads to a presynaptic action potential and activation of
the vesicles inside the cell (He et al., 2018). These vesicles contain a certain amount of
the neurotransmitter acetylcholine and fuse with the presynaptic membrane, a process
called exocytosis, resulting in the release of acetylcholine into the synaptic cleft
(Atchison, 1995; Kandel et al., 2000). Since a single vesicle results in the release of sev-
eral neurotransmitters, signaling amplification is achieved (Kandel et al., 2000). The ac-
etylcholine binds to the predominant muscarinic M3 receptors of the postsynaptic mem-
brane (Poyer, B’Ann and Kaufman, 1994; Mitchelson, 2012). The resulting signaling cas-
cade and the influx of Ca?" ions lead to contraction of the muscle fibers (Mitchelson,

2012).

1.1.3  Anatomical Structures of Accommodation

The operating principle of the anatomical structures described here is based on Helm-
holtz’s accommodation theory, as outlined in the chapter Theoretical Accommodation
Control Mechanism, with Fincham’s additions. The ciliary muscle, located in the ciliary
body, is the single active component in the accommodation process. The increase and
reduction of tensile force on the zonular fibers lead to the corresponding deformation of
the lens within the lens capsule. The anatomy (Figure 2) and functional mechanisms of

each component involved in the process of accommodation is briefly described below.

1.1.3.1 Ciliary body and ciliary muscle

The torus-shaped corpus ciliaris around the lens is enclosed anteriorly by the iris, poste-
riorly by the ora serrata, and laterally by the sclera and the corpus vitreum. Its cross-
sectional wedge-shaped body is divided into a broader, anterior section and a posterior
section (pars plana). The anterior section, called pars plicata, is characterized by its ciliary
processes, a radially arranged, wave-shaped surface that produces the aqueous humor
(1 - 2 pl/min) essential for maintaining the intraocular pressure (Delamere, 2005), as well
as for the nutrition of the crystalline lens and the cornea (McDougal and Gamlin, 2015).
The ciliary muscle located within the ciliary body is delimited anteriorly by the scleral
spur and externally by the sclera (Levin et al., 2011). The smooth muscle consists of three
types of muscle fibers: longitudinal, radial, and circular muscle fibers, based on their ori-

entation (Levin et al., 2011). Schematically, the radial fibers are located along the vitreous
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body, while the longitudinal fibers run along the sclera, with the radial fibers predomi-
nating in the anterior part (Tamm and Liitjen-Drecoll, 1996). Excitation leads to a syner-
getic contraction of the different fiber types, causing the circular fibers to increase their
tone. Today, the assumption is that these fibers also have the greatest influence on reduc-
ing the tensile force and, therefore, on lens curvature, while longitudinal and radial fibers

lead to a forward lens movement (Knaus, Hipsley and Blemker, 2021).

1.1.3.2 Zonules

The zonular fibers represent a suspensory ligament capable of stretching up to four times
its length and serve both to suspend and to transmit the tensile force of the ciliary body
to the lens capsule (Canals et al., 1996). The direction of the force application and the
resulting lens deformation are still evaluated today (Schachar et al., 2024). The zonula
fibers, which consist mainly (= 65%) of fibrillin (FBN 1-3) and (= 11%) of LTBP (1-3)
(De Maria et al., 2017), terminate in bundles with diameters of 10 - 60 um at the lens
capsule, while individual fibers have an average diameter of 10 nm (Streeten, 1977).
These bundles are radially orientated at varying angles and span the distance between the
ciliary processes and the lens capsule of 1.07 mm in youth and decline to 0.65 mm with
age, independent of the accommodation effort (Kasthurirangan et al., 2011). The distinc-
tion between posterior, anterior, and vitreous zonules, based on their origin, remains a
subject of ongoing research (Fliigel-Koch et al., 2016). For clarity, it should be noted that
zonula fibres are resistant to conventional histological stains like haematoxylin and eosin

(Bassnett, 2021) and are therefore not visible in Figure 2.

1.1.3.3 Lens

The biconvex and transparent lens consists of the capsule, the lens epithelium, and the
lens fibers. In adults, the lens measures approximately 9 mm in diameter with a thickness
ranging from 3.31 to 4.66 mm, depending on age (Jones, Atchison and Pope, 2007;
Kasthurirangan et al., 2011). The lens thickness increases with age by 13 to 23 pm/year
(Koretz et al., 1989; Jones, Atchison and Pope, 2007; Kasthurirangan et al., 2011) result-
ing in an average weight gain of 1.38 mg/year (Augusteyn, 2007). The refractive index
of the lens cortex is 1.365, while the nucleus has a refractive power of 1.44, which reduces

slightly (0.00034 D/year) over life (Moffat, Atchison and Pope, 2002).
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The lens capsule thickness varies, measuring 21-23 um at the equator and 2-3 pm poste-
rior, containing two types of epithelial cells that compose the lens (Chen, Tan and Chen,
2016). While the lens epithelium, as a monolayer, covers the anterior surface facing the
cornea (Figure 2, lower left), the lens fibers are arranged in concentric layers. By a cellular
signaling pathway, lens epithelial cells near the posterior equator differentiate by elonga-
tion into lens fiber cells, without a nucleus, leading to the ingrowth of older layers
(Menko, 2002). The absence of organelles and high concentration of cytoplasmic proteins
contribute to the lens’s transparency. Multiple factors can cause damage to the lens epi-
thelium, particularly oxidative stress, leading to protein denaturation and thus opacifica-
tion of the crystalline lens (Muranov and Ostrovsky, 2022). Untreated cataractogenesis,
initially noticeable as blurred vision, progresses steadily and can eventually lead to blind-
ness after full cataract formation. Cataracts remain one of the most common causes of
visual impairment globally, affecting over 15 million people over the age of 50 (Bourne
etal.,2021). They can be effectively treated by replacing the opaque lens with an artificial
intraocular lens (Liu et al., 2017; Pesudovs et al., 2024).

Anterior chamber

l & ———————— Cornea

\. N Pupil
i \

Lens

Posterior chamber

Sclera

Choroid

Epithelium
pigmentosum

Lens epithelial cells ——#
Ciliary process

— Ciliary sulcus

Equator —+
Circular fibers
Radial fibers

Cortical Longitudinal fibers

fibers

Ciliary muscle

Figure 2 - The anatomy of the accommodation apparatus in a cynomolgus monkey eye:
While the lower left represents a magnified illustration of the lens, the right shows the
single muscle fibers of the ciliary muscle together with the ciliary sulcus and the pro-
cesses from where zonules are guided and attached. (Hematoxylin and eosin staining
by Sylvie Bolz, for highlighting single anatomical components; contrast was adjusted)
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1.1.4 Measuring Accommodation

By measuring accommodation, both the focal distance and the near point of the eye can
be determined, providing insights into accommodation insufficiency and the progression
of presbyopia (Duane, 1912; Charman, 2017; Hussaindeen and Murali, 2020). An essen-
tial parameter hereby is the Amplitude of Accommodation (AoA), the minimum distance
at which the focal plane can still be perceived sharply. This measurement is part of routine
eye examinations in some countries (Burns et al., 2020). The AoA parameter can be as-
sessed either subjectively or objectively. While subjective methods provide information
about the person’s perception, the objective techniques quantify the actual change in lens

refraction.

The latter methods tend to be more expensive and to require more space, time, and trained
personnel. Furthermore, closed systems like aberrometers or autorefractors (e.g., Nikon
NR7000) can induce instrument myopia (Miwa, 1992), the unconscious accommodation
when looking through optical systems (Schober, Dehler and Kassel, 1970). On the con-
trary, aberrometers and autorefractometers are particularly recommended due to their
proven high repeatability and reproducibility (Vargas et al., 2019). In both measurement
approaches, a beam of light is projected into the eye and the reflection from the retina is
analyzed. While the autorefractor detects the distortions of the projected light beam, the

aberrometer measures the non-planarity of the reflected wavefront.

Subjective defocus techniques assess accommodation by increasing the eye’s refractive
demand through the placement of negative lenses in front of the eye, thereby stimulating
it to accommodate and bring a distant visual target into focus. However, they do not di-
rectly assess the eye's natural focusing ability on a real, approaching object, as they lack
proximal cues (Atchison, Capper and McCabe, 1994). Other subjective measurement
methods utilize standardized symbols or characters termed optotypes that are manually
moved along a ruler, either towards the eye until the optotype becomes blurry (push-up)
or away from the eye from blurred until clear perception (push-down) with best corrected
distance vision (Levin ef al., 2011). The reciprocal of the distance in meters between the
optotype and the participant’s eye represents the AoA in diopters. Due to their simplicity,
these methods are commonly executed in clinical practice (Rutstein, Fuhr and Swiatocha,

1993; Adler, Scally and Barrett, 2013; Momeni-Moghaddam, Kundart and Askarizadeh,
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2014; Esmail and Arblaster, 2017). Criticism of these methods includes subjectivity of
the participant’s perception of clarity, the potential variability due to depth of focus

caused by different pupil diameters, and the examiner's ability to handle these devices

(Levin et al., 2011; Burns et al., 2014).

Another approach is to measure neuromuscular electrical potentials elicited by the ciliary
muscle during contraction. These accommodation-dependent potential changes were first
detected in emmetropes and in one presbyope by Schubert et al. (1955). This was con-
firmed by Alpern et al. (1958), Jacobson et al. (1958), Hagiwara and Ishikawa (1962) and
Clouse (2017), the latter a recent researcher in Prof Zrenner's group at the Institute of
Ophthalmic Research at the University of Tiibingen. Alpern and Clouse described a sat-
uration above a certain accommodation requirement and showed that the extraocular mus-
cles and the pupil do not influence the detected signal (Alpern, Ellen and Goldsmith,
1958; Clouse M.M, 2017). Hagiwara has proven that an eye under cycloplegia and the
associated suppression of parasympathetic muscle activation still generates an albeit re-
duced biosignal (Hagiwara and Ishikawa, 1962). These signals were recorded with needle
electrodes (Jacobson et al., 1958; Hagiwara and Ishikawa, 1962) and scleral contact lens
electrodes (Schubert, 1955; Bornschein and Schubert, 1957; Jacobson et al., 1958; Hagi-
wara and Ishikawa, 1962; Adel, 1966) as well as saline-impregnated cotton wools that

were fixed to the sclera by a spring (Jacobson et al., 1958).

Scleral contact lenses, with diameters up to 25 mm, are larger than regular contact lenses
and used in clinical routine to protect the healing process of the ocular surface (Van Der
Worp et al., 2014). Scleral lenses are particularly useful for detecting the electrical biopo-
tentials of the ciliary muscle, as they benefit from the self-centering nature and ensure a
large distance between the two concentrically applied electrode surfaces (Schumayer et

al., 2022).
1.2 Presbyopia

Presbyopia combines the ancient Greek words “presbys” and “ops”, meaning “old eye”
(Atchison, 1995). The term can be defined as the age-related reduction in the eye’s ability
to see clearly at near distances, while far vision imperfections are corrected (Wolffsohn,

Naroo, et al., 2024). For individuals, an increased reading effort becomes noticeable from
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around the mid-forties (Plainis, Charman and Pallikaris, 2014; Charman, 2017), with a
remaining, subjectively measured AoA of three to four diopters (Charman, 2017). This is
illustrated by Duane’s curve, which shows the gradual decline of the subjectively meas-
ured amplitude of accommodation with age (Duane, 1922). From the age of 60, an object
closer than one meter to the observer can only be perceived with blurred vision. However,

as of 2024, there is still no standardized testing procedure to assess presbyopia (Markoulli

etal., 2024).

The reasons for the declining ability to focus near are still being researched, in particular,
whether biomechanical or geometric lens changes dominate (Pu et al., 2025). Interest-
ingly, the ciliary muscle itself seems to retain its function in presbyopes (Sheppard and
Davies, 2011; Tabernero et al., 2016). Besides the discussion of the dominant declining
factor, the inward growth of the lens towards the center (cf. Figure 2, lower left) results
in mechanical and geometric changes in the lens properties throughout the lifetime (Ko-
retz et al., 1989; Augusteyn, 2007; Jones, Atchison and Pope, 2007; Kasthurirangan et
al., 2011). Consequently, presbyopia is not a disease but rather an age-related condition
that everyone experiences from a certain age onwards. It is assumed that 2.1 billion people
worldwide will have presbyopia by 2030 (Fricke et al., 2018). Untreated presbyopia re-
duces quality of life (Berdahl et al., 2020; Markoulli ef al., 2024), as over 80% of pres-
byopes report difficulties with near-vision tasks (Berdahl ef al., 2020). Estimates regard-
ing the economic impact vary. Ma et al. (2022) estimate the global economic loss in 2019
at USD 53.41 billion, while Frick et al. (2015) assume economic losses of USD 11 billion
at a working age of 50 and USD 25.4 billion at a working age of 65, respectively. Espe-
cially in developing countries, presbyopia treatment seems to offer significant economic
potential, as in 2008, 94% of the world's uncorrected presbyopes lived in these regions
(Holden et al., 2008). For instance, a study where near vision correction was provided to
workers in Bangladesh showed that the self-reported median monthly income increased
by 33.4% compared to the control group (Sehrin et al., 2024). Therefore, Bastawrous and
and Suni (2020) estimate that, by 2050, low-cost presbyopia intervention could boost the
economy by USD 1.05 trillion.
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1.2.1 Treatments of Presbyopia

Presbyopia treatments can be divided by their operating principle into non-invasive, in-
vasive, and pharmacological treatments. All of them have their merits and limitations.
Non-invasive, such as reading, bifocal, and progressive glasses, influence the external
appearance (Terry, 1990; Hasart and Hutchinson, 1993; AlRyalat ef al., 2022). Moreover,
the correction of presbyopia with spectacles is accompanied by a reduction in quality of
life (Luo et al., 2008; Stokes et al., 2022). Regardless of where a multifocal lens is placed,
it has the drawback that the user must learn to concentrate on the correct focal plane
(Grzybowski, Markeviciute and Zemaitiene, 2020; Orman and Benozzi, 2021). The du-
ration of the learning phase of this neuroadaptive process depends on the individual
(Grzybowski, Markeviciute and Zemaitiene, 2020). Visual impressions through multifo-
cal contact lenses are influenced by pupil diameter, lens centering, and aberrations (Rio,
Woog and Legras, 2016). While vision correction with contact lenses always involves
certain compromises (Charman, 2014a), their insertion can pose an additional hurdle in
people of advanced age. Therefore, invasive corrective measures also have their place,
despite a comparably higher risk. These include corneal inlays, which act as a pinhole
and therefore increase the depth of field, known as the pinhole effect, as well as corneal
index of refraction modification (Moaretfi, Baftha and Wiley, 2017). However, small ap-
ertures reduce the amount of light on the retina and consequently reduce contrast in low-
light conditions (Manion and Stokkermans, 2024). Cornea shrinkage and the resulting
abrasion of the corneal collagen due to an energy input represent another method of ad-
justing the refractive power, which is termed according to the energy source and treatment
site (Charman, 2014b; Papadopoulos and Papadopoulos, 2014). LASIK (laser-assisted
keratomileusis), for instance, requires a femtosecond laser (> 1000 nm) as an energy
source and involves the temporary folding of the corneal flap (Callou et al., 2016). After
surgery, the healing of the cornea can influence the contour and therefore the result (Char-
man, 2014b). Intraocular lenses (IOLs) are another approach, implanted for treating re-
fractive errors of the eye (Bellucci, 2013). They are commonly implanted into the capsu-
lar bag during a cataract correction surgery (Bellucci, 2013; Liu et al., 2017), but they
can also be inserted into the sulcus of the anterior chamber of the eye (Mehta and Aref,

2019). If stabilization is required, capsular tension rings can be implanted in the ciliary
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sulcus (Chen et al., 2020) and also in the lens capsule, preventing, for instance, the cap-
sule from collapsing (Weber and Cionni, 2015). While monofocal IOLs restore near vi-
sion only for a certain distance, multifocal IOLs reduce contrast vision and can also lead
to visual artifacts such as halos, glare, or starburst (Charman, 2014b; Khandelwal ef al.,
2019; Schallhorn et al., 2021). Accommodating IOLs are intended to deform in the same
way as the human lens, depending on the required accommodation, and thus change the
refractive power, but have not yet proven their effectiveness in practice (Beiko, 2013;
Pepose, Burke and Qazi, 2017; Varssano, 2024). Accommodating spectacles that utilize
gaze tracking and/or distance sensors (Padmanaban, Konrad and Wetzstein, 2019;
Agarwala et al., 2022; Karkhanis et al., 2022) measure gaze, vergence, and distance.
However, these systems seem to have problems correcting for the near working distance
of 36 cm (Bababekova et al., 2011), as well as focusing on small objects. Hosp et al.
(2024) showed that participants prefer manual focus control rather than the vergence and
gaze control algorithms. Remote-controlled contact lenses currently being researched, ca-
pable of switching the focus between distant and near, tend to be too bulky and neglect
the oxygen supply to the cornea (Tremblay et al., 2013; Bailey et al., 2022). Pharmaco-
logical treatments, in the form of eye drops, could compensate for the drawbacks of the
described methods (Stokes et al., 2022). They aim to soften the lens, for example (Grzyb-
owski and Ruamviboonsuk, 2022), while the U.S. Food and Drug Administration (FDA)
approved pilocarpine is intended to increase the depth of field by contracting the pupil
(Grzybowski, Kapitanovaite and Zemaitiene, 2024; Onyszkiewicz et al., 2024). Although
interest in the pharmacological treatment of presbyopia is growing, for both the lens-sof-
tening approach and the pin-hole approach, long-term follow-up results are lacking
(Grzybowski and Ruamviboonsuk, 2022; Grzybowski, Kapitanovaite and Zemaitiene,
2024). Furthermore, the pilocarpine hydrochloride triggered pin-hole effect leads to pub-
lic concern about the possible side effects, such as retinal detachment (Wakabayashi et
al., 2023). Electric stimulation therapies on the ciliary muscle to restore accommodation
(Nesterov and Khadikova, 1997; Gualdi et al., 2017) show a positive effect and increase
the amplitude of accommodation by up to 54% (Nesterov and Khadikova, 1997). So far,
such treatments were performed for a relatively short period of two (Gualdi ef al., 2017)

and six months (Nesterov and Khadikova, 1997). In addition, the morphological change
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in the ciliary muscle due to the electrical stimulation is still being investigated (Wagner

etal.,2023).
1.3 Medical Devices and Encapsulation

As part of this work, an intraocular implant and an electrode were developed, with the
development of both oriented on the European Medical Device Regulation (MDR) and

the relevant standards.

The MDR defines a medical device (MD) as “any instrument, apparatus, appliance, soft-
ware, implant, reagent, material or other article intended by the manufacturer to be used,
alone or in combination, for human beings for medical purposes” such as diagnosis, mon-
itoring, and treatment (Regulation (EU) 2017/745) . As part of the MDR, the terms “active
device” and “implant” are also defined. The latter is intended to remain in the body after
surgery. Active device refers to the circumstances in which these devices need a source
of energy to operate, other than generated by the human body or gravity (Regulation (EU)
2017/745). Devices such as pacemakers, cochlear implants, or, in terms of vision resto-
ration, the subretinal implant, which can partially restore vision in blind retinitis pigmen-
tosa patients (Zrenner ef al., 2017), are known as Active Implantable Medical Devices or
AIMDs for short. For the approval of such devices, the MDR requires a classification of
the device regarding its purpose and risks, clinical evaluation, risk management, and ev-
idence of the biological safety of the device, which can be described in a standardized
manner using the results and guidelines of the ISO 10993 series of standards. ISO 10993-
1:2024-07 defines the term biocompatibility as follows: “The ability of a medical device
or material to function in a given application with an appropriate host response”. In this
context, the standard describes the consideration of various effects such as toxicity, sen-
sitization, and irritation to ensure that the materials and implant do not harm the body and
functionality is guaranteed. The standard also references other standards in the ISO 10993
series to test the aforementioned effects. As the weight, geometry, and flexibility of the
implant also influence the body's reaction (Hassler, Boretius and Stieglitz, 2011), com-
pliance with biocompatibility is clarified via ISO 10993-6:2024-06. If sufficient docu-
mentation regarding physical, chemical properties, and place of action is similar to that
of existing medical devices, biological equivalence can be assumed, thereby reducing the

required biological evaluation (ISO 10993-1:2024-07). Considering AIMDs and their

13



Introduction

electronic components, a hermetical encapsulation with an excellent diffusion barrier is
necessary to prevent the electrical circuit from short-circuiting and corrosion, and the
body from possibly toxic materials such as soldering tin. Besides metals and ceramics,
polymers are also considered as packaging materials, depending on the implants' given
circumstances such as place of implantation or operating time (Mariello et al., 2022).
According to ISO 10993-1:2024-07, implants are therefore divided into limited (< 1d),
prolonged (1 — 30 d) and long-term (> 30 d) operating time.

Many metals offer exceptional mechanical and tribological properties as well as excellent
impermeability, though, over time, leaching of ions can lead to body reactions (Ashish
Daniel et al., 2024). However, metals and ceramics lack the feasibility of microfabrication
(Ahn, Jeong and Kim, 2019). Although the latter offers excellent corrosion resistance,
mechanical hardness, and good impermeability, it is brittle and non-bendable (Shekhawat
et al., 2021). Polymers have an enormous variety of mechanical, physical, and chemical
properties (Rahmati ef al., 2018), whilst their basic moisture absorption makes hermetic
sealing difficult. A polymer with relatively low moisture absorption that is increasingly
becoming the focus of encapsulation is Parylene C, of which context-relevant properties

are briefly described in the section below (q.v. 1.3.1 Encapsulation with Parylene C).

The choice of material further depends on other requirements such as the need for minia-
turization, interaction with the target tissue, manufacturing process, or sterilization pro-
cess. The latter is essential in ensuring that the device is free of viable microorganisms,
termed sterile, according to the ISO 11139:2018 + Amd 1:2024. Commonly, heat, radia-
tion, and chemicals serve as a sterilant with different merits and limitations, and shall be
discussed elsewhere (Sundaram Muthuraman, 2015). The chemical ethylene oxide (EO)
sterilization process is particularly preferable for temperature-sensitive devices (Mendes,
Brandao and Silva, 2007; Sundaram Muthuraman, 2015; Shintani, 2017). Compared to
heat sterilization, which exceeds temperatures above 100°C (Sundaram Muthuraman,
2015), or radiation sterilant that tends to cause material degradation (Mendes, Brandao
and Silva, 2007; Shintani, 2017), the EO is mostly compatible with all materials and has
a low and dry operational temperature between 35 to 60°C (Shintani, 2017).
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1.3.1 Encapsulation with Parylene C

Parylene C, due to its relatively low water vapor transmission rate
(0.12 gm/mil/100in?/24hr at 38°C, 90%RH), is moving into the focus of hermetic encap-
sulation of medical devices. Further, it has a high dielectric strength of 220 V/um at a
thickness of 25.4 um, a melting point of 290°C, and a low coefficient of friction of 0.29,
measured for both static and dynamic conditions (VSI Parylene, 2025). The material was
declared as a highly biocompatible and bio-insulating polymer (Lin et al., 2020), being
able to withstand the standard EO sterilization, keeping mechanical and electrical stability
(von Metzen and Stieglitz, 2013). It fulfils the strict requirements of USP (United States
Pharmacopeia) Class VI, ensuring its suitability for medical applications. It is also FDA

approved and fulfills the ISO 10993 standards for biocompatibility (VSI Parylene, 2025).

Before a medical device can be encapsulated by Parylene C, it has to be cleaned to in-
crease adhesion strength. Utilizing the thin film coating technique (q.v. 1.3.2 Thin film
coating), chemical vapor deposition (CVD), the polymer polymerizes at room tempera-
ture in vacuum (2 Pa), on the substrate surface after the dimer (poly-para-xylylene) has
previously been vaporized at >100°C and pyrolyzed at >500°C, known as the Gorrham
process (Golda-Cepa et al., 2020). The polymerization directly from the gas phase with-
out changing to the liquid state reduces the influence of interfacial physical effects, ena-

bling homogeneous layer growth on complex geometries and a deep penetrating ability.

1.3.2 Thin film coating

Surface functionalization can be achieved using thin-film techniques without signifi-
cantly influencing the geometry of the surface, with layer thicknesses of up to around
5 um (DIN EN 62047-1:2016-12). These techniques are particularly suitable for the min-
1aturization of components and devices. Functionalization can be used to create chemical,
physical and biological properties on the substrates to make them electrically conductive
or insulating, improve their tribological properties, give them a more attractive appear-
ance or hermetically encapsulate the underlying material from external influences (De-
florian, 2020). By applying layer thicknesses in the atomic range as in atomic layer dep-
osition (ALD), the properties of the coating can be precisely adjusted (George, 2010).
Due to ALD's unique layer-by-layer growth, complex structures can be coated with high

conformity and without pinholes, even at nanometer-scale thicknesses (Passlack et al.,
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2023). Depending on the substrate composition, geometry and required functionalization,
different coating processes are to be considered. The most common processes can be cat-
egorized in chemical vapor deposition (CVD) and physical vapor deposition (PVD) pro-
cesses, or a combination of these (Griesser, 2016; Jilani, Abdel-wahab and Hammad,
2017). Both process technologies require preparation in which the substrate is cleaned or
activated accordingly via plasma (Kaplan and Rose, 1991; Petasch et al., 1995). For the
coating to adhere, the substrate pre-treatment of the coating to be applied is decisive. Any
contamination has a negative effect; hence, both CVD and PVD (Mattox, 2002) take place
in a controlled vacuum environment. During the PVD process, material is transferred
from the solid phase to the gas phase through physical processes such as vaporization or
sputtering. This vaporized or ionized material then condenses on the substrate surface
(Mattox, 2002). In the CVD process, on the other hand, a gaseous precursor reacts with
the substrate surface due to an energetic imbalance. This chemical reaction leads to the
deposition of a solid layer on the substrate surface, while excess reaction products are
removed from the vacuum chamber by a continuous gas flow (Sun et al., 2021). One
modified form of the CVD process is ALD, in which reaction gases are cyclically intro-
duced into the coating chamber in defined and temporally separated process steps,
whereby they react in a self-limiting manner with the coating chamber and build up a
thin, atomic layer by layer (George, 2010; Griesser, 2016). Figure 3 highlights the ad-
vantages and limitations of CVD, PVD, and ALD processes (Breitweiser, Varadarajan

and Wafer, 1970; Mattox, 2002; Xu et al., 2021; Yu et al., 2024).

Uniformity
Temperature Step Coverage
Deposition Rate Conformity
. ALD
fair
Vacuunt== Materials PVD
high —C\D

Figure 3 - Comparing coating techniques: The spiderweb-plot shows the essential prop-
erties of the different coating techniques atomic layer deposition (ALD), physical-
(PVD), and chemical vapor deposition (CVD). (Data compiled from Breitweiser, Vara-
darajan, and Wafer, 1970; Mattox, 2002; Xu et al., 2021; Yu et al., 2024)
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1.4 The Scientific Impact

A gradual decline in the ability to focus on close objects with age, called presbyopia, is
becoming increasingly apparent in the ageing society. The progression of presbyopia is
currently assessed using the residual subjective amplitude of accommodation (AoA), de-
spite the well-known limitations in reproducibility, examiner dependence, and lack of
methodological standardization. Reducing known limitations and improving the reliabil-
ity of AoA is not only relevant for clinical diagnostics but also for its potential role in
studies investigating the electrophysiological basis of accommodation. Early studies from
the 1960s and 1970s reported the presence of accommodation-related biopotentials pre-
sumably emitted by the ciliary muscle. However, these investigations lacked sufficient
methodology, and no substantial research activity followed in the decades since. As a
result, these signals remain poorly characterized, and their potential functional relevance

is largely unexplored.

Since the ciliary muscle remains active with age, even when lens elasticity declines, these
neuromuscular signals are hypothesized to be suitable as control inputs for adaptive visual
aids aimed at restoring the natural accommodation. Current treatments for presbyopia

offer compensation, but not restoration of the dynamic focusing mechanism.

To advance beyond these constraints, this doctoral thesis presents the development of a
motorized, examiner-independent system for measuring the subjective AoA, aimed at re-
ducing known limitations and enabling consistent stimulus control. In parallel, ciliary
muscle biopotentials were recorded non-invasively using contact lens electrodes during
controlled accommodation, with subsequent analysis of signal characteristics and corre-
lation with refractive changes measured via eccentric infrared photorefraction. To im-
prove signal quality at the anatomical source and to avoid external artifacts, a bipolar
intraocular ring electrode was designed and fabricated using microsystem technologies.
In addition, the encapsulation process of the implant, consisting of electronics and battery,
was optimized to allow the implant unit to be mechanically flexible for implantation on
the eyeball. The implant was validated in a non-human primate model, including simu-
lated long-term stability of the Parylene C encapsulation and impedance monitoring to
assess functional integrity under physiological conditions. Beyond that, in an ongoing

study in presbyopes, these signals, measured via a contact lens electrode, shall be utilized
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as an input to restore the natural accommodation-reflex loop by a tunable lens. In conclu-

sion, this doctoral thesis is structured around the following scientific inquiries:

- Does a newly developed measurement system for determining the amplitude of
accommodation have higher reliability compared to conventional subjective
measurement methods?

- Are neuromuscular biopotentials from the ciliary muscle, measured on the ocular
surface during accommodation with a contact lens electrode, distinctly measura-
ble and characterizable?

- Are these electrical neuromuscular signals also detectable in vivo in the form of
an implant using a new type of bipolar ring electrode?

- Are neuromuscular signals from the ciliary muscle still present in individuals with
presbyopia?

- Can the natural accommodation-reflex loop be reestablished through a tunable
lens, provided that neuromuscular signals from the ciliary muscle can be detected

and used as a control input?
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2. Results
2.1 Publication — Motorized Push-Up Ruler

Schumayer, S., Laukhuf, J., & Straler, T. (2025). Comparing a Novel Motorized Push-
Up Ruler with Conventional Subjective Methods for Measuring the Amplitude of Ac-
commodation. Current Eye Research, 1-9. doi:10.1080/02713683.2025.2531524
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ABSTRACT

Purpose: Determination of the amplitude of accommodation (AoA) is a clinical technique used in
ophthalmology and optometry to assess the eye’s ability to focus on near objects. This study
compares the reliability of a novel motorized push-up variant with conventional manual push-up
and push-down methods for the determination of AoA in 26 emmetropes.

Methods: The motorized push-up method reduces limitations of the manual methods, such as
differences due to varying examiner abilities, ruler placement (forehead, zygomatic bone, spectacle
plane), and inconsistent target movement speeds. This is achieved by providing a participant-controlled,
constant target movement of 2 cm/s, with the medial zone of the zygomatic bone as the reference
point for ruler placement. Additionally, digital image-based and traditional ruler-based AoA measurements
were compared. The participants’ impressions of the three methods were assessed based on ease of
use, confidence in measurement reliability, and comfort of experience, using a questionnaire,

Results: The comparison of the AoA across the methods revealed no statistically significant
differences. However, the concordance correlation coefficient was highest between the motorized
and manual push-up method (p. = 0.72). All methods showed good test-retest reliability with the
highest ICC found for the motorized push-up method (0.83), which also had the narrowest limits of
agreement interval for accommodative demand (3.22 cm). Beyond digital and ruler-based
measurements showed underestimation by both rulers, with a mean bias of 0.3 cm for the motorized
ruler compared to about 2.0 cm for the conventional ruler. The questionnaire responses suggest
that the motorized version outperforms the manual versions being 5 times more likely to score
higher for ease of use and 6 times more likely for confidence in measurement reliability.
Conclusion: These findings demonstrate that the motorized push-up method effectively measures
the AoA, reduces interfering factors, and provides higher reliability without compromising precision,
making it a valuable alternative to conventional methods.
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Introduction examination in many countries'” for diagnosis and treat-
ment.'"" Objective measurement methods provide more accu-
rate values but require more complex and expensive
equipment,'>"* which is not available in every clinical setting,
especially not in developing countries. Furthermore, they

need a certain amount of space for installation and consider-

Accommodation enables clear near vision by altering the
shape of the crystalline lens.!* This ability decreases through-
out life, mainly due to physiological changes in the lens of
the eye, which eventually leads to presbyopia.* Consequently,
the near point, measured as the amplitude of accommodation

(AoA), shifts into the distance. Other factors besides aging
affecting the AoA are, amongst others, type 1 diabetes'® or
binocular accommodation insufficiency.”® A 2021 Portuguese
study investigating accommodative and binocular vision dys-
functions in a clinical population found that accommodative
insufficiency was the most prevalent single dysfunction, pres-
ent in 11.5% of non-presbyopic patients consulting an optom-
etrist.® Accommodative insufficiency has also been reported
as the most prevalent cause of asthenopia (50.7%).> Therefore,
determining the AoA is part of the standard ophthalmic

able time for staff training and measurement execution.
Therefore, due to their simplicity, subjective measurement of
AoA is generally used in routine clinical procedures'!'#-16
and research.>7-2° Subjective measurement methods consider
individual perception to determine visual comfort by utilizing
blur of an accommodative target (e.g. Duane’s figure) created
either by decreasing (push-up) or increasing (push-down) the
target distance relative to the eye or by adding minus lenses
until the target blurs. The former methods provide the clini-
cally more important subjects point of clear vision* using
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measuring instruments such as the Royal Air Force (RAF)
ruler, where a slide with a target is moved along a ruler
length.?>* Criticisms of the subjective method include the
variable speed of slide movement resulting in latencies,'***
and possible mishandling of the device,'” which may explain
the reported low inter-examiner repeatability.'®** According
to Burns et al. total latency consists of the time it takes the
participant to detect the blur, the time it takes to notify the
examiner, and the examiner’s response time to stop the
slide.’® Even if the target is moved manually at an apparently
constant speed, fluctuations occur, affecting the measurement
precision. Other criticisms include the placement of the ruler
and the end point of the measurement, such as the lens
plane,'? the forehead,'” the cheek near the lower orbital rim,*
or the zygomatic bone. Endpoint and placement are often not
reported in the literature '*152 limiting comparability between
subjective measurements and between subjective and objec-
tive measurements. Kanclerz et al. (2022) showed a moderate
agreement (r=0.5502, p<0.001) between AoA measured with
a Nidek Autorefractormeter AR-la and the subjective push-up
method using an RAF near-point ruler.!? To improve the pre-
cision and repeatability of the AoA measurements, we devel-
oped a novel push-up ruler with a motorized target slider
that moves at a constant speed of 2cm/s, controlled by the
participant, eliminating the examiner’s reaction time. The
AoA obtained with the newly developed motorized ruler was
compared with those measured with the conventional push-up
and push-down methods in 26 young emmetropic volunteers
and analyzed for reliability and repeatability. In addition, we
defined the medial zone of the zygomatic bone as the refer-
ence point for ruler placement and compared the conven-
tional distance measurement with a digital evaluation based
on images. Further, the participants were asked to rate the
ease of use, confidence in measurement reliability, and com-
fort of each instrument using a questionnaire,

-

Push-up direction

Figure 1. Accommodation rulers and the influence of angle.
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Material and methods

The Motorized Accommodation Ruler (MAR, Figure 1(a))
was designed using commercially available components to
ensure that other research groups could easily and inexpen-
sively rebuild the ruler to replicate the experiment. A
detailed description of components is provided in the
Supplementary Materials.

Accommodative target

The figure to focus on was a 0.2mm thick and 10mm long
line between two 5mm thick and 10mm long black rectan-
gles on a white background, also known as the Duane’s fig-
ure (Figure 1(b)). Duane tested different objects, such as
parallel lines or geometrical figures, but concluded that a
line 0.2mm thick and 3mm long was the most practicable
object to focus on.”” Additionally, due to the figure’s simplic-
ity, it is also suitable for children and illiterate people.

Target movement speed

The target movement speed of the accommodative target
(2cm/s) is defined as the product of maximum resolution
(x) and the considered reaction time of 300ms, which
reflects the delay between perceiving blur and releasing the
trigger. The resolution (x) was calculated using Equation 1,
with the minimum length (f) set at 7.4cm, based on the
maximum achievable AoA in 10-year-old children, which is
on average 13-13.5D,% and the constraint that the tolerance
(AD) should not exceed +1 diopter.

(Eq. 1)




Results

Participants and pre-examination

Young emmetropic participants were recruited from the stu-
dent body of the University of Tibingen and included in
the study based on the following inclusion criteria: age
between 18 and 35years with corrected spherical equivalent
refractive error < + 0.5D and no more than < -4.0 to 0.5D
uncorrected, with best-corrected visual acuity > 20/20 and
astigmatism less than 2.0D. Participants with previous or
current eye injury, strabismus, amblyopia, pseudophakia,
intake of drugs with a known complication for measuring
the accommodation were excluded from the study. Objective
refraction and visual acuity were measured using an autore-
fractometer (AR-330A/AR-360A, NIDEK CO., LTD,
Gamagori, Japan). Additionally, the dominant eye was deter-
mined by placing both outstretched hands on top of each
other to form a hole of approximately 3cm in size for
focusing a distant target, similar to the Dolman hole-in-card
test.”" The study followed the tenets of the Declaration of
Helsinki and was approved by the Institutional Review
Board of the Medical Faculty of the University in Tuebingen
(618/2023B0O2). All participants gave written informed con-
sent for voluntary participation after receiving the partici-
pant’s information.

Measurement procedure

The randomized order of the different measurement meth-
ods was determined before testing. The ambient brightness
was kept between 40 and 80Ix to reduce a possible pinhole
effect, which could increase the depth of field due to a small
pupil size.”! Additionally, the accommodation amplitude was
measured monocularly in the corrected dominant eye to
prevent vergence and reduce pupillary constriction.*>*
Before measurement, the different methods were explained
to the participants. Care was taken to ensure that all received
the same explanations about the measurement’s blurred and
sharp endpoints. In all three measurement methods, the vol-
unteer held the respective accommodation ruler (Figure
1(a)) and rested against the medial zone of the zygomatic
bone. Once a stable and correct alignment of the manual
accommodation ruler was assured, the examiner tried to
move (push-down: away from the participant; push-up:
towards the participant) the slide with the target at a con-
stant speed of 2cm/s in the respective direction until the
participant perceived the image as sharp or blurred. For the
motorized push-up measurement, with the MAR, the partic-
ipant was instructed to focus on Duane’s figure after a stable
and correct alignment and to press the button until the fig-
ure was perceived to be out of focus. The manual and
motorized push-up method started at a distance of 36cm.
The distance between the figure and the cheek support was
measured and the reciprocal was calculated. For the subse-
quent digital measurement, participants were instructed to
hold the ruler with the target in its stopping position while
side-view images were captured, by a 12-megapixel camera
(Iphone 12, Apple Inc.; Cupertino, CA, USA), to document
the distance between the center of the participant’s cornea
and the center of the target. The digital evaluation is
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expected to eliminate the influence of the inclination of the
accommodation ruler (c.f. Figure 1(b)). Each measurement
method was performed three times and repeated three more
times after a 15-minute break, reducing potential training
effects. After the measurements, the participants were asked
to rate the measurement methods on a Likert scale from 1
to 10 in terms of ease of use, confidence in measurement
reliability, and convenience of operation, with 10 being the
best rating.

Data processing & statistics

The agreement between the three measurement techniques
- push-up, push-down, and motorized push-up - was
assessed using Lins concordance correlation coefficient
(CCC).**3 The limits of agreement (LOA) were determined
through Bland-Altman analysis.”® In both analyses, three lin-
ear mixed-effects models (LMMs) were employed for each
combination of measurement techniques (1: motorized
push-up vs. push-up, 2: motorized push-up vs. push-down,
3: push-down vs. push-up,), with the measured distance as
dependent variable (y) and the independent variables tech-
nique as fixed (a) and participant (B) as random effects as
well as their interaction (Equation 2), to utilize all data from
all repetitions (t=1.6) while accounting for repeated

measures.>”*®

Yu=B+a+p, +(a,8),J +8, (Eq. 2)

In a second analysis, the test-retest reliability of each
measurement technique was assessed using the intra-class
coefficients (ICC), type 3,1%° calculated from the results of
the first three trials with those of the subsequent three trials
measured approximately 15min later using random effects
models with distance as the dependent variable and the ran-
dom factors participant (a) and pass (p: first, second) nested
in participant, using data from all repetitions (f=1.6)
(Equation 3). Subsequently, ICC confidence intervals were
estimated by bootstrapping (n=5000).

Vi =pta, +af +e, (Eq. 3)
The mean difference between the first and second pass
and the LOA for Bland-Altman analyses were estimated
using linear mixed-effects models for each measurement
technique separately with distance as the dependent variable,
the fixed effect pass (b: first, second), and the random
effects participant (a) and pass nested in participant, includ-
ing all repetitions again (f=1.6) (Equation 4).
Yy =Hto, +b +ab; +e, (Eq. 4)

All assumptions were checked and reported if violated
before leveraging the results of the linear mixed-effects models.
The agreement between the measurements obtained man-
ually and digitally was evaluated by differences and the LOA
using Bland-Altman analysis. The digital measurement was
obtained by counting pixels in the image. Using the known
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thickness of the cheek rest (15mm) as a reference, a scaling
factor was determined in Image] (version 1.54h)* to calcu-
late the distance between the center of the participants cor-
nea and the center of Duane’s line figure. The mean of the
three measurements from the first pass of each measurement
method was used, after verifying normality, and reported in
the case of violations.

Ordinal logistic regression analyses were conducted to
examine the relationship between users’ ratings regarding 1)
ease of use, 2) confidence in measurement reliability, and 3)

Table 1. Five-number summary statistics of the amplitude of accommodation
for the 26 study participants, measured in two passes of three trials each, with
a 15-minute break in between.

Distance (cm)
Pass Trial Method Min. Q1 Median Q3 Max.

First 1 Motorized 97 114 134 15.9 19.5
push-up

Push-down 13 12 13.8 16.0 240

Push-up 10.0 1.1 13.0 15.8 194

2 Motorized 85 19 14.3 15.6 194
push-up

Push-down 10.0 125 13.5 15.7 18.2

Push-up 9.9 115 12.8 16.0 19.9

3 Motorized 10.5 1.7 14.0 15.6 19.4
push-up

Push-down 10.5 125 13.5 15.7 18.4

Push-up 10.0 13 13.2 16.2 20.2

Second 1 Motorized 100 121 14.3 16.7 19.9
push-up

Push-down 94 123 13.5 15.4 20.1

Push-up 10.1 1.7 13.8 17.3 243

2 Motorized 100 1.6 14.0 16.4 201
push-up

Push-down 93 122 13.7 15.6 20.0

Push-up 104 115 133 17.0 214

3 Motorized 9.7 1.0 13.1 16.5 19.0
push-up

Push-down 100 12.0 135 15.4 19.5

Push-up 9.7 10.7 12.8 16.1 18.7

This was repeated for each measurement technique — push-up, push-down,
and motorized push-up - in a randomized order.

comfort of experience, all measured on an ordinal 1-10
Likert scale, and the type of measurement (manual vs.
motorized) as the independent variable. Before the interpre-
tation of the models’ results, the assumptions of ordinal
logistic regression, the goodness of fit, and the parallelism of
the lines were evaluated and reported if violated.

Besides the SPSS 29.0.2.0 (IBM, Armonk, NY, USA) anal-
yses to determine the ICC, all other statistical analyses were
performed using JMP Pro 17.2 (JMP Statistical Discovery
LLC, Cary, NC, USA) and R version 4.4.1*> with the packages
Ime4 version 1.1-35.4,* emmeans version 1.10.4,* and boot
version 1.3-30. Alpha was set to 0.05 for all statistical
analyses.

Results

A total of 26 emmetropic participants (19 males; age 19 -
32years, median 26years) were included in the study. Table
1 presents the five-number summary statistics of the ampli-
tude of accommodation.

Comparison of the different measurement techniques

The standard agreement model assumptions*” were met
except for the models motorized push-up vs. push-down
and push-down vs. push-up, which both exhibited heterosce-
dasticity. Table 2 lists the least-squares means of the dis-
tances depending on the measuring technique and the 95%
confidence intervals predicted by the models, along with the
converted values in diopters.

The models revealed no statistically significant differences
between the paired comparisons of the least-squares means
of the measurement techniques (c.f. Table 3). LOA intervals
of accommodative demand were shortest between the motor-
ized push-up and push-up method (8.65cm), followed by

Table 2. Least-squares means of the amplitude of accommodation for each measuring technique, with 95%
confidence intervals predicted by the models, including the corresponding values in diopters.

AoA LS means+SE (cm) 95% Cl
LMM Method (cm) (D) (cm) (D)
1 Motorized push-up 14.00+£0.54 7.1 [12.90, 15.10] [6.6, 7.8]
Push-up 13.92+0.54 12 [12.82, 15.02] [6.7, 7.8]
2 Motorized push-up 14.00+0.48 7.1 [13.03, 14.97] 6.7, 7.71
Push-down 14.04+0.48 7.1 [13.07, 15.01] [6.7, 7.6]
3 Push-down 14.04+0.50 7.1 [13.02, 15.07] (6.6, 7.7]
Push-up 13.92+0.50 7.2 [12.89, 14.95] [6.7, 7.8]

Table 3. Comparison of the different measurement techniques: The table shows the differences, 95% confi-
dence intervals of the differences, and limits of agreement (LOA) from the Bland-Altman analysis, with diop-

ter values provided as reference.

Difference 95% CI LOA
Comparison (cm) (D) (cm) p-value (cm) (D)
Push-up -0.08 0.04 [-0.59, 0.43] 3821 [-4.40, 4.25] [-32 1.7]
- motorized
push-up
Push-down 0.05 -0.05 [-0.53, 0.62] 3940 [-4.83, 4.92] [-3.8, 1.8]
- motorized
push-up
Push-up —0.12 0.06 [-0.64, 0.39] 3582 [-4.51, 4.26] [-3.3,1.7]
- push-down

“The diopters are calculated relative to the absolute values of the minuends.
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the push-up vs. push-down method (8.77 cm), with the larg-
est interval between the motorized push-up vs. push-down
method (9.75cm). These values correspond to diopter values
relative to the reference minuend of 49D, 5.0D, and 5.6D,
respectively (Figure 2, Bland-Altman analyses).

The concordance correlation coefficients calculated using
the variance components of the linear mixed-effects models
were 0.72 between the push-up and the motorized push-up
technique, 0.69 between the push-up and push-down tech-
nique, and 0.56 between the motorized push-up and the
push-down technique.

Test-retest reliability of the different measurement
techniques

According to the guidelines of Koo and Li,* all three mea-
surement methods demonstrate good test-retest reliability.
The motorized push-up method had the highest ICC at 0.83
(95% CI: [0.77, 0.89]), followed by the manual push-up
method with an ICC of 0.81 (95% CI: [0.71, 0.89]). The
manual push-down method showed the lowest ICC, at 0.70
(95% CI: [0.57, 0.83]). Accordingly, none of the post hoc
tests of the results of the linear mixed-effects models revealed
a statistically significant difference between the least-squares
means of the amplitude of accommodation of the first and
the second run of the measurements (Table 4).

In line with the ICC values, the LOA of agreement of the
accommodative demand is the shortest for the motorized
push-up method (3.22cm). However, the manual push-up
method (444cm) and the manual push-down method
(3.90cm) are longer.

CURRENT EYE RESEARCH @ 5

Comparison of the manual and digital evaluated
distances

The Bland-Altman analyses (Figure 3) show a systematic
mean difference (MD) between the digitally calculated (calc.)
and manually measured (meas.) values. For the push-up
method, the mean difference (MD) was 1.965cm (95% CI:
[1.49, 2.48], p<0.001), and for the push-down method
1.859cm (95% CI: [1.44, 2.28], p<0.001), indicating that the
measured values (meas.) were underestimated in both cases.
However, no significant mean difference was found for the
motorized push-up method based on the MAR (MD:
0.258cm, 95% CI: [-0.26, 0.81], p=0.294). There is a strong
positive correlation between the two evaluations calc. and
meas., which is mostly similar between the different AoA
measurement methods (ICC 0.8979, ICC

push-up:
08899, ICC,uorized pushup: 0-8808).

‘push-d own*

Questionnaire

The model fits for model 1) ease of use and model 2) con-
fidence in measurement were statistically significant, whereas
the fit for model 3) comfort of experience was not, suggest-
ing that the former two were effective in differentiating the
volunteers’ subjective impression of ease of use and confi-
dence of measurement between the manual and motorized
procedures (Table 5). However, the Pseudo-R? values
(Nagelkerke) suggest only weak relationships between the
type of measurement and the resulting scores. In both mod-
els, the factor type of measurement was statistically signifi-
cant (model 1: b=1.64, SE 0.53, Wald = 9.463, p = .002;
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Figure 2. Bland-Altman analyses of the measurement techniques.

(push up + motorized push up) / 2 (cm)

(push up + push down) / 2 (cm)

Table 4. Least-squares means of the amplitude of accommodation (AoA) for the three measurement techniques during the first and second passes, the differences
(first - second pass) with bootstrapped 95% confidence intervals, as well as the limits of agreement (LOA).

AoA LS means+SE (cm)

Method First Second Difference (cm) 95% Cl (cm) p-Value LOA (cm)

Motorized push-up 13.89+0.53 14.10+0.53 -0.21 [-0.68, 0.26] .3830 [-1.82, 1.40]
Push-up 13.72+057 14.12+057 -0.39 [-0.88, 0.09] 1124 [-2.61, 1.83]
Push-down 14.08 +0.46 14.00+0.46 0.08 [-0.46, 0.62] 7655 [-1.87, 2.03]
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Figure 3. Evaluation of the manual and digital measurement.
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Table 5. Fitting information and assumption checks for the ordinal logistic regression models.

Model Fitting information Goodness-of-fit? Pseudo-R™ Test of parallel lines

1) Bt s #*(1)=10.100,p=.001 7*(5)=2365,p=.797p=.797 B 2*(5)=2.604,p = 761p =761
2) Confidence in measurement 2(1)=11897,p<.001p<.001  z(7)=B461p=294p=294 20 27(7)=13.800,p = 055p = 055
3) Comfort of experience .06

#°(1)=3.400,p =.065p = .065

%°(7)=9225,p=.237p=.237

%(7)=15.254,p=.033p = 033

?Pearson, "Nagelkerke Pseudo RZ.

model 2: b=1.77, SE = 0.53, Wald = 11.122, p < .001) with
positive relationships suggesting a 5.13-fold odds ratio (95%
CI: [1.85, 15.2]) for greater perceived ease of use and a
5.85-fold odds ratio (95% CI: [2.11, 17.3]) for greater confi-
dence in measurement using the motorized in contrast to
the manual procedure. However, the type of measurement
does not seem to affect the comfort of the experience. The
evaluation of the summarized ratings is shown in supple-
mentary material (S1).

Discussion

With the increasing focus on new solutions for presbyopia,
such as accommodative aids*’ and pharmacological treat-
ments,* the need for fast and reproducible methods to mea-
sure the amplitude of accommodation (AoA) is becoming
more important. Beyond presbyopia, the motorized accom-
modation ruler could be used to determine the near point
of convergence and thus help to assess convergence insuffi-
ciency, a condition that affects approximately 5% of individ-
uals performing near work and reading tasks.*? Also utilizing
it as a screening tool, particularly to address the prevalence
of refractive asthenopia, such as observed in computer sci-
ence students.’

The commonly applied ruler-based methods to measure
the AoA are known to have limitations,'*'®**?% in particular,
high variability that can cause differences of up to 3D. Some
of the variability may be due to inter-examiner differences;
others are most likely due to individual differences in the
perception of blur. Additionally, the variable speed of move-
ment of the accommodative target used in the studies, rang-
ing from 4mm/s* to 5cm/s,>*® most likely also contributes
to the reported variability.!>** Burns et al. (2014) identified
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five categories of error in clinical measurements of AoA
using the push-up and -down methods,” which they later
refined into eleven different sources.'” In addition to depth
of focus (DOF), they highlighted reaction time as the major
source of error. They also noted that other errors associated
with Duane-style methods - such as the reference point for
measurement, instrumentation error, and operator bias - can
be at least partially mitigated.®* To address the limitations of
the current methods and to increase the reliability of mea-
surements, the motorized push-up accommodation ruler was
developed, in which the accommodative target moves with
constant speed until the participant starts to perceive blur
and releases a trigger, thereby eliminating inter-examiner
variability and reducing delays to the participant’s reaction
time only. The speed of movement of the accommodative
target is rarely considered in studies, although it can signifi-
cantly influence results. We used a constant linear target
speed of 2cm/s to ensure a practical balance between test
duration and participant response time. This speed was cho-
sen because it is fast enough to enable efficient testing, yet
still allows participants sufficient time to detect blur onset.
However, the accommodative demand increases nonlinearly
as the target moves closer to the eye. Therefore, using a
nonlinear speed profile, such as diopters per second, may
provide a more physiologically meaningful stimulus and
potentially improve measurement accuracy, particularly in
the proximity of the near point. While the motorized ruler
permits electronically controlled speed adjustments, includ-
ing nonlinear trajectories, this aspect was not addressed in
the present study. Instrumentation error is reduced by defin-
ing a fixed reference point for measurement and digitally
assessing the exact distances between the visual target and
the center of the cornea. To account for a possible effect of
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depth of field, the room illumination should be kept between
40 and 80Ix to avoid a pinhole effect resulting from small
pupil diameters. In a recent review, Charman (2019) found
a linear dependence between total DOF and pupil diameter
for diameters larger than approximately 2mm, while for
diameters smaller than 2mm, the DOF increases exponen-
tially.> However, with the defined illumination, neither
young (20-29years) nor old (= 70years) participants are
likely to have pupil diameters less than 2mm,* limiting the
resulting total DOF to about 0.7D.5 For the sake of com-
pleteness, it should also be mentioned, that while the objec-
tive measurement of the AoA is not affected by the DOF it
can be affected by instrument myopia.**

The comparison between the different measurement meth-
ods tested in the study (push-up, push-down, motorized
push-up) showed no statistically significant differences
between the mean AoA determined by the different methods.
The test-retest reliability was good for both the motorized
push-up (ICC: 0.83) and the push-up method (ICC: 0.81),
while it was moderate for the push-down method (ICC: 0.70).
The motorized push-up method demonstrated the narrowest
limits of agreement for the repeated measurements (3.22cm),
outperforming the manual push-down (3.90cm) and push-up
method (4.44cm). The results show that the motorized
push-up method is the most consistent and reliable.

Manual measurement of the AoA showed an underesti-
mation of approximately 2cm for both the push-up and
push-down methods compared to values determined from
digital photographs. In contrast, the motorized push-up
method exhibited a much smaller underestimation of approx-
imately 0.3cm. This discrepancy may be due to design dif-
ferences between the measurement instruments. While
conventional accommodative rulers are often designed to
rest on the zygomatic bone, they may not always achieve
this alignment, which can lead to tilting. In contrast, the
motorized accommodation ruler is positioned directly in
front of the eye with a notch-like indentation that prevents
misalignment.

Whereas image-based measurements use the cornea’s cen-
ter as the reference point to ensure consistent and precise
determination of the AoA, manual methods rely on less
standardized reference points due to anatomical variability,
as there is no universally defined “offset” distance between
the eye and the ruler to adjust measurements. Burns et al.
discuss the influence of ruler tilt relative to the head and the
measurement reference point on AoA, further underscoring
the limitations of manual techniques.'” This variability is
particularly significant in young emmetropic persons with
high AoA where an accurate reference point is critical.
Under these conditions, the MAR showed minimal variation
compared to manual methods, indicating that it provides a
more precise and practical assessment of AoA and is closely
aligned with image-based measurements.

The results of the assessment of the subjective impres-
sions of the application of the different methods for measur-
ing the AoA show that the acceptance of the motorized
version is superior to the manual version in terms of ease of
use, with a 5-fold chance of a higher score, and in terms of
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confidence in the reliability of the measurement, with a
6-fold chance of a higher score. However, the comfort of
experience score did not significantly differ between the
motorized and manual measurements.

The simplicity and reproducibility of accommodation rul-
ers will encourage scientists and clinicians to continue using
them in the future. Certain limitations and potential
improvements of this study should be acknowledged. The
weight distribution and form factor of the motorized accom-
modation ruler require further optimization to improve its
usability and convenience. Beyond that, the study population
had a mean age of 26years, which limits the generalizability
of the results. Future studies should evaluate the handling
and measurement accuracy of the device in a broader pop-
ulation, including older presbyopic individuals and younger
emmetropic participants.

Conclusion

The new motorized accommodation ruler reduces the
influence of the examiner by moving the accommodative
target at a constant speed of 2cm/s while the participant
holds the trigger until blur is noticed. The motorized
accommodation ruler is on par with current clinical rou-
tine measurement methods but offers higher retest reliabil-
ity with lower variability, improved user-friendliness, and
higher confidence in the measurement system by the par-
ticipants. Due to its design, the MAR shows a lower sus-
ceptibility to underestimation of the amplitude of
accommodation. The next steps will be to test the device
in daily clinical practice to determine its potential to
replace existing methods.
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Non-invasive measuring of
biopotentials of the ciliary
muscle during accommodation in
emmetropes

Sven Schumayer’?, Bishesh Sigdel?, Mohamed Ali Jarboui?, Eberhart Zrenner?,
Volker Bucher?, Torsten StraRer®*"* & Sandra Wagner?

To see near objects clearly, the ciliary muscle shapes the human eye’s crystalline lens to adjust its
refractive power, a process known as accommodation. This contraction of the ciliary muscle also
results in an electrical potential change. Previous work from the 1950s and 1960s reported electrical
voltages in the microvolt range that were attributed to the accommodating ciliary muscle, however
without clarifying the interaction between lens and muscle. Here, we present data of 12 emmetropic
participants using a custom-developed scleral contact lens electrode which enables to record
accommeodation-dependent biopotentials of the ciliary muscle with an accuracy up to the millivolt
range. Therefore, participants alternately shifted their focus from far to various near targets while
the biopotentials of the ciliary muscle and the actual refractive change of the crystalline lens were
recorded by a contact lens electrode and an eccentric infrared Photorefractor. In addition, the impact
of confounding biopotentials such as squinting and eye movements was investigated. Our research
points to a potentially new objective method of measuring accommodative change. Understanding
these biopotentials could lead to the development of self-focusing visual aids as an alternative way of
vision correction in presbyopes.

Keywords Contact lens electrode, Biopotential, Ciliary muscle, Accommodation

To shift the focal point from a far to a near target, the ciliary muscle in the human eye increases the dioptric
power of the crystalline lens, a process known as accommodation’. Today’s understanding of accommodation
is based on Helmholtz’s theory of 1855 with Fincham’s amendments® and remains a topic of ongoing debate®.
The dominant stimuli triggering the change of the refractive power are blur and vergence®™’ resulting in what
is commonly referred to as a “near triad” of accommodation, convergence and pupil constriction®”. Helmholtz
postulated that the contraction of the triangular ciliary muscle, which is concentrically arranged around the lens,
and in particular its differently arranged muscle fibers, causes the lens to become more spherical and translate
the anterior lens surface forward®®. This is obtained by zonular fibers, a suspensory ligament, that reduces
the tension between the ciliary body and the elastic lens capsule®!’, However, the ability to accommodate
diminishes with age, typically becoming noticeable between the age of 40 to 45 years''. This loss of function,
known as presbyopia, is assumed to be due to physiological changes of the crystalline lens in terms of geometry
and material properties, which are still the subject of current research'*!%. Several vision correction methods
are currently available, including spectacles'®!” contact lenses'® ophthalmic surgeries'*!'® and pharmaceutical
treatments'»'”'¥, Each of these approaches has its own advantages and limitations, with some still requiring
further research'®. All of these options have in common that they only treat the symptoms of presbyopia and do
not restore natural accommodation. In particular, they are unable to close the interrupted feedback loop of the
accommodative system. This is due to the age-related non-functioning crystalline lens®” resulting in an inability
to close the feedback loop in presbyopes even with the intact ciliary muscle?!. The ability to measure these
signals from the human ciliary muscle using, for example, contact lens electrodes, was demonstrated by various
researchers nearly a century ago®-2¢. Schubert et al., 1955 were the first to record bioelectric signals (0.3 mV) in
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eight emmetropes and one presbyope, which they attributed to the ciliary muscle using exclusion proceedings™.
In 1958, Alpern recorded voltage changes of up to 0.2 mV during a focus change from far to near, which were
positively correlated with the accommodation effort. Alpern excluded electrical muscle artifacts based on the
experimental setup and demonstrated that the contributions of the pupil response were negligible®®. Hagiwara
and Ishikawa (1962) measured potential changes of up to 0.15 mV in the accommodated state using a contact
lens electrode, with these changes decreasing during cycloplegia®.

The aim of the present study was to investigate the electrical potentials of the ciliary muscle during the
controlled presentation of accommodative stimuli at various distances, using a previously described novel
bipolar scleral contact lens electrode®. Biopotentials were recorded in a group of young healthy emmetropes
while simultaneously measuring changes in the refractive state of the crystalline lens. Potential confounding
sources of the recorded biopotentials other than the ciliary muscle were analyzed by eliciting pupillary responses,
gaze changes, eye squinting, and by paralyzing the ciliary muscle using cycloplegia. Additionally, a proteomic
analysis was performed to investigate if the contact lens wear triggers any major inflammatory response. The
ability to reliably record the electrical potentials provides a new tool for advancing the research on the ciliary
muscle, extending beyond just presbyopia. Ultimately, these biopotentials could be used to close the interrupted
feedback loop of the accommodative system in presbyopia® by controlling an artificial lens to restore dynamic
accommodation.

Results

The refractive error in the spherical equivalent was —0.06+0.33 D (mean+s.d.) and the amplitude of
accommodation in the left eye was 8.2+ 1.39 D. All participants presented with monocular visual acuity of 20/20
or better. The right eye was the dominant in 8 out of 12 participants.

Biopotentials for different viewing distances

An overview of the measured biopotentials at the different distances is shown in Fig. la. The LMM (R’=
0.4) reveals a highly significant influence of the fixed effect accommodation demand (F(4, 97.01)=9,3966,
p<0.0001) while the fixed effect session (F(1, 97.67) = 0.1247, p=0.7248) and the resulting interaction effect (F(4,
97.26) =0.148, p=0.9635) between accommodation demand and session showed no significant influence. The
estimated least-squares means show that the accommodation demand of 4.0 D led to the highest biopotentials
(-0.325 mV, 95% CI: [-0.45, -0.199]), while 2.0 D (-0.157 mV, 95% CI: [-0.282, -0.032]), 2.5 D (-0.219 mV, 95%
CI: [-0.344, -0.093]) and 3.0 D (-0.187 mV, 95% CI: [-0.313, -0.062]) showed values that were similar in range.
Compared to the far target at a distance of 0.2 D (0.186 mV, 95% CI: [0.06, 0.311]), a post hoc Tukey-HSD test
shows a high significance (cf. Figure 1b) between the far and every near target. Similar results are seen in the
LMM (R*= 0.86) of the measured refractive changes of the participants (cf. Supplementary Figure S1). This
model indicates a highly significant influence of the fixed effect accommodation demand (F(4, 97.01)=10.3704,
p<0.0001), while neither session (F(1, 97.03)=0.1520, p=0.6975), nor their interaction (F(4, 97.01)=1.0234,
p=0.3992) showed any significant influence. However, discrepancy was seen by the random effect subject. While
82.57% of the total variance of the mean refraction change could be explained by the random effect subject, it
was 0.887% for the mean biopotential. A comparison between the normalized mean biopotential values and the
change in refraction shows a weak positive correlation within the first session (r=0.208; p=0.1108).

Modeling the normalized biopotentials with logistic sigmoid functions revealed differences in the
dynamic properties between accommodation and disaccommodation (Fig. 2): While both are not correlated
with accommodative effort (2.0, 2.5, 3.0, 4.0 D), disaccommodation shows a higher growth rate compared to
accommodation, indicating a faster response when focusing from near to far. Accordingly, the time of maximum
change is slightly shorter for the disaccommodation, while the maximum and minimum response remain
constant for all far-near and near-far responses.

Measurement of confounding biopotentials

The course of the biopotential during the entire measurement of experimentally-induced confounding factors
shows a signal characteristic which is distinguishable from the accommodation-related signals, noticeable in
signal shape, amplitude level, and rate of change. Figure 3a shows the negative response at a rate of -167.6 uV/s
reaching an average of -0.211+0.313 mV after changing accommodation from far (0.2 D) to near (3.0 D), and
a positive response at 271.4 uV/s reaching 0.162£0.372 mV after disaccommodation. In contrast, the rate of
change of the signals resulting from horizontal gaze change (left to right: 37.5 uV/s; right to left: -36.3 pV/s),
pupil constriction (-27 pV/s), and squinting (41 uV/s) is much lower. The entire measurement of the horizontal
gaze change combined with the biopotential can be found in the Supplementary Figure S2. Furthermore, the
signals exhibit greater variability between repetitions compared to those resulting from accommodation or
disaccommodation, as indicated by the 95% confidence intervals (Fig. 3b).

Cycloplegia

During cycloplegia, all 5 volunteers were unable to accommodate with their treated right eye, shown by an
amplitude of accommodation far below 2 diopters. Contrary to expectations, however, the biosignals were only
extinguished in 2 of the 5 participants (Fig. 4 left). A Bland-Altman analysis reveals no statistically significant
differences between the mean amplitudes of the second and those of the third appointment under cycloplegia
(t(14) = -1.051, p=0.3112, two-tailed, cf. Figure 4 right). The mean biopotential velocity for the three volunteers,
during disaccommodation from 4.0 D to 0.2 D, is 283.5 uV/s and for accommodation —315 pV/s after
cyclopentolate application. Refractive change in the untreated left eye is unaffected and comparable to results
before cycloplegia, also showing no significant difference between the second and third appointment (t(14)=
-0.176, p=0.8629, two-tailed).
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0.2Dvs. 25D 0.4042 [0.1568, 0.6516] .0002***
0.2Dvs.3.0D 0.3730 [0.1257, 0.6204] .0006***
0.2Dvs. 20D 0.3426 [0.0953, 0.5900] 0.0019**
20Dvs. 40D 0.1676 [-0.0797,0.4150]  0.3330
30Dvs. 40D 0.1372 [-0.1101,0.3846]  0.5380
25Dvs. 40D 0.1061 [-0.1413,0.3535]  0.7558
20Dvs. 250D 0.0615 [-0.1858, 0.3089] 0.9579
30Dvs. 250 0.0311 [-0.2162, 0.2785]) 0.9967

02 20 25 30 40 qa=.05 p<.001*** p<.01** p<.05*
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Fig. 1. Biopotentials for different viewing distances: (a) The biopotential was filtered (bandpass, 2nd order,
0.025-0.575 Hz) and arranged between 0 to 1. Moving average of the biopotentials (width:10) of the two
measurement appointments for all participants® with the purple shaded area as the 95%-confidence of fit.
Green bars represent the 10 s period of near vision at the different distances (2.0, 2.5, 3.0, 4.0 D). (b) (left) The
LS mean plot of the electrical potential amplitude over the different accommodative demands for the first and
second appointment. (Right) Results of the post hoc Tukey-HSD test, comparing the mean amplitude between
different accommodative demands. *Measurements (ID:02 2,0D & ID:02 4.0D) were excluded.

Proteomics analysis

Using DIA proteomics analysis, a total of 3738 proteins from 22 samples were identified and quantified.
Principal component analysis (PCA) showed no clear clustering between the samples before or after lens wear.
Furthermore, a paired two-sample t-test did not identify any proteins differentially changing in abundance
between the 2 groups (before and after). These results suggest that the contact lens electrode wear did not trigger
any major response that could lead to an increased abundance of specific proteins as a response mechanism to
the wear of the scleral contact lens electrode (Fig. 5).

Discussion

Using a newly developed bipolar scleral contact lens electrode’” we were able to record electrical potentials from
the ciliary muscle during accommodation in 12 emmetropic volunteers, which are consistent with results from
previous literature>-2%2, In contrast to those, we measured the signal during an altering far-near-far stimulus
together with the actual refractive change, using an eccentric infrared photorefraction. We did find a significant
difference between the far and every near stimulus (p <0.0001), however, the amplitude between different near
targets did not differ significantly. This signal progression was already described in previous work*®and this kind
of behavior was seen for the ciliary muscle thickness changes during accommodation®. However, we believe that
the amplitude of the biosignal may not be the key parameter for detecting finer accommodative changes. We
hypothesize that the accommodative apparatus (including the crystalline lens, the ciliary muscle, and the retina
as a blur detector), is a closed-loop system in which the ciliary muscle continuously adjusts the curvature of the
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a)
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disaccommodation

time(s)
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Estimated Parameter acc. dis. acc, dis. acc. dis. acc. dis.

a = Growth Rate -2.0229  1.9300 -1.1301 2.4677 -1.7951 2.4679 -1.3225 2.1768
b = Inflection Point 6.3466 6.1959 7.3472 6.2742 6.1924 6.1751 6.7605 6.3725
c=Lower Asymptote  0.4609  0.4533 0.4441 0.4324 0.4635 0.4523 0.4158 0.4150
d = Upper Asymptote  0.5389  0.5460 0.5444 0.5541 0.5395 0.5391 0.5694 0.5745

acc. = accommodation
dis. = disaccommodation

Fig. 2. Curve fitting: (a) Logistic sigmoid curve fitting of normalized biopotential responses during
accommodation (top row) and disaccommodation (bottom row) at different stimuli (2.0, 2.5, 3.0, 4.0 D).
Each plot presents the individual responses to each sequence (grey lines, n=12) with the fitted sigmoid curve
(solid green line) over time (seconds). The time interval covers 5 s before and after the respective stimulus.
(b) The table contains the estimated parameters from the sigmoid fitting showing the dynamic properties of
the biopotential responses, with notable differences in rate of change (b.a) between dis- and accommodation,
whereas lower (b.c) and upper (b.d) asymptote, stays mostly similar. The inflection point (b.b) seems to be
slightly faster during disaccommodation.

lens as long as blur is present on the retina. Once the blur is minimized, the muscle will likely stop contracting
and consequently, the biopotential change will stop. For a biomimetic visual aid with a tunable lens, the presence
of this biopotential change is of significance.

Interestingly, the sigmoidal fitting indicates that the rate of change in biopotentials from near to far was higher
compared to far to near, for near vision target greater than 2.0 D, which is consistent with findings reported in
the literature for changes in refractive power**!. The determined inflection point - the time of the strongest
change - is slightly earlier in disaccommodation compared to accommodation. A non-significant (p=0.8064)
difference was seen between the two measurement appointments, revealing the repeatability of the biopotential
measurement, The inter variability, known from measurements of the refractive changes, could also be observed
for the biopotentials. One possible explanation is that differences in crystalline lens curvatures of individuals’
result in different accommodative efforts. It is also known that the lag of accommodation varies among
individuals™ as does the tonic accommodation’** and the individuum's ability to sympathetically control the
accommodation™. In terms of electrophysiology, the fit of the lens on the eye surface of the participants is also
an essential factor, as this defines the electrical contact area. Studies™~° have already established a concentric
asymmetry and inter variability of the sclera. The polarity of the biopotential, becoming more negative during
accommodation, can be explained by the connection of the electrode to the detection unit. While Schubert et
al. (1955) and Hagiwara Ishikawa (1962), described an increasing positive polarity with a far-to-near stimulus,
Alpern et al. (1958) described the opposite. Nonetheless, all three described an accommodation-related voltage
change between 0.15 and 0.3 mV. This is consistent with this study, in which the 4.0 D accommodation demand
resulted in the highest amplitudes of -0.32 £0.629 mV (mean + s.d.). However, in some participants (e.g., ID: 08),
amplitudes as high as -1.9 mV were measured.
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Fig. 3. Confounding biopotentials: (a) An overview of the entire confounding signal measurement, in which
the 2° horizontal eye deflection to the right and left (L), the forced pupil constriction, and the eye squinting
were measured after an iterative change between far and near. The y-axis represents the biopotentials in
millivolt and the black line the mean for the two measurement appointments for all participants, while the 95%
confidence interval is shown as the purple shaded area. Individual sequences are marked in green. The plots in
(b) show different confounding signal means compared to the accommodation-related biopotentials together
with the 95% confidence interval. Accommodation is shown by the black dotted line, while disaccommodation
is represented by the black line and orange confidence intervals. The start (S1 at 0.5 s) and endings of the
sequence (E1 at 2.5 s; E2 at 10.5 s) are marked by the vertical dashed lines. The signal progression during
horizontal eye movement to the left is shown as a green (-) and to the right as a purple (+) line.
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Fig. 4. Cycloplegia: Left: Averaged biopotentials of three participants for each appointment and

accommodation demand. Right: Bland- Altman plot for the biopotentials shows no significant difference
between the second and the third appointment (under cycloplegia) for the three participants.
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Fig. 5. Proteomics analysis: (a) The PCA plot shows no clear segregation between the proteome before (blue
dots) or after (orange dots) contact lens electrode wear. (b) Volcano plot of differential proteins abundance
analysis using two samples t-test shows no significant changes (two-sided student t-test using permutation-
based truncation FDR <0.05).

Presenting the participants different visual stimuli, we could show that those biopotentials caused by
eye movements, squinting or pupil constriction differ noticeably in signal characteristics compared to
accommodation driven ones, which was also mentioned, however not shown, in the work of Hagiwara and
Ishikawa®®. The calculated rate of change shows very similar behavior to the observations made when measuring
different near distances. Interestingly, the horizontal eye movement between right and left differed in polarity
and showed a waveform already described by Jacobson et al. (1958). Considering this shape, amplitude height,
and the calibration of the setup before the measurement to minimize possible eye movements, the extraocular
muscles can be neglected as the origin of the accommodation-related biosignals. Eye squinting caused the
contact lens electrode to move, leading to a shift in the ion concentration and thus to a change in polarity. Taking
the short ion-change into account, a spiking signal is expected. Additionally, the biosignals recorded during
pupil constriction differ from those caused by accommodation, which excludes the sphincter pupillae muscle
as the origin of the signal. By eliminating these muscles as the signal source, we assume to have measured the
origin of the accommodation related biopotentials to the ciliary muscle. This consideration raises the question of
whether the measured signal is a neuro- or muscular-electrical signal. To answer this question, the ciliary muscle
was paralyzed temporarily in five participants. If the measured signal is of muscular origin, it should no longer
be possible to record a signal due to paralysis. By applying the cycloplegia Cyclopentolate 1%, the receptors of the
ciliary muscle are blocked against the parasympathetically released neurotransmitter acetylcholine. Comparison
of the biopotentials with the previous measurements nevertheless shows no difference in 3 out of 5 participants.
We also exclude the sympathetic nervous system as the source, as the ciliary muscle is mainly intervened by
parasympathetic nerve endings®” and the sympathetic part is characterized as relatively slow (30 to 40 s) and
with low accommodation changes (< 2.0 D)** having no significant involvement in rapid focusing™.

Beside probably the most common cycloplegic agent, cyclopentolate 1%, other commonly used agents such
as tropicamide and atropine were also considered to clarify the origin of the signal. The ideal cycloplegic agent
and its application are continuously discussed in the literature**-#, Atropine is regarded as the gold standard for
achieving complete cycloplegia*' #*#* especially when administered over a period of 3 days**. However, it effects
persist for 8-14 days*? and the risk of side effects is seven times higher than with cyclopentolate**. The latter
reaches the maximum effect within 30* to 45** minutes, remains stable for 90 minutes**and lasts only for several
hours®. According to previous studies, the difference in cycloplegic effect between atropine and cyclopentolate
is not clinically relevant or significantly different’". Tropicamide the second considered cycloplegia, reaches
the maximum effect within 30 min, with an effective duration of 75 minutes*. However, the effectiveness
of tropicamide compared to cyclopentolate is debated. Some studies*™** report a higher residual amount of
accommodation with tropicamide than with cyclopentolate, while others describe little to no difference?+#30,
In order to avoid prolonged cycloplegia and to conservatively ensure a high level of cycloplegia, we decided in
favor of cyclopentolate.

This study also has some limitations that should be considered. Firstly, the use of a one-size-fits-all scleral
contact lens electrode represents a compromise between stable fit and signal quality due to individual variations
in scleral curvature. Some participants reported an increased foreign body sensation when wearing the contact
lens electrode, resulting in frequent blinking and movement artifacts, which had a negative impact on signal
quality. Also, the empirically determined bandpass blink filter could slightly influence the shape of the recorded
signals, although this effect is considered negligible. Secondly, the amplitude measurements between different
near targets showed no significant differences, possibly due to lack of accommeodation and non-linear changes
in refractive power. The standardized measurement procedure with a constant sequence of trigger intervals
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and the measurement of the refractive change instead of the actual refractive power limits the possibility of
assessing training effects and fatigue. It should also be emphasized at this point that our assumption regarding
the neurological origin of the signal needs to be further investigated with a larger sample. In our study, the
paralyzing cyclopentolate was administered to only 5 participants. In addition, the measurement unit allows data
acquisition at 125 samples per second, which may not be sufficient to capture the high-frequency components of
the neuroelectric signals, limiting the ability to completely characterize these signals.

Conclusion

Previous studies have demonstrated the feasibility of recording ciliary muscle electrical potentials during
accommodation using various types of electrodes, ranging from invasive needle electrodes inserted into the
ciliary muscle to less invasive approaches using contact lens electrodes. Inspired by the findings of these studies,
we aimed not only to replicate them using a previously newly developed bipolar scleral lens electrode, but also
to quantify and compare the recorded signals with the actual refractive change of the crystalline lens in response
to varying accommodative demands. Furthermore, we analyzed the recorded signals for potential confounding
sources. Using the exclusion procedure, we postulate that the signal origin is at least to a certain extent of
neurological origin. In upcoming studies, we will focus on characterizing accommodation-related signals in
presbyopes. In addition, we will test whether these measured signals can be used to control a visual aid with
variable refractive power to realize a biomimetic system.

Methods

Study participants

12 emmetropic volunteers (5 males, age 24.6 (21-29 years)) were recruited from the student body of the
University of Tuebingen after fulfilling all inclusion (age: 18-30 years; spherical equivalent refractive error: < +
0.5 D; Snellen visual acuity: 2 20/20; astigmatism: < 2.0 D; accommodation amplitude: > 4 D) and no exclusion
(pregnant, hereditary eye disease, previous or current eye injury, strabismus, amblyopia, pseudophakia) criteria.
Power estimation (a=0.05, power =0.80, two-tailed matched-pairs t-test) based on the amplitudes recorded
during a preliminary study (accommodative effort: 0.5 to 2.0 D)* yielded an effect size of Cohens d=1.3,
corresponding to a minimum of 7 participants. To balance robustness and account for potential dropouts
while maintaining the feasibility of a pilot study, the sample size was set at 12, also in accordance with Julious
(2005)*. In participants receiving cycloplegia, intraocular pressure was confirmed to be less than 20.5 mmHg.
All participants were shown the contact lens electrode (Fig. 6a) and its dimensions before they received the
informed consent form and gave their written consent for voluntary participation. The study was approved by
the Ethics Committee of the Medical Faculty of the University of Tuebingen (690/2017BO2) and followed the
tenets of the Declaration of Helsinki. Written consent to publish the photo in an open access publication was also
obtained from the participant shown in Fig. 6b.

Preliminary examination

In all participants, objective refraction was measured with an autorefractometer (AR-330 A/AR-360 A,
NIDEK CO., LTD., Gamagori, Japan), and uncorrected monocular visual acuity was assessed with a Landolt
C chart. Subsequently, the dominant eye was determined by the Dolman hole-in-card test™**. The amplitude
of accommodation of the left eye was measured by a motorized push-up method (v=2 c¢m/s), focusing on a
Duane’s figure as the image target and repeated three times. Finally, a slit-lamp examination of the anterior eye
segment and fundus was performed. A Schirmer test I (Schirmer Tear Test - Mark Blue, Optitech Eye Care,
Prayagraj, India) was done in the right eye for later analysis by mass spectroscopy to determine inflammatory
markers before scleral contact lens insertion (as baseline) and after its removal. Participants were asked to close
their eyes to reduce discomfort. To ensure a sufficient wetting, the paper strip was collected when reaching more
than 15 mm of wetting or else after a five-minute waiting period. Attendees participating in the cyclopentolate
measurement additionally underwent intraocular pressure measurements (AT 900, Haag-Streit AG, Koeniz,
Switzerland) before and after the actual experiment.

Experimental setup and stimulus paradigm

The setup, located in a dimly lit room (about 25 Ix), has been described before?®. In brief: It consists of a
combined chin and head rest, a high-resolution near-fixation display (20481536, Adafruit Qualia 9.7"
DisplayPort monitor, Adafruit, New York, USA) with adjustable distance (25, 33, 40, and 50 c¢m), and a far
monitor (1360 x 768, NOLK-FD32HB-PNAZ, Richardson Electronics) located at 4.84 m. The axis of the near
and the far display are perpendicular to each other and a 45-degree semitransparent mirror allows the stimuli to
be superimposed on the visual axis of the fixating eye (Fig. 6¢). The non-fixating right eye with the scleral contact
lens electrode is covered by an optical long-pass filter (780 nm, RG780, Schott AG, Mainz, Germany). To induce
accommodation, five-letter words are randomly drawn from a predefined list and presented at a frequency of
2 Hz in white-on-black Sloan font, with the middle letter highlighted in orange as a fixation aid, alternately for
10 s on the near or the far display at a constant viewing angle. The control of the monitors and the stimulus were
implemented in PsychoPy 2022.2.4°>%_ A high-resolution camera allows to record gaze, pupil diameter, and the
refractive change of the crystalline lens during the test using eccentric infrared photorefraction at a sampling
rate of 40 Hz""",

Participant Preparation
Two drops of local anesthetic (0.4% Novesine, OmniVision GmbH, Puchheim, Germany) were administered to
the participant’s right eye. Approximately 2 cm® of the forehead was cleaned with an abrasive paste (Everi Abrasive
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ROEIN

Step Characteristic Condition Testing distance (D)  Duration (s)  Repetition

L.

Far/Near 0.2-4.0-0.2 10-10-10 4
Accommodation Far/Near 0.2-25-02 10-10-10
Far/Near 02-2.0-0.2 10-10-10

2
3
4.
5
6
7

Confounding  Gaze change 4° 0.2 2
Signals Pupil constriction 0.2 10

4
4
Far/Near 0.2-3.0-0.2 10-10-10 “
5
1
Pinching eyes 0.2 10 3

Fig. 6. Measurement setup: (a) A scleral lens electrode without a connector for the measurement unit (b) A
participant with a contact lens electrode and a reference electrode on the temple. The gold cables are guided
out via the angulus oculi lateralis of the right eye and fixed with a tap. (¢) Bird’s eye view of the measurement
setup. The infrared filter (1) enabling monocular vision but a binocular measurement for the eccentric infrared
photorefraction (2). The semi-transparent mirror (3) is light-transmissive when illuminated from the far target.
The near target (4) can be adjusted in distance (green arrow), while the far target (5) has a fixed distance of
4.84 m. (c.a) Graphical user interface of the custom-made eccentric infrared photorefraction. (c.b) Exemplary,
a five-digit word presented to the participant. (d) Single measurement steps at the testing protocol. Besides
examining the accommodation behavior, possible confounding signals were also measured.

Conductive Paste, Spes Medica s.r.l,, Genoa, Italy) before a gold cup electrode filled with conductive paste (Elefix
Z-401CE, Nihon Kohden Corporation, Tokyo, Japan) was placed on the forehead. The bipolar scleral contact lens
electrode was filled with a tear substitute (Vidisic, Bausch & Lomb, Laval, Canada) by the ophthalmologist prior
to insertion into the right eye to protect the cornea and improve electrical conductivity. During this procedure,
the ophthalmologist ensured that the gold wires were guided out of the lateral canthus before firmly taping
them onto the participant’s temple. Participants undergoing temporary ciliary muscle paralysis underwent the
same procedure except that two drops, as recommended by the manufacturer for diagnostic procedures, of a
cycloplegic agent (Cyclopentolate Alcon’ 1%, Alcon, Geneva, Switzerland) were instilled 5 minutes apart instead
of the topical anesthetic. For maximum cycloplegia, cyclopentolate 1% was administered™ and an instillation
time of 20 minutes was given after the second drop. Once the inability to accommodate at near was established by
the motorized accommodation ruler, topical anesthetic was administered immediately before the lens electrode
insertion.

Experimental procedure

The experiment included the following measurements, being subsequently performed in each participant.
Firstly, to characterize the accommodation signals, an alternating far-near-far stimuli between the far target 0.2
D to different near targets (4.0, 2.5, 2.0, 3.0 D) was shown four times (cf. Figure 6d, Step: 1-4). Subsequently, after
the testing distance of 3.0 D, to asses potential confounding signals, horizontal gaze change, pupil constriction
and voluntary eye squinting were recorded (cf. Figure 6d, Step: 5-7), before an ophthalmologist removed the
contact lens electrode. The experimental procedure ended with the examination of the cornea for abnormalities
using the slit lamp and a second Schirmer test II to detect possible inflammatory markers caused by the scleral
contact lens. A waiting period of at least three days was specified for the repeat measurement.

Sample preparation of tear fluid

Punches of @ 4 mm were taken from the Schirmer strips and transferred into 2.0 mL microcentrifuge tubes.
Proteins were extracted as described previously™. The protein pellet was resuspended in 30 pL of 50 mM
ammonium bicarbonate (ABC), 4 pL of RapiGest SF Surfactant, and 1 pL of 0.1 M dithiothreitol (DTT), and
incubated at 60°C for 10 min. After cooling to room temperature, 1 pL of 0.3 M iodoacetamide (IAA) was added,
and the mixture was incubated in the dark for 30 min. For enzymatic digestion, 1 puL of 0.5 pg/uL Trypsin/LysC
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mix was added and incubated overnight at 37°C. The reaction was stopped by adding 3.2 uL of trifluoroacetic
acid (TFA) to achieve a final concentration of 5%, followed by centrifugation at 9,000 g for 1 min. The mixture
was transferred to a polypropylene insert in a 1.5 mL tube, incubated for 10 min at room temperature, and
centrifuged at 16,000 g for 15 min. The clear solution was carefully transferred into new 0.5 mL tubes, avoiding
the bottom pellet and upper oily phase. Peptides were cleaned and desalted using StageTips. These Tips were
equilibrated with 20 pL of 80/5 solution (80% acetonitrile/5% TFA) and rinsed with 20 uL of 0/5 solution (5%
TFA in water). The sample was applied to the StageTip, washed with 20 pL of 0/5 solution, and eluted with 20
uL of 50/5 solution (50% acetonitrile/5% TFA) followed by 20 pL of 80/5 solution. The eluates were pooled and
concentrated to 1-5 pL using a SpeedVac concentrator, then stored at -80°C until LC-MS/MS analysis.

Mass spectrometry

Mass Spectrometry analysis was performed on an Ultimate3000 RSLC system coupled to an Orbitrap
Tribrid Fusion mass spectrometer. Tryptic peptides were loaded onto a pPAC Trapping Column (COL
-TRPNANO16G1B2, Thermo Fisher Science Inc., Waltham MA, United States). Peptides were eluted and
separated on a nano-LC column (uPAC.C18 COLNANO®@50GIB, Thermo Fisher Science Inc., Waltham MA,
United States). The remaining peptides were eluted by a short gradient from 30 to 95% buffer B; the total gradient
run was 120 min,

Spectra were acquired in DIA (Data Independent Acquisition) mode using 50 variable-width windows over
the mass range 350-1500 m/z. The Orbitrap was used for MS1 (precursors) and MS2 (fragments) detection,
with an AGC target for MS1 set to 20 x 104 and a maximum injection time to 100 ms. MS2 scan range was set
between 200 and 2000 m/z, with a minimum of 6 points across the peak. Orbitrap resolution for MS2 was set to
30 K, isolation window set to 1.6, AGC target to 50 x 104 and maximum injection time to 54 ms. MSI and MS2
data were acquired in centroid mode.

To reduce the possibility of carryover and cross-contamination between the samples, one TRAP and two BSA
washes were used between samples.

Data processing

Time series data of pupil diameter, gaze, and lens refractive changes recorded with the eccentric infrared
photorefraction were upsampled to 250 Hz to match the sampling frequency of the biopotential amplifier. The
biopotential data were band-pass filtered between the empirically determined range of 0.025 and 0.575 Hz
with a second-order Butterworth filter to remove blink artifacts and correct biodrifting. Utilizing the average
biopotential amplitude from the first 10 s of each measurement, baseline-correction was performed. Thereafter,
the biopotential and the eccentric infrared photorefraction data were merged using the trigger signal. A self-
developed Python script was created for this step of pre-processing. Two measurements (2.0 D, 4.0 D) of one
participant (ID: 02) were excluded due to artifacts with biopotential data exceeding the average value by a factor
of twenty.

Data from the far-near-far measurements (Fig. 6d, Step:1-4) were filtered based on pupil diameter and
refractive changes, removing values more than two standard deviations from the mean. Additionally, data points
where the horizontal or vertical gaze was outside the 95% confidence interval of the mean were also excluded.
If the cables were accidentally swapped at the connections, the polarity of the signal was reversed accordingly.

Filtering and statistics
All biopotential analyzes were done in JMP 16.0.0 (SAS Institute GmbH, Heidelberg, Germany) and 0.05 was
defined as the critical alpha value for statistical assessments,

The mean of each 10 s sequence from the data of the far-near-far measurements (Fig. 6d, Step: 1-4) for
biopotential and refractive change was calculated. Effects of these dependent variables were analyzed by linear
mixed-effects models using restricted maximum likelihood (REML). As independent variables, accommodation
demand (4.0 D, 2.5 D, 2.0 D, and 3.0 D), session as well as their interaction were set. To account for inter
individual variability and repeated measurements participant was declared as a random effect. Knowing the
robustness of linear mixed-effects models towards deviations from normality®*®! the model’s conditional
residuals were verified (pq-plot, skewness, kurtosis) for at most moderate deviations from normal distribution.
Homogeneity of the variances was ensured using the Brown-Forsythe test and reported in case of violations,
Post hoc comparisons of the least squares mean were conducted using two-tailed Tukey HSD.

Due to the characteristic S-shape consisting of the three sections gradual onset, rapid change and stabilization,
the logistic sigmoid function sig,; was used for mathematical description of the accommodation-related signals
over time (1). This involved initial normalization of the filtered signals (0 to 1) for better visualization. In order
to obtain a complete picture of the accommodation and disaccommodation process, the time interval was set to
5 s before and after the respective stimulus.

d-c
1+ e-alt=b)

sig(t)=c+ (1

To describe the range of speed in the confounding signals measurement, the delta of the y-value (in mV) was
determined at time point 0 and 2 s and divided by the elapsed time of 2 5.

Before determining the repeatability between the measurements with and without cyclopentolate utilizing
a Bland-Altman plot and a two tailed t-test the sequence means were checked for normal distribution (pg-plot,
skewness, kurtosis).
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The DIA MS RAW data were analyzed using DIA-NN 1.8.1 (PMID: 31768060) in library-free mode against the
human database (UniProt release November 2023, 20405 proteins). First, a precursor ion library was generated
using FASTA digest for library-free search in combination with deep learning-based spectra prediction. An
experimental library generated from the DIA-NN search was used for cross-run normalization and Mass
accuracy correction. Only high-accuracy spectra with a minimum precursor FDR of 0.01, and only tryptic
peptides (2 missed Tryptic cleavages) were used for protein quantification. The match between runs option was
activated and no shared spectra were used for protein identification. Data was analyzed and processed using the
Perseus platform®.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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Abstract: The measurement of electrical potentials in the human body is becoming in-
creasingly important in healthcare as a valuable diagnostic parameter. In ophthalmology,
while these signals are primarily used to assess retinal function, other applications, such
as recording accommodation-related biopotentials from the ciliary muscle, remain poorly
understood. Here, we present the development and evaluation of a novel implantable
ring electrode for recording biopotentials from the ciliary muscle. Inspired by capsular
tension rings, the electrode was fabricated using laser cutting, wiring, and physical vapor
deposition coating. The constant impedance and weight over a simulated aging period of
391 days, demonstrated the electrode’s stability. In vivo testing in non-human primates
further validated the electrode’s surgical handling and long-term stability, with no delami-
nation or tissue ingrowth after 100 days of implantation. Recorded biopotentials from the
ciliary muscle (up to 700 uV) exceeded amplitudes reported in the literature. While the
results are promising, further research is needed to investigate the signal quality and origin
as well as the correlation between these signals and ciliary muscle activity. Ultimately,
this electrode will be used in an implanted device to record ciliary muscle biopotentials to
control an artificial lens designed to restore accommodation in individuals with presbyopia.

Keywords: intraocular electrode; biopotential; electrode conception; accelerated aging;
laser cutting

1. Introduction

Since Galvani’s discovery of electrical activity in dissected skeletal muscle in 1786,
followed by Matteucci’s demonstration in 1842 that frog heartbeats generate an electrical
current, significant advances have been made in the field of bioelectrical recording. This
culminated in Waller’s development of the electrocardiogram (ECG) in 1877, later refined
by Einthoven, who was awarded the Nobel Prize in 1924 [1]. These milestones stimulated
ongoing efforts to record electrical biopotentials from various tissues and organs throughout
the body. The discovery of visually evoked potentials (VEP)—electroencephalographic
(EEG) responses correlated with flashes of light—in the 1930s [2], triggered a growing
interest in the study of biopotentials associated with vision and ocular function. Other
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methods, such as the electroretinogram (ERG) or the electrooculogram (EOG), to measure
electrical activity in the eye were invented and soon used for research and diagnostics [3].
From the mid-1950s on, several research groups began recording electrical activity from
the ciliary muscle [4-11]. This circular muscle surrounding the crystalline lens plays a
key role in controlling accommodation [12], the process by which the eye focuses images
on the retina. Despite these findings, interest in the ciliary muscle biopotentials waned,
leaving a limited understanding. In other areas, biopotentials are now used not only for
research and diagnosis, but also to control prostheses. This is achieved by recording the
electrical activity of muscles using electromyography (EMG) [13-15] or neuronal signals
for brain—computer interfaces using EEG or electrocorticography (ECoG) [16] in order to
restore lost physical abilities. In recent years, interest in the ciliary muscle was revived
by evidence of its involvement in the most common forms of ametropia, myopia, and
presbyopia. Studies revealed differences in ciliary muscle morphology between myopes
and emmetropes [17,18] and researchers demonstrated that ciliary muscle function remains
intact in older adults despite the presence of presbyopia [19-22]. It could be said that
age-related farsightedness is the most common form of a lost physical ability, affecting
everyone beyond a certain age [23]. In order to develop a prosthesis for the future treatment
of age-related farsightedness that is capable of restoring the accommodative feedback loop
which is disrupted by the stiffening of the crystalline lens [12], it was necessary to develop
an implantable intraocular electrode. Another approach would be to realize the visual
aid in the form of a smart contact lens, but current concepts struggle to ensure sufficient
energy density to power themselves due to space limitations [24,25]. Instead of implanting
a battery as is currently performed, the power supply could be realized similar to retina [26]
or cochlear implants [27,28]. While a contact lens-based approach would provide a non-
invasive method of recording the ciliary muscle biosignals [5-7,9,11], it remains susceptible
to recording artifacts caused by factors such as blinking and varies in signal amplitude due
to imperfect positioning of the electrode in relation to the ciliary muscle. Needle electrodes,
as used in early studies [7,9], on the other hand are invasive, damaging the ciliary muscle.
In addition, they record spike trains of muscle activity rather than the summed potentials
measured with the contact lens electrode. To overcome these merits, an intraocular bipolar
ring electrode was developed that is designed to be placed in the ciliary sulcus, behind the
iris, in front of the ciliary body. The design of the ring electrode was inspired by capsular
tension rings that are routinely used to stabilize the capsular bag in the case of weakened or
damaged zonula fibers [29] and in special cases, are also implanted in the ciliary sulcus [30].
This allows a minimally invasive implantation, a relatively large contact surface to the
surrounding tissue, and eliminates the influence of artifacts such as blinking.

2. Materials and Methods
2.1. Electrode Design

Given the similarities in accommodative apparatus, eye anatomy, and functionality
between cynomolgus monkeys and humans [31,32], cynomolgus monkeys were selected as
the preclinical model. The sulcus diameter in these non-human primates was determined
theoretically and compared with measurements from explants. In this calculation, the
equation provided by Mehdi et al. [33] for estimating the suicus diameter in the human
eye was used with values for the horizontal corneal diameter [34] and the corneal curva-
ture [35], specific to cynomolgus monkeys, resulting in an outer diameter of 10 mm for
the ring electrode. The bipolar electrode, made of polyethylenterephthalat (PET; Tekra,
LLC; New Berlin; WI; USA), consists of two concentric rings connected by 1 mm-spaced
spokes, allowing it to measure potential differences generated by the ciliary muscle during
accommodation. The developed ring electrode leverages the concepts of the commercially
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available capsular tension rings (CTRs) and is implanted in the sulcus ciliaris behind the iris
and in front of the ciliary body to keep the distance to the presumed target tissue as small
as possible (Figure 1a). The geometry (Figure 1b) is a compromise between positioning, in
terms of centering, contacting as well as implantability. In terms of biological safety (ISO
10993), only declared biocompatible materials were used, researched in the literature, and
assured to withstand the selected overpressure ethylene oxide sterilization process.

Figure 1. Ring-shaped bipolar electrode (a) Schematic drawing of a cross-section of the eye, where
the ring electrode is inserted by an incision at the limbus and placed, by rotating (white arrow) it
into the ciliary sulcus. (b) Rendering of the electrode. The inner and outer faces of the electrode are
mainly connected by spokes. The magnification (red) highlights the geometry of the conducting area,
where the gold wires are manually attached, before coating,.

2.2. Manufacturing—Laser Cutting

The layout was cut from a 200 pm thick PET film using a Carbide-Model laser (CB3-
40-0200-10-HB; Light Conversion Company; Vilnius; Lithuania) with an initial emission
wavelength of 1064 nm and a capability of second harmonic generation. The laser source
was integrated into a 5-axis machine (LP400U; GF Machining Solutions; Geneva; Switzer-
land), as shown in Figure 2a. The intensity profile at the laser output was near-Gaussian
(M2 < 1.2) and the beam spot size (2 wy) was at 12 pm. The laser provided a femtosecond
pulse with a duration of 260 fs, at a wavelength of 515 nm and an average laser power of
5 W (cf. Figure 2b), assuring minimal thermal damage. The laser was guided six times
along the designed contour on the film with a nominal constant focus distance of 100 mm.
Subsequently, the blanks were examined using optical (VHX-700F; Keyence; Osaka; Japan)
and scanning electron microscopy (XL30 ESEM; Phillips; Eindhoven; The Netherlands).

2.2.1. Manufacturing—Electrode Surface Wiring Integration

Two 140 pm diameter perfluoroalkoxy (PFA)-coated gold wires (A-M Systems, Inc.;
Carlsborg; WA; USA) were cut to a length of 45 mm and the ends (5 mm) were stripped.
Using a digital microscope (VHX-700F; Keyence; Osaka; Japan), the ends were threaded
through the holes used as strain reliefs until the insulated part of the wires reached the
respective wedge-shaped cutouts. The stripped wire ends were manually wrapped three
times around the wedge-shaped recesses to increase the bonding area with electrically
conductive adhesive (EPO-TEK MED H20S; Epoxy Technology Inc; Billerica; MA; USA).
The adhesive was selectively applied with a hand-held dispenser (THE-200; TAEHA
Corporation, Namyangju-Si, Republic of Korea) at a pressure of 300 kPa for 0.3 s and
manually distributed. Curing was performed in a climatic chamber (MKF115 E1.3; Binder
GmbH; Tuttlingen; Germany) at 80 °C for at least 10 h to ensure that the adhesive was
fully cross-linked. The ring electrode blank was then cleaned with a 40% IPA solution in an
ultrasonic tank at 35 °C for 3 min. To avoid a continuous coating and thus, short-circuiting
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Laser Cutting

Coating

Functionalize

Preparation

of the two electrode surfaces of the electrode, the biocompatible and masking material
gelling sugar (2 plus 1; Suedzucker AG; Mannheim; Germany) was applied manually to the
curves of the tips (cf. Figure 2f) and lifted off with an ultrasonic cleaner (RK 100H; Bandelin;
Berlin; Germany) at 35 °C for 3 min after the coating process. Due to the upside-down
position of the sample holder in the evaporation and sputtering unit (AUTO 306; HHV Ltd.;
Crawley; UK), in which the conductive layers were to be applied, the 3D printed masking
fixture was additionally equipped with two channels (Figure 2c). The wired blank was
carefully placed on the upper part of the mask, which was then plugged together with the
lower part and secured with gelling sugar injected into the channels (Figure 2¢, red arrows).
The entire mount was placed in a climate chamber at 60 °C and 5% humidity for 30 min to
further reduce the moisture content of the gelling sugar.

(b) Parameters Values
Average laser power 5[W]
Laser pulse duration 260 [fs]
Laser frequency 200 [kHz]
Laser beam diameter 12 [um]
Laser scanning speed 1500 [mm/s]
Laser wavelength 515 [nm]
Laser beam distribution Gaussian
(e) Sequences Values

Ti- Sputtering
- Working pressure 3.0 % 10 [mbar]

- Plasma power 100 [W]

- Layer thickness 10 [nm]

- Deposition rate 0.5 [Ass]
Au - Evaporation

- Working pressure 1.2 x 10 [mbar]

- Boat current 140 [A]

- Layer thickness 120 [am]

- DeEositicm rate 4.7 [Ass

Lift-off

Figure 2. Manufacturing process of the ring electrode. (a) The 5-axis laser cutting machine with the
magnified experimental setup within the machine, and the utilized laser parameters (b). (¢) The
“sandwich-like” masking, with the ring blank between. The cross-section shows the two channels (red
arrows) where the gelling sugar is applied. (d) Setup in the physical vapor deposition (PVD) machine
with the skewed (20°) sample holder and rotation unit above the shutter, which covers the gold boat.
The silver round deepening at the lower left-hand side is the Ti-target. (e) The coating parameters
of the ring electrodes for Ti as a bonding agent and Au as the electrode surface. (f) The schematic
functionalization process, where first (1) the electrically conductive glue (green) is applied on the
winded gold wires and cured at 80 °C for at least 10 h. Secondly (2), gelling sugar shown in orange,
as a temporary masking agent, is applied on both tips of the ring electrode. Before evaporating
120 nm electrode material (Au), 10 nm Ti is sputtered as an adhesion promotor. The masking agent is
dissolved within an ultrasonic cleaner for 3 min at 35 °C.
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2.2.2. Manufacturing—Electrode Surface Coating

The blank was coated in an evaporation and sputtering system (AUTO 306; HHV
Ltd.; Crawley; UK) with titanium (Ti) as an adhesion promoter, followed by gold (Au)
as a conductive surface. Before deposition, a prepared sample plate and the connected
rotation unit first had to be tilted 20° from the vertical position (cf. Figure 2d), to avoid
shadowing effects. The gold wires were guided backward through a 3 mm drilling hole
at the sample plate and covered with polyimide tape (3M; Saint Paul; MN; USA). Before
sputtering, Ar-plasma cleaning for seven minutes was carried out with a glow discharge
(3kV; 50 mA; 8 x 1072 mbar). The deposition parameters are shown in Figure 2e. During
the entire process, the sample holder rotated to improve the homogeneity of the coating.

2.3. Testing—Estimated Post-Implantation Stability Through Accelerated Aging

Electrodes are exposed to a harsh environment due to body temperature, increased
humidity, and the physiologically expected sodium concentration [36,37]. Therefore, the
long-term stability of the ring electrodes (n = 4) was tested in a biosimilar environment
using an accelerated aging test based on the ISO 10993-13 [38] standard and the protocol
for accelerated aging [39]. The norm recommends choosing a test solution as similar as
possible to the in vivo environment. As in previous studies [36,40,41], phosphate-buffered
saline (PBS; 0.14 M NaCl, 2.7 mM KCl, 10 mM phosphate) with a pH-value of 7.4 was used
(ROTI®Fair PBS 7.4; Carl Roth GmbH + Co.KG; Karlsruhe; Germany). The selected PBS
solution matches the pH value of the aqueous humor (6.5-7.5 pH) in the anterior part of the
eye [42]. The accelerated aging temperature is based on the maximum temperature (Tmax)
of 60 °C recommended for testing polymers, at which it is guaranteed that the degeneration
is primarily chemically driven according to the Arrhenius principle [39]. As specified in the
standard 15O 10993-13, polypropylene tubes (50 mL. tubes Cellstar® 30/115 mm; Greiner
Bio-One GmbH; Frickenhausen; Germany) with a volume ratio of at least 1 g sample to
10 mL test solution were selected. The minimum duration to be tested in days (Reest) was
determined by using the following equation:

(Tmax _TTmp )/ 10°C

RTrnp = Ryest - Q][] (1)

The ambient temperature of the implant in vivo (Tyy,p) was determined to be 31.7 °C
as a conservative estimate based on the temperature of the anterior chamber of the human
eye of 29.9 + 1.8 °C published in the literature [43]. The temperature coefficient (Qy)
relative to 10 °C is based on empirical observations and is defined as Qg = 2 for polymers
used for medical applications [39]. The implantation period (Rjmp) in the preclinical model
was set at one year, resulting in a test period of 52 days. The samples were kept isolated
on the heating plate over time and only taken for mass determination, microscopy, and
electrochemical impedance spectroscopy according to the measurement protocol. Prior
to mass determination on an analytical balance (Kern ADB 200-4; Kern & Sohn GmbH;
Balingen; Germany), the samples were blown dry with a nitrogen jet and then further dried
in the climate chamber for 30 min at 40 °C and 5% humidity. Immediately after the mass
determination, electrodes were examined under a stereomicroscope (Stemi 508; Carl Zeiss
Microscopy GmbH; Jena; Germany) and electrochemical impedance spectroscopy was
performed. After measuring, the test container was rinsed first with isopropanol and then
with deionized water before 15 mL of new PBS was filled in, and the sample was reinserted.

2.3.1. Testing—Assessing Long-Term Electrical Stability via Electrochemical
Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed to analyze the qual-
ity performance shift of the electrodes during the aging process. A two-electrode
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setup, electrically shielded in a Faraday cage, with a platinum wire (¢ 0.5 mm) as a
counter electrode (CE = 50.42 mm?) and the ring-shaped electrode as a working electrode
(WEinner = 3.519 mm2, WEqyer = 4.351 mm?2) was placed in a 50 mL sample container filled
with PBS (0.14 M NaCl, 2.7 mM KCl, 10 mM phosphate). A modified lid for the container
ensured a distance of 35 mm between the counter electrode and the respective working
electrode surfaces. Before measurement, the container was rinsed with isopropanol and
distilled water. EIS was completed using a Solartron MaterialsLab XM (AMETEK Scientific
Instruments; Berwyn; PA; USA) together with the XM-studios MTS Software (version 3.2).
A sinusoidal voltage of 10 mV in a frequency range between 1 and 100 kHz, as recom-
mended by Boehler et al. [37], was utilized as a stimulus with an offset voltage of 10 mV.
Both electrode surfaces of the ring electrode were measured separately and analyzed using
Nl"‘® (Version 16.0.0.; SAS Institute Inc.; Cary; NC; USA; 1989-2023).

2.3.2. Testing—In Vivo Experiment

The bipolar ring electrode was implanted in the ciliary sulcus of the right eyes of two
7-year-old male cynomolgus monkeys to serve as an animal model for the study of human
accommodation. The in vivo testing was performed at Labcorp Early Development Services
GmbH (Miinster, Germany) in accordance with Directive 86/609/EEC on animal experi-
mentation. The study protocol was approved by the Landesamt fiir Natur, Umwelt und
Verbraucherschutz (LANUV) of North Rhine-Westphalia, Germany (registration number
81-02.04.2023.A032).

The electrodes were double-packed in self-sealing sterilization pouches and sterilized
by overpressure ethylene oxide sterilization. Each electrode was implanted in the right eye,
by rotating it into the ciliary sulcus, behind the iris, through a 3 mm corneal tunnel incision
less than 1 mm posterior to the limbus at the superior temporal quadrant.

Monkey 1 was euthanatized at 101 days. The eye was enucleated and preserved
in a solution of 2% buffered formaldehyde and 2.5% glutaraldehyde to prevent tissue
shrinkage [44]. On the day of pathology, the eye was bisected from the superior hemisphere
anteriorly to posteriorly toward the optic nerve and examined under the microscope (VHX
5000, Keyence, Osaka, Japan). For histological analysis, the sample was embedded in
paraffin, cut (5 pm thickness) every 450 um, stained utilizing a hematoxylin/eosin solution,
and examined under the microscope to assess tissue responses.

The biopotentials shown here were measured on the animal’s cage (monkey 2) and
analyzed in JMP. A treat was presented to the animal and given after the corresponding
change in focus. The top-level system architecture of the recording and transmission system
and the associated specifications are explained separately [45]. In brief: the implant consists
of a CR1025 lithium button cell battery (3V; 30 mAh), a flexible circuit board (2-layer) with
an analog front end and a central control unit with a Bluetooth antenna, as well as the
described bipolar ring electrode. Apart from the electrode, all components are coated with
Parylene C (2 x 10 pum) using chemical vapor deposition (CVD) and partly covered in epoxy
and silicone to increase mechanical stability while maintaining flexibility. Measurements
are recorded with a sampling rate of 250 Hz, by a total signal-to-noise-and-distortion ratio
(SNDR) of 56.7 dB, and an effective resolution of 3.64 pV. Details and additional data from
these in vivo tests will be addressed in a subsequent publication.

3. Results and Discussion

The design of the intraocular electrode for recording electrical potentials of the ciliary
muscle during accommodation was inspired by capsular tension rings used to stabilize the
capsular bag in cases of zonular weakness during cataract surgery [29,46]. Commercially
available capsular tension rings have a width of about 0.2 mm and are usually prestressed
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and unfold to their full-size during implantation. Although typically implanted in the
capsular bag, they can also be positioned in the ciliary sulcus [30]. In this location, implants,
such as those designed to measure intraocular pressure [47] or to treat glaucoma [48], have
also been reported. We utilized the centric lateral forces of the capsular tension ring [29] to
minimize the distance and to achieve optimal contact with surrounding tissue of the ciliary
muscle. The shape of the ring electrode represents a balance between important factors
such as centering, tissue contact, and ease of implantation. This concentric ring design
of the electrode, connected by 1 mm spokes, allows for increased electrode surface area
and curvature, which improves signal-to-noise ratio (SNR) by reducing impedance [49,50].
The electrode’s central placement within the ciliary sulcus minimizes the distance to the
signal source and maximizes tissue contact, which is essential for capturing high-amplitude
responses [51]. In addition, the design allows for temporary torsion during implantation,
which facilitates surgical handling and ensures that the electrode, once in place, maintains
optimal contact with the surrounding tissue. Unlike typical intraocular devices such as
CTRs and intraocular lenses [29,46,52], which are often made of polymethylmethacrylate
(PMMA) for its transparency and durability, polyethylenterephthalat (PET) was selected
as the substrate for the electrode due to its superior chemical resistance to isopropanol
used in manufacturing processes. PET, commercially available as Dacron® is established as
biocompatible and has a long history of safe use in ocular implants for iridocapsular and
iris-fixation lenses in humans [53].

3.1. Electrode Fabrication

The masking approach used in the coating process enables selective coating of the
entire circumferential surface of round objects, providing a simpler and more cost-effective
alternative to conventional planar methods. The process eliminates the need for photoresists
and solvents, relying only on the mild isopropanol for a brief rinse, which helps preserve the
chemical and mechanical properties of PET. The scanning electron microscope (SEM) images
show a melt transition zone that could be minimized with optimized laser parameters;
for example, the use of a telecentric f-theta lens could further reduce edge angle errors.
The design flexibility, miniaturization potential, and production adaptability offered by
laser cutting make it a promising fabrication technique for capsular tension rings or ring-
shaped eye electrodes. Future adjustments to the spoke design, such as rounded edges,
are expected to better distribute torsional forces within the electrode during implantation.
Figure 3a shows the dimensional accuracy of the laser-cut blank at the microscopic level.
The edges on the spokes, wedge-shaped recesses, and drill holes were precisely shaped
according to the CAD model. Scanning electron microscope images (Figure 3b,c) confirm
this accuracy, showing a melting zone of less than 3 pm. Figure 3d shows the manual
electrode contacting, validating the production method described in the methodology.

3.1.1. Long-Term Stability During Accelerated Aging

Considering the reproducibility of the scale (0.0002 g), the weight of the tested elec-
trodes along the testing time was constant. Except electrode #4, which steadily decreased
in weight, leading to a breakage during preparation for weighting on the seventh measure-
ment sequence (cf. Appendix A). Visual inspection of the electrode surfaces showed no
delamination nor other abnormalities.

The results suggest that three of the four electrodes would likely maintain mechanical
stability over a simulated implantation period of 391 days. The weight of three electrodes
remained constant, supporting their stability, with initial weight variability attributed to
the manual application of conductive adhesive. The weight loss observed in the fourth
electrode appears to be due to a fracture in one of its spokes, which may have been
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weakened during aging to the point of fracture. Alternatively, structural damage may
have occurred during blow drying or handling. Some limitations of the test setup should
be noted: Equation (1) is an approximation based on empirical data, considering only
the temperature coefficient (Q;y) and omitting the material-specific activation energy of
aging-related reactions [54]. In addition, the use of PBS generalizes body conditions and
the setup does not account for micromovements and oxidative stress that occur in vivo [40].
Nevertheless, the test complies with the standards of ISO 10993-13 [38] and demonstrates
an implantation duration of at least one year, which is confirmed by in vivo results over a

period of 101 days in monkey 1.

()

Figure 3, Microscope images. (a) The laser cut ring blank before connecting. (b,c) An edge ata
spoke at different magnifications shows that there is a laser-induced melting zone of less than 3 pm.
(Images (b—d) were taken with a SEM.) The light blue square shows the magnified area. (d) The
wedge-shaped cut-out serves to temporarily fix the stripped gold wire (d-a) before it is bonded
with an electrically conductive adhesive (d-b). The drill holes (d-c) serve as strain reliefs. (e) On
the left-hand side, an overview of the left half of the enucleated eye (monkey 1) can be seen. The
image on the right-hand side displays the magnification of the red box on the left-hand side and
illustrates half of the electrode placed at the ciliary sulcus, anterior to the corona ciliaris, and posterior
to the pupil. The yellow-greenish semi-circle is the lens, that slipped during cutting the eye. (f) An
example of the outer, electrically conductive surface of the electrode #2 after the accelerated aging test.
(g) Histological analysis of the ciliary sulcus (black dotted circle) in which the electrode was placed
(cf. e). Above the circle is the posterior part of the iris and below, a base of the zonular fibers (ciliary
process). The analysis, in the black dotted circle, shows a localized loss of ciliary body epithelium that
may have occurred during surgery, although the ciliary body appears to be intact and unaffected.

Electrical impedance spectroscopy was conducted in a two-electrode setup to measure
the total impedance of the test configuration, including the counter electrode, working
electrode, and electrolyte. Using a static measurement arrangement, it is possible to infer
time-dependent changes in the working electrode. As expected, the PBS medium produced
characteristic curves, typical of a parallel capacitor-resistor circuit. At lower frequencies, the
electrode/electrolyte interface capacitance dominated, showing the anticipated inverse re-
lationship with frequency and decreasing in influence as frequency increased. Accordingly,
impedance decreased, and phase shifted upward.
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A comparison of the narrow confidence interval of the impedance with measurements
from the first to the 55th day (day: 1; 15; 22; 48; 55) shows that the impedance differs only
slightly during accelerated aging (Figure 4). In addition, comparing the 1 kHz impedance
| Z1kyz |, which can be taken as a benchmark parameter for electrode characterization [55]
throughout simulated aging, the respective | Zyyy, | measurements on day 15 and day
55 are within the 95% confidence interval (cf. Figure 4—vertical line at 1 kHz) indicating
a constant performance. The |7y, | for the inner electrode surface is 483 + 197 ()
(mean = std.) and for the outer conductive surface, | Zyyy, | =515 + 227 ). Comparing
the plots of the inner and outer electrode surface impedance and their phase shifts, a
minimal difference is visible. The negative mean phase shift, which is the sum of the
individual components in a parallel circuit, illustrates a predominant capacity behavior up
to approximately 80 Hz for both surfaces which increases to —5.99° 4+ 1.9° (mean =+ std.)
for the inner electrode surface and to —5.98° & 2.85° for the outer at 100 kHz, showing a
diminishing capacity influence for high frequencies.

Electrode surface
inner outer
= = Mean| Z | (Ohm])
— | Z| (Ohm} on day 15
|Z| (@hm) cn day 55
95% Confidence Interval

1% 10%

= Mean:Phase (Deg))
— Phase (Deg) on day 15
— Phase (Deg) on day 55

x
2

= [Z] (Ohm)

% 10

1 ! T

Frequency (Hz)

Figure 4, The electrochemical impedance spectroscopy. Bode plot of the inner (left) and the outer
(right) electrode surface is shown up to day 55 equal to 391 days in vivo. Solid lines represent
the mean, whereas the 95% confidence interval (cyan-colored area) is shaded. The dashed lines
logarithmically represent the magnitude of impedance over the logarithmical scaled frequency range,
whereas the long-dashed lines illustrate the phase shift over the frequency range.

As described by Oldroyd et al. [40], who also investigated the stability of electrodes
during an accelerated aging period, we declared an electrode as functional as long as the
| Zyy, | remained below 1 MQ). Measurements with | Z ooy, | above 250 () were excluded
as they indicate incorrect spacing of the electrodes and excessive contact resistance, which
is why a direct comparison between day 1 and day 55 is not performed. On day 1, the
electrodes were not yet in the PBS before the EIS measurement, but they were stored
accordingly for the rest of the aging period. Although the electrodes were dried before
the respective EIS measurement, deposits were still to be expected, which hypothetically
influence the impedance as well as the phase. To mimic in vivo conditions, no further
cleaning was performed before each impedance measurement. This may explain why
the mean impedance at frequencies below 100 Hz on day 55 falls slightly outside the
confidence interval.

For a discrete electrode characterization, a 3-electrode EIS setup would be required.
Our objective of observing electrode stability over an accelerated aging period was suc-
cessfully achieved. After simulating a one-year in vivo period (391 days), the electrodes
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maintained reliable functionality for detecting bioelectric potentials, with a mean | Z gy, |
of 583 () for the inner and 629 () for the outer electrode surface on day 55. The consistency
of the 1 Zjy4q, | values within the 95% confidence interval for days 15 and 55 highlights the
stability of the electrode.

3.1.2. Histology and In Vivo Recording

The bisected ring electrode can be seen in the anterior part of the sectioned eye of
monkey 1 (Figure 3e). The electrode is intact after approximately three months (101 days) of
implantation and is separated only at the site of the pathologic incision. There is no discol-
oration or opacification of the material nor any encapsulation. The inner electrode surface
also shows no delamination, confirming the previously simulated results of accelerated
aging (Figure 3f).

Histologic analysis of the eye of monkey 1, stained and examined microscopically
(Figure 3g), revealed localized loss of ciliary body epithelium adjacent to the implanted
ring electrode. This epithelial disruption is likely due to the mechanical action involved in
positioning the electrode within the ciliary sulcus during implantation. While such minor
epithelial changes are common with similar intraocular procedures and are generally not
expected to interfere with device functionality, the literature notes that floating pigment
particles resulting from chafing of an intraocular lens (IOL) in the ciliary sulcus have
been associated with pigment dispersion syndrome, uveitis-glaucoma-hyphema (UGH)
syndrome, iridocyclitis, and elevated intraocular pressure [56]. However, in this case, no
significant adverse effects were observed, and the remaining ciliary structures and adjacent
tissues appeared intact and unaffected, suggesting a low likelihood of complications from
the epithelial disruption seen here.

The short-term measurement in monkey 2 (Figure 5) demonstrates the functionality
and the detected raw biopotential during change in focus. Approximately three seconds
into the trial, a treat was presented at a distance of 1 m and approached by about 40 cm.
This increased the measured biopotential by more than 0.2 mV. The treat was held at this
distance (approx. 60 cm; time: 5-8 s) to allow the animal time to focus on it. The treat was
then brought closer to about 15 cm and held at this distance for an additional 3 s. During
this time, the detected voltage increased from —0.26 to 0.48 mV and formed a plateau (time:
11.5-14 s). At the 14 s mark, the animal shifted its gaze into the distance (>2 m), causing a
voltage drop (—0.47 mV; time: 20 s). The animal refocused on the treat, which had been
moved back to 1 m, resulting the voltage to increase to —0.13 mV (time: 22 s). After the
short-term measurement, the treat was given to ensure positive reinforcement.

The short-term measurement is in agreement with the previous literature that mea-
sured accommodation-dependent biopotentials with a contact lens electrode [6-9,11] and
plunge needle electrode [7,9]. They also describe the formation of a plateau during accom-
modation. The detected voltage change (=0.7 mV) of the intraocular electrode is higher
than the signals recorded with contact lens electrodes (up to 0.3 mV, c.f. Schubert et al. [6])
and, interestingly, higher compared with the needle electrode (up to 0.15 mV, cf. Hagiwara
and Ishikawa, [9]). Due to the proximity to the origin, we expected higher amplitudes com-
pared to the contact lens electrodes but not necessarily compared to the needle electrodes.
A possible explanation is that the insertion of the needle electrode does not ensure correct
positioning on the ciliary muscle if this is not additionally monitored. We are aware that
the short-term measurement at this point represents only a moment in time and does not
allow any comprehensive statements to be made about long-term functionality. In order
to obtain detailed and reliable results, further investigations under controlled conditions
are therefore in progress. Nevertheless, the data collected show that the characteristic,
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accommodation-dependent signal could be detected in vivo and the basic functionality of
the developed electrode was successfully demonstrated.
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Figure 5. In vivo measurement. The raw measured biopotentials of the intraocular implant over a

period of 25 s, with the approximate distance of the focus color-coded. The focus on the treat, which

gradually moved towards the monkey, resulted in an increasing biopotential. A constant distance

of about 15 cm (time: 11.5-14 s) caused a plateau-like shape while looking into the distance led to a
voltage drop.

4. Conclusions

In addition to the existing needle and contact lens electrodes, we have developed a
new type of electrode that can be utilized to measure the biopotentials of the ciliary muscle.
All steps from the design to the manufacturing of the electrodes along with the long-term
tests in a body-like environment and the behavior of the electrode in vivo are addressed in
this work. The electrode’s design is inspired by capsular tension, allowing it to be placed
in the ciliary sulcus and combines mechanical flexibility with good electrical conductivity.
Key design features include a concentric ring structure that increases surface area and
curvature, thereby improving the signal-to-noise ratio, and a central placement within the
ciliary sulcus for optimal tissue contact. Accelerated aging tests indicate that the electrode
retains its functionality for a simulated implantation period exceeding one year. In vivo
testing in a cynomolgus monkey model demonstrated the electrode’s capability to record
biopotentials during accommodation, with recorded amplitudes exceeding those from
prior contact lens and needle electrode designs. This work marks a promising advance
toward an implantable device that could enable biofeedback control of an artificial lens,
offering potential restoration of accommodation in presbyopia.

5. Patents

Sven Schumayer, Torsten Strasser, and Volker Bucher have patent #10 2024 116 619.3
pending to, Eberhard Karls Universitit Tiibingen Medizinische Fakultét. If there are other
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relationships that could have appeared to influence the work reported in this paper.
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Abbreviations

The following abbreviations are used in this manuscript:

ECG electrocardiogram

VEP visually evoked potentials
ERG electroretinogram

EOG electrooculogram

EMG electromyography
ECoG electrocorticography
PET polyethylenterephthalat

CTR capsular tension ring
PFA perfluoroalkoxy alkanes
IPA isopropyl alcohol

Ti titanium

Au gold

Ar argon

PVD physical vapor deposition

PBS phosphate-buffered saline

EIS electrochemical impedance spectroscopy
CvVD chemical vapor deposition

SNDR  signal-to-noise-and-distortion ratio

SNR signal-to-noise ratio

PMMA  polymethylmethacrylate
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SEM scanning electron microscope
CAD  computer-aided design

I0L Intraocular lens

UGH  uveitis-glaucoma-hyphema

Appendix A
Day
Electrode 1 Z 15 22 29 39 48 55
#1 001505 00149g 00149 g 0.81834 001355 00134g 00134g 00134g

#  00l46g 001465 00146g 00144 00145g 00144g 0014dg 00144g
#3  00169g 001695 00169g 00168g 00168g 00169g 00168g 00168 g
#  00151g 00149g 0.0148g 00146g 00145g 00145g - -

The change in weight in grams during the accelerated aging of each electrode, illustrated in tabular form. (*)
A small piece of the cable was torn off when electrode #1 was improperly removed from the EIS measurement
setup (day 22). Electrode #4 broke on a spoke on day 48 of accelerated aging testing and was not further
considered for analysis.
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2.4 Unpublished Results

This chapter presents findings that have not yet been published, including preliminary

results. It contains approaches that are of interest for future research on this topic.

2.4.1 Tunable Spectacles in Presbyopes

Schumayer, S., Sigdel, B., Nikolaidou, A., Wolfram, L., Wagner, S., Zrenner, E., Bucher,
V., & StraBBer, T. (2025). Preserved ciliary muscle biopotentials enable artificial lens con-
trol and near vision recovery in long-term presbyopia (Abstract P2-15). In Abstracts of
the 62nd annual symposium of the International Society for Clinical Electrophysiology
of Vision (ISCEV 2025), Utrecht, the Netherlands. Documenta Ophthalmologica,
150(Suppl 1), 5-51. doi:10.1007/s10633-025-10031-4

The abstract “Design and In Vivo Evaluation of an Intraocular Electrode for Ciliary Mus-
cle Biopotential Measurement in a Non-Human Primate Model of Human Accommoda-
tion (P2-15) was presented as a poster at the annual International Society for Clinical
Electro-physiology of Vision (ISCEV) Congress 2025 and is published in Documenta
Ophthalmologica (Schumayer, Sigdel, Nikolaidou, et al., 2025). It is based on the prelim-
inary results of a study investigating the applicability of electrical biopotentials of the
ciliary muscle in presbyopes to adjust a spectacle-mounted tunable lens to the partici-
pants’ required refraction. Figure 4 is intended to enhance comprehension. The study fol-
lows the tenets of the Declaration of Helsinki and was approved by the Ethics Committee

of the Medical Faculty of the University of Tuebingen (394/2024BO1).
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Doc Ophthalmol (2025) 150 (Suppl 1):85-S51

amplitude assessment in patients with cataract, it has demon-
strated for the first time numerically the impact of cataract,
depending on its’ grade, can have on PERG P50 amplitude.

P2-14

Beyond acuity: psychophysical and photopic ERG
changes after Anti-VEGF in patients with diabetic
macular edema

Amithavikram R Hathibelagal, Suchana SS Shirodker,
Brijesh Takkar

L V Prasad Eye Institute, Hyderabad, India

Purpose Visual acuity is often an insensitive marker for
detecting functional changes following treatment in Diabetic
Macular Edema (DME). This study aimed to evaluate more
sensitive psychophysical and objective markers, including
photopic ERG, to assess visual function in patients with DME.
Methods Patients with clinically diagnosed DME were
recruited. Baseline assessments included visual acuity, color
vision (using Color Assessment and Diagnosis test), cone
flicker sensitivity (central and 5o eccentricity, and photopic
flash and flicker ERG (RETeval, LKC; skin electrodes).
Structural parameters were measured using Fundus photogra-
phy, Optical coherence tomography and Optical coherence
tomography angiography. Follow-up testing was conducted
4-6 weeks later. ERG data were available for seven patients
across both time points.

Results A total of 9 patients (5 males; mean age
56.7 &+ 9.0 years) participated in this study. Post-treatment,
visual acuity improved in 22.2% (2/9) of patients. A > 30%
improvement in red-green color vision thresholds was observed
in 55.5% (5/9), while yellow-blue thresholds improved only in
22.2% (2/9) of the individuals. Psychophysical photopic flicker
thresholds improved in 55.5% (5/9) of the individuals.
Photopic a-wave and flicker amplitudes improved by > 20%
from baseline in 71% (5/7) of cases. Although mean photopic
flicker amplitudes increased at follow-up (15.04 & 9.61 pV)
compared to baseline (10.34 + 5.04 pV), the change was not
statistically significant (p = 0.14). In contrast, photopic flash
a-wave amplitudes showed a significant improvement (base-
line: 2.19 £ 1.65 pV; follow-up: 4.77 £ 2.13 pV; p = 0.024),
whereas b-wave amplitudes did not (14.74 = 8.59 pV vs.
11.36 + 6.43 puV; p =0.38). No significant correlation was
observed between change in structural and functional
parameters.

Conclusion Psychophysical measures and photopic ERG
capture subtle visual function improvements that are not
reflected in standard acuity assessments. These tools may serve
as valuable adjuncts in monitoring functional outcomes
following anti-VEGF treatment in DME.

@ Springer
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Preserved ciliary muscle biopotentials enable artificial
lens control and near vision recovery in long-term
presbyopia

Sven Schumayer'?, Bishesh Sigdel?, Anna Nikolaidou?,
Lasse Wolfram™?, Sandra Wagner"s, Eberhart Zrenner
2, Volker Bucher’, Torsten StraBer’

'Institute for Microsystems Technology (iMST),
Furtwangen University, Furtwangen, Germany. “Institute
for Ophthalmic Research, University of Tuebingen,
Tuebingen, Germany. >University Eye Hospital Tuebingen,
Tuebingen, Germany. “Herbert Wertheim School of
Optometry & Vision Science, University of California,
Berkeley, CA, USA. sRoyal Institute of Technology /
KTH—AlbaNova, Stockholm, Sweden

Purpose Presbyopia, an age-related impairment of near vision
that affects more than 1.8 billion people (Frick et al. Ophthal-
mology 2015;122:1706-1710), is a major public health issue
and a constriction of many daily life activities. Lens stiffening
impairs near vision and thereby disrupts the accommodative
feedback loop (Toates, Physiol Rev 1972;52:828-863). Con-
ventional correction restores near vision but not dynamic
accommodation. Evidence is at hand that even in long-term
presbyopia, the ciliary muscle remains functional. We aim to
utilize its neuro-muscular electrical potentials to control an
artificial lens and restore the feedback loop of accommodation.
Here we present preliminary results from two presbyopic
participants demonstrating the ciliary muscle’s remaining
functionality in long-term presbyopia, showing that its biopo-
tentials can be used to control an artificial lens, restoring
dynamic accommodation and improving near visual acuity to
levels comparable to those of young adults.

Methods Accommodative stimuli (four Sloan letters) were
randomly presented to two presbyopic volunteers (female: 76,
male: 79 years; BCVA > 20/25) at either 500 cm or 33 cm
using an optical setup developed by Wagner et al. Exp Eye Res
2019;186:107,741). Letter size was adjusted to determine the
near and distance visual acuity thresholds using an interleaved
adaptive staircase method (QUEST) in PsychoPy (2022.2.4),
with a confidence interval width of 0.1 logMAR used as a
stopping criterion. Ciliary muscle biopotentials, recorded
noninvasively from the right eye with a scleral lens bipolar
electrode (Schumayer et al. Front Med Technol 2022;4:1-10),
were analyzed using a supervised machine learning method
and decision support algorithm to control a tunable lens (EL-
16-40-TC-VIS-5D, Optotune AG, Dietikon, Switzerland) in
front of the left eye. Each participant completed the test twice:
once with the tunable lens turned off (fixed at 0 D), and once
with it turned on.

Results The scleral lens was well tolerated apart from transient
mild conjunctival hyperemia in both participants, which
resolved quickly. Biopotential waveforms resembled charac-
teristics previously observed in young adults. With the artificial
lens activated both participants achieved a substantial improve-
ment in their near vision: Near visual acuity improved by 0.24
logMAR in the male participant and by 0.41 logMAR in the
female participant. Distance visual acuity remained stable, with
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a difference of — 0.05 logMAR for the male and 0.08 logMAR
for the female participant.

Conclusion Our results provide clear evidence that ciliary
muscle function is preserved despite long-term presbyopia and
that its neuromuscular biopotentials can be used to control an
artificial lens, thereby recovering accommodation for near
vision. Presbyopes can use—even unconsciously—the natural
accommodation reflex to control a feedback loop, in which an
addressable artificial lens restores disrupted function caused by
lens stiffening. While currently limited to a fixed near distance,
further training of the machine learning algorithm will enable
dynamic accommodation at varying distances, paving the way
for a new generation of vision aids improving the quality-of-
life presbyopes.

P2-16

VEP in preoperative assessment of strabismus: insights
from a 20,000-patient cohort

Songmu Huang Yanzi Wang, Meihua Pan

Xiamen Eye Center and Eye Institute of Xiamen University,
Xiamen, China

Purpose To investigate the clinical utility of preoperative VEP
in detecting occult neurogenic pathology and guiding the
identification of the dominant eye in patients with strabismus.
Methods This retrospective study analyzed preoperative VEP
data from 20,000 patients with strabismus (2014-2024).
Method 1: Patients with corrected visual acuity > 20/20 but
severe VEP abnormalities (defined as peak latency delay >
140 ms and amplitude reduction > 50%) underwent neu-
roimaging (MRI/CT). Method 2: Inter eye VEP differences
were evaluated in patients with stereoscopic deficits.

Results Among the 20,000 patients, 5 (0.025%) with normal
corrected visual acuity exhibited severe VEP abnormalities
(peak latency delay and amplitude reduction beyond thresh-
olds). Neuroimaging confirmed compressive optic neuropathy
or intracranial mass lesions in these patients. In paralytic
strabismus, a subset of cases was linked to undiagnosed
intracranial pathology, with VEP abnormalities preceding
clinically detectable symptoms. Additionally, in patients with
stereoscopic impairment, the non-dominant eye showed con-
sistent inter eye VEP differences compared to the dominant
eye: a 3-5% delay in peak latency and a 2-3% reduction in
amplitude. These differences provided objective support for
dominant eye determination.

Conclusion Preoperative VEP is a sensitive tool for identifying
occult neurogenic pathology in patients with strabismus, even
when standard visual acuity metrics remain normal, particu-
larly in patients with paralytic strabismus or acute comitant
esotropia. Quantitative inter eye VEP differences may aid in
objectively assessing the dominant eye.
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Ocular effects of various deep sedation protocols in dogs
undergoing electroretinography before cataract surgery
Lucia Ambrosio', Fabiana Micieli', Dario Basso?,
Cristina Il)i Palma’, Ciro Costagliola’, Barbara
Lamagna

'"University of Naples Federico II, Naples, Italy. Veterinary
Clinic Lucrino, Pozzuoli, Italy

Purpose The aim of this study was to evaluate the efficacy of
two different deep sedation protocols (DEX-BUT-KET and
MID-BUT-KET) and their ophthalmological effects in dogs
undergoing electroretinographic examination before cataract
surgery.

Methods The included animals, belonging to different breeds
and differing in age and weight, underwent an electroretino-
graphic examination after 20 min of dark-adaptation, using the
ERG (RETevet, LKC Technologies, Gaithersburg, MD, USA)
ECVOQ S5-step short protocol. Topical administration of tropi-
camide and phenylephrine was performed to obtain a full
mydriasis before ERG testing. Contact lens electrodes (ERG-
jet) were used as comeal electrodes, while subcutaneous
platinum needle electrodes were used as reference and ground
electrodes. Sedation was induced in all healthy animals by
intravenous administration of 1 pg/kg dexmedetomidine,
0.2 mg/kg butorphanol, and 1 mg/kg ketamine (DEX-BUT-
KET protocol). In patients with coexistent diseases, 0.3 mg/kg
midazolam, 0.2 mg/kg butorphanol, and 1 mg/kg ketamine
were administered (MID-BUT-KET protocol). If deep sedation
was not sufficient for the ERG procedure, propofol was
administered intravenously as emergency sedation.

Results In all 14 examined dogs, both deep sedation protocols
enabled successful ERG recording. In all analyzed ERG
records, signal-to-noise-ratio was greater than 10. Eleven dogs
had DEX-BUT-KET protocol, in absence of coexistent mor-
bidities (i.e., diabetes); three dogs had MID-BUT-KET. Two of
the three dogs underwent MID-BUT-KET had diabetes; thus,
ERG dark-adapted responses were normal, but light adapted
ERG (Photopic 3.0 and Flicker 30 Hz responses) was reduced.
The DEX-BUT-KET protocol caused no significant changes in
heart rate, temperature, pupil size and intraocular pressure, but
resulted in a statistically significant reduction in tear secretion
and respiratory rate between TO (pre-anesthesia) and T1 (post-
anesthesia) compared to baseline values.

Conclusion The combination of dexmedetomidine, butor-
phanol and ketamine (DEX-BUT-KET protocol) can be
considered a good protocol for deep sedation during ERG
before cataract surgery. Further evaluation of the MID-BUT-
KET protocol requires its use in a larger number of animals.

@ Springer
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Figure 4 - Measurement setup and results for presbyopes: (a) Schematic of the experi-
mental setup: (al) Tunable lens (red arrow) mounted in a modified universal trial
frame; (a2) near target (3.0 D) and (a3) far target (5 m) with a sample illustration of a
four-letter word stimulus; (a4) semi-transparent mirror assuring a stable visual axis
during the change of the targets. (b) The custom-made contact lens electrode. (c) Meas-
urement results of the visual acuity (VA): The near (orange) and far (black) VA ac-
cording to the presented letter sizes of the male and the female (lower charts) partici-
pant are shown according to the letter size presented, with the tunable lens turned off
(0 D) and on (right). Red squares indicate incorrect (> 1 letter misread), and blue dots
indicate correct responses. The dashed lines represent the maximum attainable VA for
near and far accommodation.
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2.4.2 Towards a novel closed-loop accommodating contact lens

Another approach towards a biomimetic visual aid is a contact lens electrode combined
with a tunable lens. Since the size of the electronics currently poses a major limitation, a
hybrid design, where the electronics are separated from the scleral lens itself, represents

a first step towards this concept.

For this purpose, a (3.2 x 3.2 mm) pocket was milled into a custom-made polymethyl
methacrylate (PMMA) scleral lens, 20 mm in diameter. Two 140 um gold wires coated
with PFA were used to electrically connect the scleral lens by a electrical conductive
adhesive (EPO-TEK® MED H20S; Epoxy Technology Inc.; Billerica; MA; USA). The
variable lens (TLens® Silver Premium; poLight ASA; Tensberg; Norway) was fixed to
the scleral lens (Figure 5a) using epoxy (MED-OG198-55; Epoxy Technology Inc.;
Billerica; MA; USA). Due to the complex three-dimensional surface of the scleral lens,
pad printing (pad hardness: 3—4 Shore) was used to apply the conductive traces between
the peripheral gold wires and the tunable lens in the center (cf. Figure 5b). Therefore, an
electrically conductive ink (CRSN2419; SunChemical; Parsippany-Troy Hills; NJ; USA),
which was diluted with 40% thinner by weight (HM additive A; SunChemical; Parsip-
pany-Troy Hills; NJ; USA), was utilized. The pad print cliché used for this process was
produced via SLA 3D printing.

@

o

(b)

lens on

Figure 5 - Tunable contact lens: (a) Side view of the scleral lens profile with the pocket
and the inserted tunable lens. (b) The tunable lens and the pad-printed conductor paths.
(c) Conducted via gold wires, the tunable lens can be switched on (left) and off, chang-
ing the refractive power (cf. blue plus sign in 5 cm distance) in correlation to the applied
voltage.
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Connected to the evaluation kit (TLens® Eval Kit Ver3; polight ASA; Tensberg; Nor-
way), the lens can be tuned according to the applied voltage, allowing the refractive power

to be adjusted accordingly (cf. Figure 5c).

Although the integration of individual electronic components remains a limitation for a
fully functional smart contact lens electrode, the feasibility of integrating a tunable lens

into a scleral contact lens has been demonstrated.

2.4.3 Implant

Due to its complexity, the implant was developed in cooperation. The electronics (Kal-
tenstadler et al., 2024) and the software (Sigdel, unpublished data, 2025) are described
elsewhere. As part of this work, the ring electrode, in 2.3 Publication — Ring Electrode
and the partial encapsulation of the implant were developed (see Figure 6a). Furthermore,
accelerated aging to evaluate the implants' encapsulation in simulated conditions, as well

as recording the energy demand at elevated temperature, was investigated.

The implant is powered by a CR1025 battery (Renata SA; Itingen; Swiss). The battery is
spot-welded (UB25; AMADA Weld Tech GmbH; Puchheim; Germany) with two PFA-
coated gold wires (A-M Systems, Inc.; Carlsborg; WA; USA). The exploratively devel-
oped welding program first fixates the respective gold wire to the corresponding pole of
the battery (10 ms, 0.12 V) before it is then firmly welded (38 ms, 1.1 V). Three welding
points are placed on the stripped ends of each wire and, after cleaning with an isopropanol
(IPA)-soaked Q-tip, these are then additionally bonded with silver conductive adhesive
(EPO-TEK MED-H20S; Epoxy Technology Inc; Billerica; MA; USA) to obtain a double
redundancy. While the conductive glue needs heat to be crosslinked, the adhesive was
cured at 65°C for at least five hours in a climate chamber (MKF115 E1.3; Binder GmbH;
Tuttlingen; Germany).

The PCB is cleaned mechanically with a fine brush for at least two minutes using IPA.
This is followed by low-temperature soldering (solder wire: F-SW32, 1.0 mm, L-Sb60Pb)
at 290°C, attaching the battery ends and the reference electrode to the PCB. The solder
joints are then cleaned with a Q-tip soaked in IPA before the battery-PCB construct is
ultrasonically cleaned for two minutes at 35°C in IPA. This is followed by soldering the

ring electrode connections to the PCB, which are afterwards also cleaned with a Q-tip
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soaked in IPA. The smartphone app (nRF Connect for Mobile version 4.29.1; Nordic
Semiconductor; Trondheim; Norway) is then used to verify whether a Bluetooth connec-
tion to the implant can be established before the implant is placed on a holder in the
parylene machine (Labcoater 300; Plasma Parylene Systems GmbH; Rosenheim; Ger-
many) together with a 100 silicon wafer for layer thickness measurement. The ring elec-
trode itself is covered with two silicone pads. According to the coating protocol (Figure
6b), the coating process is preceded by an argon plasma cleaning (300 W, 5 min) at a base
pressure of 2.5 Pa before silane (3-Methacryloxypropyltrimethoxysilane, CAS 2530-85-
0; abcr GmbH; Karlsruhe; German) is added to the coating chamber as an adhesion pro-
moter. Polymerization starts at a set pressure of 3.5 Pa and ends self-limiting when the
pressure difference to the set pressure is 1.5 Pa. For repositioning and layer thickness
measurement using a spectrometer (NanoCalc-XR; Ocean Optics Deutschland GmbH;
Ostfildern; Germany), the vacuum is broken before the second Parylene C coating. The
battery is then dip-coated with epoxy (Epo-Tek MED-302-3M; Epoxy Technology Inc;
Billerica; MA; USA), placed on a silicone mat and cured for three hours at 60°C in the
climate chamber. This process is repeated before the reference electrode is stripped from
the Parylene C layer by heat. This is followed by covering the legs of the H-shaped im-
plant, both on the back and the front, using a UV-curing epoxy (Med-OG198-66-UV;
Epoxy Technology Inc; Billerica; MA; USA), shown schematically in Figure 6a. The
surfaces are cleaned using a Q-tip soaked in IPA before the implant is checked for func-
tion using Bluetooth and fixed on a magnetic fixture in order to switch it off using a reed
contact. The holder with the implant is double sterile packed (sterilization bag 57 x 130
mm, 90 x 170 mm, Medi Pack GmbH; Monchengladbach; Germany).
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Figure 6 - The intraocular implant: (a) Left-hand side the epoxy-parylene encapsulated
lithium battery (diameter 10 mm) connected by a parylene-teflon coated gold wire with
a total diameter of 150 um. In the center, the flexible printed circuit board (PCB) is
connected to the ring electrode (right-hand side). The PCB is also shown as a schematic
to illustrate the partial coatings. (b) The parameter used for the Parylene C coating,
before the encapsulated PCB with the ring electrode is placed in a beaker filled with
PBS (c), to simulate a body-like environment, connected to a LabVIEW-controlled
constant voltage source. (d) The long-term measurement, where every 30 s the current
(A) was measured while the voltage was kept constant at 3.0 V. The color coding im-
plies that a rising temperature let to a rising consumption, which is expressed by the
function represented in the plot-in-plot. (¢) After the long-term measurement, simulated
698 days in vivo, the encapsulation failed. Using galvanic treatment, the leakage could
be found under the microscope in the form of copper depositions at a resistance.

To evaluate the long-term stability of implant, an accelerated aging test was conducted in
a biosimilar environment following ISO 10993-13:2010-11 guidelines and is described
in detail in (Schumayer, Zahrani, et al., 2025). Testing conditions, including phosphate-
buffered saline, where the PCB with ring electrode was placed (Figure 6c¢), and elevated

temperatures, were selected to simulate an accelerated physiological exposure during the
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implantation period. For this, the working current of the implant was detected via an elec-
trometer (6517B; Keithley Instruments; Solon; OH; USA) under a constant DC voltage
of 3.0 V using a program written in LabVIEW (version: 13.0f2; National Instruments;
Austin; TY; USA) (cf. Figure 6d). The measurement was considered finished once the
self-defined breakdown current (10 X Lated) of 5.0 -5 A was exceeded. A temperature-
current dependence in ultra-low-energy mode could be determined with the following

function:

Current (pA) = -1,857 + 0,171%*x + 0,004*(x - 412, for x in °C (1)

After exceeding the breakdown current (simulated 698 days in vivo), the implant, as cath-
ode, was coated by electroplating in a copper solution (Cu(Il) acetate monohydrate; Carl
Roth GmbH + Co. KG; Karlsruhe; Germany) to visually highlight the breakdown point
of the coating (cf. Figure 6¢). For this purpose, a DC voltage source (6080; PeakTech
Priif- und Messtechnik GmbH; Ahrensburg; Germany) was connected in series to a mul-
timeter (VC150-1; Voltcraft - Conrad Electronics SE; Hirschau; Germany) and a voltage
of 2.0 V was set at a current of 200 mA. After 15 min coating time, the PCB was rinsed

with IPA and inspected under a microscope (VHX-700F; Keyence; Osaka; Japan).

All required manufacturing steps and test protocols for the assembly, coating, and elec-
trical characterization of the implant were successfully implemented and documented.

The key functionality was reviewed at each step of the process and verified.
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3. Discussion

Due to the scope of this interdisciplinary doctoral thesis, the discussion is initially orga-
nized into subchapters addressing the individual topics, followed at the end by an inte-

grative discussion and the resulting conclusions.
3.1 Motorized Push-up Test

In the presented work 2.1 Publication — Motorized Push-Up Ruler, the reliability of a new
motorized push-up method for determining the amplitude of accommodation (AoA) was
compared with conventional subjective measurement methods (Schumayer, Laukhuf and

Strafler, 2025).

While society is rapidly aging, many countries face an economic necessity to keep older
workers in the workforce for social and sustainable terms (World Health Organization,
2015). In this context of a population where older individuals are remaining in the work-
force, presbyopia is increasingly coming into focus. Therefore, the progression of pres-
byopia can be determined with subjective and objective methods. While subjective meth-
ods evaluate the patient's functional experience, objective methods provide clinical data
to optimize optical performance and adjust treatment (Wolffsohn, Berkow, et al., 2024).
Although objective methods measure refraction more precisely, these methods require
trained personnel, expensive equipment, and a considerable amount of time to perform
the measurement. The described novel motorized accommodation ruler (MAR) is in-
tended to reduce known limitations of common subjective methods, such as a varying
focus target speed and examiner-related latencies (Burns ef al., 2020; Salvador-Roger et
al., 2025), which was proven in the study. The measurements carried out there have
shown that MAR is more consistent and reliable compared to the other methods investi-
gated. Furthermore, participants rated the novel subjective method as significantly easier

to use and showed significantly more confidence in the reliability of the measurement.

Nevertheless, the MAR, as well as the methodology of measuring the AoA with push-up
techniques, still has room for improvement. While no speed at which the focus target is
moved towards the participant has yet been defined as a standard, the suggested 2 cm/s
could be a point of reference. This linear speed is based on the self-defined criteria, taking

the reaction time of the participants into consideration. Simultaneously, as the target
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moves towards the participants' near point, the target size could be linearly decreased to
prevent the claimed overestimation of the push-up method (Atchison, Capper and
McCabe, 1994). Because the MAR is operated solely by the participants, it was occasion-
ally observed during studies and preliminary investigations that the participants were in-
clined to bring the target closer again after near adaptation. Therefore, the next MAR
generation should lock the trigger button after the first release and ignore further activa-

tion to capture the first distance at which blur was perceived.

While the focus of the mentioned study was on the reliability of the new motorized ver-
sion compared to conventional ones, emmetropes were considered as the study popula-
tion. It will certainly be interesting for future research to see how presbyopes cope with
the MAR and how the device proves itself in everyday clinical practice. Beyond the ob-
vious use case to determine the residual AoA in presbyopes, the MAR could be utilized
in children in the future, as the AoA parameter is also used for determine binocular ac-

commodation insufficiency (Hussaindeen and Murali, 2020; Franco et al., 2022).
3.2 Non-invasive biopotentials of the ciliary muscle

Despite known approaches to detect the accommodation-dependent biopotentials from
previous work (Schubert, 1955; Alpern, Ellen and Goldsmith, 1958; Jacobson et al.,
1958; Hagiwara and Ishikawa, 1962; Clouse M.M, 2017), interest in this field has de-
clined over the years. Perhaps this was because the measuring electrodes were not very
comfortable, as bulky contact lens electrodes made of oxygen-impermeable materials and
invasive needle electrodes were used (Alpern, Ellen and Goldsmith, 1958; Jacobson et
al., 1958; Hagiwara and Ishikawa, 1962). Another reason may have been that there was
no obvious use for these neuromuscular signals. However, it was not until the work “Re-
cording and Processing of Tissue-Specific Ocular Electrical Biosignals for Applications
in Biomedical Devices” in the research group of Prof. Zrenner at the Institute of Ophthal-
mic Research at the University of Tiibingen that these electrical signals of the ciliary
muscle were addressed again (Clouse M.M, 2017). Based on this work, scleral contact
lens electrodes were developed for a comparatively high wearing comfort (Schumayer et
al.,2022). To achieve such a comfort, gold wires with a diameter of 140 um are bonded

into the contact lens so no rigid geometries extend from the lens surface.
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In the study 2.2 Publication — Contact Lens Electrode, these new contact lens electrodes
were used to record biopotentials of the ciliary muscle in 12 emmetropes along with their
actual refractive changes (Schumayer, Sigdel, Jarboui, et al., 2025). This revealed that all
near targets showed significant differences in both biopotentials and refractive changes
compared to the far target when the participants shifted their gaze towards the near targets.
Although the signals were highly variable between participants, the accommodation-re-
lated signals were compared to confounding biopotentials triggered by eye movement,
blinking, or pupil constriction and showed a unique sigmoidal-like signal characteristic.
Similar to the measurement findings of Clouse M.M (2017), and contrary to the measure-
ment results on two emmetropes of Alpern et al. (1958), the measurement results indi-
cated that the amplitude heights with the focal target show a saturation with increased
accommodation effort. Temporary paralysis of the ciliary muscle, known as cycloplegia
and caused by drugs like atropine and cyclopentolate (Mutti et al., 1994), still allowed
the detection of accommodation-related signals during shifts in focus (Hagiwara and Ishi-
kawa, 1962; Clouse M.M, 2017). These findings were also observed in the contact lens
electrode study, where the characteristic biopotential remained measurable in three out of
five participants despite the administration of cyclopentolate. Taken together, these find-
ings suggest that at least a portion of the measured signals are of neurological origin.
Further support for this assumption comes from the observed saturation of the biopoten-
tials despite increasing stimulus intensity. Action potentials of neurons have a constant
amplitude, which, based on the “all-or-none” principle, encode information through fre-
quency and temporal patterns (Kandel et al., 2000). In contrast, the amplitude of synaptic
potentials on the postsynaptic muscular side varies with the amount, duration, and acti-
vation of the neurotransmitter (Kandel et al., 2000). Any future development of a visual
aid that utilizes these neuromuscular biopotentials of accommodation should take these
points into account when determining a control variable. The aforementioned intrasubject
variability and the observed saturation of the amplitude level despite increasing stimulus
indicate that the signal curve and its derivation alone are insufficient as a control variable.
Furthermore, blink-related signal curves tend to interfere most with accommodation sig-
nals and should therefore be carefully considered. Any system using these ocular biopo-

tentials to steer a tunable lens would benefit from applying a bandpass filter, such as a

69



Discussion

Butterworth filter, to suppress known confounding signals. Preliminary (q.v. 2.4.1 Tuna-
ble Spectacles in Presbyopes) results of such a system relying on accommodation-related
signals while filtering confounding signals are promising. The system, based on a com-
bined supervised machine learning and decision algorithm, relies on the assumption that
the neurological feedback loop can be closed via a tunable lens. Accordingly, the brain
controls the ciliary muscle, and thereby accommodation-related biopotentials are emitted
until the refractive power of the tunable lens compensates for the detected defocus. Initial
evaluations in presbyopes demonstrated an improvement in near visual acuity approxi-
mating that of young adults in their early twenties. However, at this point, it must be noted
that the final results and analysis of the study are still pending. Nonetheless, while the
principle is working, the setbacks and limitations must also be acknowledged. For in-
stance, before the study started, adhesion problems of the electrode material at the contact
lens electrodes, manufactured utilizing PVD, occurred. By micro-roughening the concave
electrode surface before the actual deposition process, this issue could be solved (Vafaiee
et al.,2019). Another issue of the scleral lens is its large diameter of 20 mm and the rigid
structure. While a large diameter allows a self-centering in the eye and a greater spacing
between the two electrodes, resulting in higher biopotential amplitudes (Schumayer et al.,
2022), it also makes insertion into the eye more difficult. The wearing of the rigid contact
lens electrode was not a problem for any of the participants, while the insertion and re-
moval process was tolerated to varying degrees. Another compromise was the lens geom-
etry with a base curve of 8.1 mm. Because the corneo-scleral junction and anterior sclera
profile varies between individuals (Van Der Worp, 2015), the concave side of the scleral
contact lens, mainly defined by the base curve, could be personalized to optimize electri-

cal conduction between the electrode surface and the eye and thus improve signal quality.

With the future in mind, one concept to correct presbyopia would be via a smart contact
lens electrode that measures the accommodation-related biosignals to adjust a tunable
lens integrated into the contact lens (c.f. Figure 5) according to the wearer's desired re-
fraction. However, to place all the electrical components, the available construction area
on the lens is limited, and of the shelf electronic parts are an additional compromise in
size. Beyond that, the construction area is further constrained, as the cornea relies on
avascular oxygen diffusion to remain transparent (Beebe, 2008). Therefore, certain areas

of the oxygen-permeable lens surface must remain free of components and coatings. To
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still accommodate all the necessary electronic components, a hybrid version seems to be
a first step towards a fully functional smart contact lens electrode. Such a hybrid version
could provide a certain proportion of the components to be fixed to the temple outside the
eye using a patch. For a fully integrated system, an energy carrier would have to be used
that fulfills both the form factor and the possibility of recharging. Furthermore, it would
have to provide sufficient power to ensure that the contact lens does not have to be con-
stantly removed, recharged, and reinserted. In order to minimize the number of electrical
components required on the circular construction surface, an application-specific inte-
grated circuit (ASIC) in the form of'a chip needs to be developed. When using hard lenses,
the necessary components, such as the ASIC, could be accommodated in pockets that are
cut into the convex side of the lens using a five-axis milling machine or a laser to save
space. This manufacturing step would need a lot of attention, as the oxygen-permable
polymer is brittle during manufacture. However, the lens materials for such smart appli-
cations, commonly described in research like PMMA (Tremblay ef al., 2013; Khaldi et
al., 2020; Bailey et al., 2022; Pielot et al., 2025) or PET (Lingley et al., 2011), are not
oxygen permeable and thus no alternatives. The pocket placed components could be elec-
trically conducted via Ink-jet printing. This process allows to apply conductive ink di-
rectly into the geometric body, but requires expensive equipment. Pad printing, on the
other hand, is an indirect printing process, in which a soft silicone mold transfers the ink
from a printing plate to a component, transferring two-dimensional patterns onto three-
dimensional bodies (c.f. Figure 5b). The hermetic encapsulation of partial arecas by a 5 um
Parylene layer on the convex side of the lens would guarantee electrical safety while
maintaining oxygen permeability. Concluding, the hybrid approach described here with
pockets for the individual electronic components seems to be feasible and could pave the

way towards a fully closed system like a smart contact lens.
3.3 Intraocular Implant

The philosophy of the implant is that it can be implanted in presbyopes who would have
received an intraocular lens (IOL) after a cataract surgery. Usually, before undergoing
surgery, where the crystalline lens is removed, the patient can choose between a monofo-

cal or a multifocal IOL. However, the latter often leads to a higher risk in contrast sensi-
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tivity, glare or halo effects (Khandelwal et al., 2019; Schallhorn et al., 2021). This cir-
cumstance is caused by the simultaneous projection of multiple focal planes onto the ret-
ina, which can reduce the amount of light available for each image and lead to overlapping
visual impressions. This is why they tend to be a niche product (Bellucci, 2013), whereas
monofocal IOLs are the most common (Boyd and Lipsky, 2019). Due to their fixed focal
distance, monofocal IOLs have the drawback that they can only cover the entire visual
range in combination with spectacles. In addition, there are also accommodating IOLs
that utilize different approaches such as shifting lenses or gel-based designs to actively
vary dioptric power, but these still face challenges as none have yet been able to achieve
three diopters or more (Varssano, 2024). According to Schor, at least five diopters are
required to correct presbyopia (Schor, 2012). This shortcoming shall be closed in the long
term with the approach presented here. By continuously detecting the accommodation-
dependent biopotentials and the resulting control of a tunable lens, the neurological feed-
back loop of accommodation could be closed. It was shown that the neuromuscular sig-
nals from the ciliary muscle in vivo can be recorded using needle electrodes (Jacobson et
al., 1958). While the previous contact lens study (Schumayer, Sigdel, Jarboui, et al.,
2025) indicated accommodation-related biopotential signal characteristics, the question
remains regarding the influence of blinks, for instance, on intraocular electrical conduc-
tion. In comparison with needle electrodes, a more practical approach for recording the
ciliary muscles’ biopotentials is presented in 2.3 Publication — Ring Electrode and can be
implanted additionally during IOL surgery. By positioning the ring electrode directly in
the sulcus, anterior to the ciliary body and posterior to the iris, it is possible to record
accommodation-dependent biopotentials. While the in vivo signal characteristics will be
described elsewhere (Sigdel, unpublished data, 2025), this approach demonstrated that
artifacts caused by blinkers are not present in a non-human primate. Due to the complex-
ity of implanting the ring electrode into the sulcus via a 2 mm incision at the limbus, the
geometry of the ring electrode was revised to better withstand torsion and bending
stresses. In the future, it will be interesting to investigate whether a modified circular
segment (e.g., 120°) is also sufficient as the electrode geometry to measure the ciliary
muscles’ signals reliably. These segments are usually used as a supplement to conven-

tional capsular tension rings (Weber and Cionni, 2015) and would simplify implantation.
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While currently the inner and outer surface of the ring electrode serve as electrode sur-
faces, it also raises the question of whether one electrode surface is sufficient. Utilizing
only one electrode surface would simplify the manufacturing process of the ring elec-
trode, as a ring made of solid metallic material, such as gold, could be used instead of a
coated polymer. Another advantage of this suggestion would be that the contacting, which
is currently carried out precisely by hand, could be replaced by spot welding. Another
approach to simplify the surgery procedure would be to use shape memory materials like
alloys (Kim et al., 2023) or polymers (Xia et al., 2021). Thereby, a self-positioning of the
electrode along the ciliary sulcus would theoretically be possible. Since thermal shape
memory materials, for instance, require high temperatures for form-imprint, the so-called
transition temperature, they show a flexible behavior at room temperature, which subse-
quently changes back to the imprinted form after reaching a certain temperature
(e.g., body temperature). While these improvements in geometry and materials of the
electrode could simplify the surgery procedure, another approach would be to use a cap-
sular tension ring applicator, as these are commonly utilized. The applicator has a can-
nula-like tip, similar to a syringe, leading only to a minimal incision. The capsular tension
ring is advanced through the applicators’ cannula and unfolds at the intended location like

the capsular bag or the ciliary sulcus.

Due to the arrangement of the implant’s three main components (battery, PCB, electrode)
on and in the eye, a partial and flexible encapsulation of the electronics is required. The
transmission of the measured values via Bluetooth makes metallic encapsulation unsuit-
able due to electromagnetic shielding. Ceramic, being brittle, is also unsuitable for an
implant that is implanted in a curved state. An appropriate material was found by using
Parylene C, a flexible and biocompatible polymer with a low moisture vapor transmis-
sion, withstanding harsh conditions of the body and common sterilization procedures such
as the ethylene oxide sterilization process. Previous tests in the field of accelerated aging
at 60°C preceded the use of the double Parylene layer. Here, it could be verified that the
encapsulation will not fail within a simulated lifetime of two years. Therefore, the implant
was coated two times (2 x 10 pm) to ensure redundancy, preventing imperfections such
as pinholes that can cause implant failure. Furthermore, critical geometries of the implant
and the entire battery were primarily coated with silicone. However, the first surgery in a

non-human primate showed that the metallic surgical instruments punctured the
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Parylene C coating, which led to an implant failure. Retrospective examination showed a
pitting corrosion at the battery that might have been triggered during the surgery by push-
ing the battery behind the bulbus. Therefore, the whole battery and PCB, except the PCB’s
flexible bridge, as shown in Figure 6a, were covered with epoxy from then on. To further
reduce the risk of failure due to a punctured encapsulation, an instruction for the physi-

cians was written to raise awareness where and how the implant is to be handled.

Already, the preliminary laboratory tests indicated that the power consumption of the
implant shows a temperature-specific dependency. This circumstance must be taken into
account for further estimations on the energy requirements of the implant. The initially
used stacked (2x 1.55 V) silver oxide batteries (V319; Varta AG; Ellwangen; Germany)
proved to be unreliable under high power loads resulting from, among others, Bluetooth
events. As recommended for biomedical purposes (Takeuchi et al., 2009; Newaskar and
Patil, 2021), the primary non-rechargeable lithium battery (CR1025; Renata AG; Itingen,;
Swiss) was selected due to its high energy density, the predictable discharge curve, and
the ability to provide high energy rapidly (Root, 2013). While rechargeable batteries have
not yet been considered due to their additional need for charging electronics and increased
operational complexity, this is something that needs to be addressed in the future in order
to be able to operate the implant ideally for decades. Additionally, such a power supply
would be beneficial as it could be charged inductively, similar to the subretinal alpha-
IMS implant (Alpha IMS; Retina Implant AG; Reutlingen; Germany) (Stingl et al., 2013),
or that of a cochlear implant (Zeng et al., 2008; Macherey and Carlyon, 2014). While
these systems rely on an implanted inductive charging system behind the ear, another
approach would be to place the inductive coil outside on the bulb, like the Argus® II
retinal Prosthesis (Second Sight Medical Products, Inc.; Sylmar; CA; USA) (Luo and da
Cruz, 2016).

In the future, in addition to the energy supply, the encapsulation and implementation of a
tunable lens should be addressed. One approach to improve encapsulation is multi-layer
organic-inorganic systems. By combining the excellent properties of ceramics in terms of
hermeticity and the mechanical flexibility of polymers, both the brittle behavior of ce-
ramics and the relative water vapor permeability of polymers could be compensated for.

A favorable ceramics nanolaminates combination is Al2O3/T102, as it has already proven

74



Discussion

its long-term stability in a simulated body-like environment (Passlack et al., 2023). Ad-
ditionally, by adding a polymer for flexibility, a multilayer system including Parylene C
and Al,03/Ti0Oz is favorable (Kirsten et al., 2013; Nanbakhsh et al., 2025). The literature
describes that Al,Os/Parylene C has a 4.6 to 10 times longer lifetime compared to a
Parylene C coating due to the excellent moisture barrier of aluminum oxide (Minnikanti
et al., 2014; Xie et al., 2015). Unfortunately, Al>O3 does not resist biodegradation in a
body-like environment, which could be compensated by the use of TiO; and its good
chemical stability (Mario and Morales, 2015). The resulting multilayer system consisting
of Parylene C, TiO», and Al>O3 could ensure a flexible and long-term encapsulation. In
addition, a partial outer epoxy layer provides proven protection against the effects of me-

chanical forces.
3.4 Integrative Discussion & Conclusion

In light of the economic (Frick et al., 2015; Berdahl et al., 2020; Ma et al., 2022) and
individual (Berdahl et al., 2020; Markoulli et al., 2024) impact of uncorrected presbyopia,
various approaches are being developed to restore vision and improve patients’ quality of
life. However, all these vision treatments have their merits and limitations, influence nor-
mal vision, and do not restore the natural accommodation. For this reason, this interdis-
ciplinary work explores advancements in accommodating visual aids by integrating inno-
vations in measurement tools and different approaches to bioelectric potential detection.
The long-term goal is to develop a closed-loop, biomimetic visual aid like a smart contact
lens or an intraocular implant. While a contact lens may be more suitable in the early
stages of presbyopia, insertion becomes increasingly difficult as motor skills decline with
age (Seidler et al., 2010). This suggests that an implant may be a more appropriate solu-
tion in advanced age or could serve as a replacement for the crystalline lens in cataract
treatment. Therefore, the progression of presbyopia as well as the efficiency of the pres-
byopic correction has to be determined. One approach is to determine the presbyope's
near point of clear vision, also known as Amplitude of Accommodation (AoA) via the
subjective push-up method. While clinically common, this method has some sources of
errors caused by the operation, examiner, and displacement, for example (Burns et al.,

2020). Therefore, a motorized push-up version with a constant travel speed of the visual
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target and operated by the participant themselves was developed. By measuring 26 em-
metropes, it was shown that the known limitation of the examiner (Burns ef al., 2020) can
be reduced while simultaneously improving the subject's credibility of the measurement
device. For this reason, the motorized accommodation ruler was also utilized in the con-
tact lens electrode study to determine the AoA of the 24 emmetropes. This study aimed
to non-invasively investigate the accommodation-related, electrical signals associated
with ciliary muscle and confounding signals, in relation to the actual refractive changes
measured using an eccentric infrared Photorefractor. Parallel to the non-invasive ap-
proach, an in vivo measurement was conducted to verify whether the biopotentials could
be measured via an implant. While the flexible printed circuit board (Kaltenstadler et al.,
2024) and the software (Sigdel, unpublished data, 2025) were developed in separate re-
search efforts, the design of the ring electrode and the encapsulation of the implant were
developed within the scope of this project. Inspired by conventional capsular tension
rings, the geometry of the ring electrode was modified to meet the specific requirements
of biopotential recordings. Meanwhile, the ring electrode manufacturing process com-
bined microsystem technologies such as laser application and thin film coating. The urge
for the PCB’s flexibility to fixate it directly on the bulbus with the simultaneous mechan-
ical stability to withstand the surgery procedure and sterilization process challenged the
encapsulation development. Therefore, the encapsulated implant but also the ring elec-
trode were tested via accelerated aging to confirm that they could withstand the body’s
harsh environment for at least half a year. Thereafter, the implant was tested in a non-
human primate and showed the expected biopotential signal curve known from the con-
tact lens electrode study. Summarizing, the accommodation-related neuromuscular sig-
nals are non-invasively but also invasively measurable. The next step includes utilizing
these biopotentials to steer a tunable lens into the needed refraction, thus closing the dy-
namic feedback-loop of accommodation. Although dynamic closed-loop accommodation
represents the ideal treatment for presbyopia, no current treatments are based on this prin-
ciple (Chang et al., 2021). As a first step towards such an approach, a spectacle-mounted
tunable lens was steered according to the non-invasively measured biopotentials of the
ciliary muscle in presbyopes (q.v. 2.4.1 Tunable Spectacles in Presbyopes). Although

these are only preliminary results, they confirm the effect of the natural feedback loop
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(Toates, 1972) in which the ciliary muscle is activated according to the perceived blur-
ring. These were the first experiments to record ciliary muscle signals via contact lens

electrodes to control tunable lenses and restore accommodation in presbyopes.

To conclude, the biopotentials of the ciliary muscle could be measured non-invasively in
12 emmetropes using a scleral contact lens electrode and invasively in cynomolgus mon-
keys via an intraocular implant and a novel ring electrode. The contact lens electrode
study showed that the accommodation-related biopotentials of the ciliary muscle are dif-
ferentiable compared to expected confounding signals. Furthermore, the study revealed
that the electrical signal of the ciliary muscle has at least some neurological component,
as the characteristic signals could still be measured in three out of five participants despite
temporarily paralyzing the intraocular muscles. In the premeasurements of the contact
lens electrode study, the newly developed motorized accommodation ruler was used due
to its superiority over conventional push-up rulers for determining the amplitude of ac-
commodation. Additionally, the motorized ruler is used in the study involving presbyopic
individuals to determine their residual accommodation ability. This study, Tunable Spec-
tacles in Presbyopes, though still ongoing, shows promising results, suggesting that it is
possible to restore the natural accommodation reflex by using biopotentials from the cil-

iary muscle as a control input for a tunable lens.
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4. Summary

The focus shift from far to near, called accommodation, is controlled by a contraction of
the ciliary muscle, leading to a change in the curvature of the crystalline lens. This con-
traction leads to changes in electrical potentials, which are recorded as neuromuscular
biosignals. While the ciliary muscle stays functional throughout life, the crystalline lens
gets stiffer, leading to a decline in the ability to change its shape and to focus on near
objects. This condition, called “Presbyopia”, starts during the mid-forties and progresses
with age. Current vision treatments, like progressive lenses, contact lenses, and intraocu-
lar lenses, as well as pharmaceutical treatments, have their merits and limitations, but
none of them restore natural accommodation. To this day, the subjective amplitude of
accommodation (AoA) is used not only to monitor the progress of presbyopia and help
opticians assess subjective visual perception, but also in ongoing research investigating
the related accommodative-biopotentials. Even though the limitations of subjective meas-
urement methods to determine the AoA are known, they are still applied in daily clinical
practice because of their ease and speed of the procedure. Within the scope of the work
“Comparing a Novel Motorized Push-Up Ruler with Conventional Subjective Methods
for Measuring the Amplitude of Accommodation”, an improved, motorized push-up ruler
was developed and compared against the clinical standards push-up and push-down meth-
ods. Additionally, the volunteers were asked about their satisfaction with the ease of use,
and their confidence in the measurement reliability. The findings showed that the motor-
ized version was superior in reliability without compromising precision, reducing known
examiner limitations of the standard subjective procedures. Besides that, the subjective
impression showed that the participants were more convinced by the motorized push-up
ruler. Therefore, the motorized ruler was utilized in the contact lens electrode study *“Non-
invasive measuring of biopotentials of the ciliary muscle during accommodation in em-
metropes” in 12 participants, in which the biopotentials of the ciliary muscle during ac-
commodation were characterized. Even though accommodation-related biopotentials and
artifacts characteristics are essential for the adaptive control of an artificial lens in the
future, previous studies have only demonstrated their presence without providing a de-
tailed characterization of these signals and artifacts. By comparing these biopotentials
with refractive measurements using eccentric infrared photorefraction during a controlled

change in focus, it was possible to characterize accommodation-related biopotentials and
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related artifacts such as blinking or eye movements. An intraocular measurement of the
signals, taken directly at the origin, is expected to be less influenced by artifacts. For this
reason, a novel approach to detecting ciliary muscle biopotentials is to use a ring electrode
implant. In the manuscript “Design and In Vivo Evaluation of an Intraocular Electrode
for Ciliary Muscle Biopotential Measurement in a Non-Human Primate Model of Human
Accommodation” the consecutive steps from the conception phase towards testing, first
in a simulated, and subsequently in an in vivo model are presented. The manufacturing
included femto-laser cutting and physical vapor coating. The long-term stability was as-
sessed via accelerated aging at 60°C in phosphate-buffered saline solution together with
an electrical impedance measurement to detect possible electrical shifts over time. This
is the first work measuring biopotentials of the ciliary muscle via a wireless intraocular

implant.

The ring electrode implant and the contact lens electrode pave the way towards new pres-
byopia treatments. They enable the control of tunable lenses and thereby restore natural
accommodation through neuromuscular signals of the ciliary muscle, as indicated by the
preliminary results of the study “Preserved Ciliary Muscle Biopotentials Enable Artificial
Lens Control and Near Vision Recovery in Long-Term Presbyopia”. In parallel, the mo-
torized AoA measurement helps to improve the study and clinical quality of subjective
measurement methods. Overall, this work enhances our understanding of accommodation
by focusing on the electrical biopotentials of the ciliary muscle, which have been poorly
investigated to date. The findings hold promising potential for the development of new

visual aids that enable more natural focusing.
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5. Zusammenfassung der Dissertation

Der Fokuswechsel von fern zu nah, genannt Akkommodation, wird durch eine Kontrak-
tion des Ziliarmuskels gesteuert, was zu einer Anpassung der Kriimmung der Augenlinse
fiihrt. Die beschriebene Kontraktion fiihrt zu Verdnderungen des elektrischen Potenzials,
die als neuromuskulére Biosignale aufgezeichnet werden. Wéhrend der Ziliarmuskel tiber
das ganze Leben funktionsfahig bleibt, wird die Linse steifer, was zu einer nachlassenden
Nahsehschérfe fiihrt. Dieser als ,,Presbyopie® oder ,,Alterssichtigkeit bezeichnete Zu-
stand beginnt mit Mitte vierzig und schreitet mit der Zeit voran. Aktuelle Sehhilfen wie
Gleitsicht- und Kontaktlinsen oder Intraokularlinsen, aber auch pharmazeutische Behand-
lungen haben alle ihre Vor- und Nachteile, aber keine kann die natiirliche Akkommoda-
tion wiederherstellen. Bis heute wird die subjektive Akkommodationsbreite nicht nur zur
Verlaufsbeobachtung der Presbyopie und zur Unterstiitzung von Optiker und Optikerin-
nen bei der Beurteilung der subjektiven visuellen Wahrnehmung verwendet, sondern
auch in der laufenden Forschung zur Untersuchung der damit verbundenen akkommoda-
tiven Biopotenziale. Obwohl die Limitationen der subjektiven Messmethoden zur Be-
stimmung der Akkommodationsbreite bekannt sind, werden sie aufgrund ihrer Einfach-
heit und Schnelligkeit in der tiglichen klinischen Praxis immer noch angewendet. Im
Rahmen der Arbeit ,,Comparing a Novel Motorized Push-Up Ruler with Conventional
Subjective Methods for Measuring the Amplitude of Accommodation® wurde ein verbes-
serter, motorisierter Push-Up Stab entwickelt und mit den klinischen Standards Push-Up
und Push-Down Methoden verglichen. Dazu wurde die Akkommodationsbreite von 26
normalsichtige Probanden mit den drei Messmethoden in randomisierter Reihenfolge ge-
messen. Zusitzlich wurden die Freiwilligen zu ihrer Zufriedenheit hinsichtlich der Be-
nutzerfreundlichkeit und dem Vertrauen in die Zuverléssigkeit der jeweiligen Messme-
thode befragt. Die Ergebnisse zeigen, dass die motorisierte Version in Bezug auf die Zu-
verldssigkeit liberlegen ist, ohne die Prizision zu beeintrdchtigen, wodurch die bekannten
Limitationen der subjektiven Standardverfahren verringert wurden. Zusétzlich zeigte der
subjektive Eindruck der Teilnehmenden, dass sie von der motorisierten Version starker
iiberzeugt waren. Daher wurde der motorisierte Akkommodationsmessstab auch in der
Kontaktlinsen-Elektrodenstudie ,,Non-invasive measuring of biopotentials of the ciliary
muscle during accommodation in emmetropes* mit 12 Teilnehmern eingesetzt. Obwohl

die akkommodationsbedingten Biopotenziale und die Eigenschaften der Artefakte fiir die
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adaptive Steuerung einer variablen Linse in Zukunft essentiell sind, haben frithere Studien
ihr Vorhandensein nur nachgewiesen, ohne eine detaillierte Charakterisierung dieser Sig-
nale zu liefern. Durch den Vergleich dieser Biopotenziale mit Refraktionsmessungen mit-
tels exzentrischer Infrarot-Photorefraktion wahrend eines kontrollierten Fokuswechsels
war es moglich, akkommodationsbedingte Biopotenziale und damit verbundene Arte-
fakte wie Blinzeln oder Augenbewegungen zu beschreiben. Die intraokulare Messung der
Signale direkt am Ursprung, dem Ziliarmuskel, sollte weniger durch Artefakte beeinflusst
sein. Aus diesem Grund wurde ein weiterer neuartiger Ansatz zur Erfassung der Ziliar-
muskelbiopotenziale iiber ein Ringelektrodenimplantat entwickelt. In dem Manuskript
»Design and In Vivo Evaluation of an Intraocular Electrode for Ciliary Muscle Biopo-
tential Measurement in a Non-Human Primate Model of Human Accommodation® wer-
den die einzelnen Schritte von der Konzeptionsphase bis zur Erprobung in einem simu-
lierten, und spéter in einem praklinischen in vivo Modell beschrieben. Wihrend die Her-
stellung das Schneiden mittels Femtosekundenlaser und physikalisches Aufdampfen um-
fasste, wurde die Langzeitstabilitdt fiir ein Jahr durch beschleunigte Alterung bei 60°C in
phosphatgepufferter Kochsalzlosung bewertet. Gleichzeitig erfolgte eine elektrische Im-
pedanzmessung, um mogliche elektrische Verdnderungen im Laufe der Zeit zu erfassen.
Dies ist die erste Arbeit, bei der Biopotenziale des Ziliarmuskels iiber ein drahtloses int-

raokulares Implantat gemessen wurden.

Das Ringelektrodenimplantat und die Kontaktlinsenelektrode ebnen den Weg fiir neue
Behandlungsmethoden der Presbyopie. Sie ermdglichen die Verwendung neuroelektri-
scher Signale des Ziliarmuskels zur Steuerung von adaptiven Linsen und damit die Wie-
derherstellung der natiirlichen Akkommodation, wie die vorldufigen Ergebnisse der Stu-
die ,,Preserved Ciliary Muscle Biopotentials Enable Artificial Lens Control and Near
Vision Recovery in Long-Term Presbyopia” belegen. Begleitend dazu trigt die motori-
sierte AoA-Messung dazu bei, die Forschungs- und klinische Qualitét subjektiver Mess-
methoden zu verbessern. Insgesamt verhilft diese Arbeit zu einem besseren Verstdndnis
der Akkommodation, wobei der Schwerpunkt auf den bisher kaum untersuchten elektri-
schen Biopotenzialen des Ziliarmuskels wéhrend der Akkommodation liegt. Sie eroffnet
vielversprechende Aussichten fiir neue Sehhilfen, die eine natiirlichere Fokussierung er-

moglichen.
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