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Introduction

1. Introduction

Within thehuman eyethesharpest vision is located 15° temporal and 1.5° inferior to the

optic nervein acircular areecalled the fovedAtchison, 2023)At the center of this pit

like structure with anapproximatediameterof 1.5 mm only conesare present. These

cones are responsible foolor visionand high visual acuity in daylighfpart from the

fovea both rods and cones can be foyKalb et al, 2020; Atchison, 2023)he light

must first be refractetb bringthe incident lightinto focus on this areandthus enable

the eyeto perceive the surroundings sharply. Thisnginydone (& 42 D) by t
refractive power of the corndAtchison, 2023)ut also by the variable refractive power

of the crystalline lensl@g- 20 D) (Chen, Tan and Chen, 201@)he latter is required for

focusing at a close range of less than@.eavinetal,2011)The adj ust ment of t
refractive power by theil@ary muscle, known as accommodation, is inversely related to

the viewing distancesSimilar to an electrocardiogram (EC®@&)e muscle emits a bioelec-

tric signalduring contractionThese sec al | ed #fAbi opotential sd can
signal for an eletconic control to adjust a tunable lens in an implargpntact lens, or

spectacles according to the wearerods subjec

Takentogether, his work introduces a novel approach to quantifying the residual subjec-

tive amplitude olkccommodation. In addition, it focuses on characterizing accommoda-
tion-related biopotentials using a contact lens electrode and an implant. Given the im-

pl antdéds exposure to the bodyds harsh inter
techniques must keddressedh accordance with the medical device regulatiéhgerall,

this research lays the foundation for a new class of visual aids that use bioelectrical signals

to adjust a tunable lens.
1.1 Accommodation

Accommodati on ref er s ettorefrachive poevegro fosusanbaad i ty t
objects(Atchison, 1995; Glasser, 2008h primatesincluding humansthis change in

dioptric power is primarily driven bgontracton of theciliary muscle, which reduces

tension on the lens capsy@lasser and&Kaufman, 1999)Consequent |l y, the |
vature increaseqcf. Figure 1), leading to greater refractive powgCiuffreda, 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.Hese studies are based on the high anatomical similarity of the
accommodative apparatus between humans andmoran primatesuch as cynomol-

gus monkey$Torngvist, 1967; Glasser and Kaufman, 199@hesusnonkeyyGlasser

and Kaufman, 1999; QiaGrideret al, 2007; Crofet al, 2013; FligelKochet al, 2016;

Lin et al, 2021)

1.1.1 Theoretical Accommodation Contrivlechanism

Accommodation involves the coordinated action of the ciliary muscle, pupillary muscles,
and extraocular muscles combinatiorcommonlyr e f er r ed t o E@Myerst he fine
and Stark, 1990; Charman, 2008; Lestral, 2011) Although the neurological processes

are simulated in theoretical models, they are still the subject of scientific debate today
(Readet al, 2022) The difference between the perceived actual value and the required
refraction (target valueyeferred to as defocus the neural trigger of accommodation
and thus the control deviation in the negative feedback (doptes, 1972; Ciuffreda,
2006; Reackt al, 2022) From the perception of the defocus to the contraction of the
ciliary muscle approximately.3- 0.4second&lapsg Campbell and Westheimer, 1960;
Morgan, 1968; Myers and Stark, 1990; Heron, Charman and Schor, 28@didless of
age(Heron, Charman and Schor, 200Dgfocus is detected using cues derived from the
retinal image, particularly the hbiunduced by chromatic aberratidkincham, 1951,
1953; Seidemann and Schaeffel, 2002; Sedrkl, 2002; Ciuffreda, 2006; Cholewiak,
Love and Banks, 201&nd from depth perceptiofittelson and Ames, 1950; Heath,
1956) Chromaticaberration is caused by shavave light (e.g.blue) being refracted
more than longewave light (e.g.red), resultingn not beingfocused inthe same plane.
Depending on the strength of the stimulus in the form of defocus, the accommodation
response aries.This circumstance is described by the sigmoidal sigesponse curve,
revealing how the response remains weak at low stimulus levels, increases linearly at
intermediate levelsand reaches saturation at high stimulus le(idisrgan, 1944) The
differene ( gbetween the actual resporeed the stimuluss referred to as tpof ac-
commodation( & 0) or lead of accommodatign @ ®epéngling on the sign indicator
(Labhishettyet al, 2021) In the absence of an accommodative stimulus, the eye goes
into tonic accommodation and the ciliary muscle returns to its basal tongrog€Figure

1, left), resulting in a constant, subjed¢pendent refractive power of approximately) 1
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(Schor, Johnson and Post, 1984; McBrien and Millodot, 1987; Roseaftield 1993)
Anatomically,there are different functional theorieegardingthe mechanism of accom-
modation.As early as1801, Youngproposedhat a change of focus was achieved by
altering the geometrgf the crystalline lenéYoung, 1801,)a concept latezonfirmed by
Helmholtz, 1855Helmholtz stated that the contraction of the ciliary musetkiceshe
tension of the zonular filve attachedo the lengHelmholtz, 1855)In 1937,Fincham

added that accommodation also occurs in the absence ofgfiéincham, 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 capsul€he associated tensile force is generated by tter@mward
movement of the ciliary muscl€roft et al, 2013) During the relaxation, it is assumed

that the choroid also contributes to the posterior displacement of the ciliary®adiy
Glasser and Kaufman, 2001; Ciuffreda, 2006; Retad, 2022). Today,Helmholtz'she-

ory forms the basis for the current understanding of accommodatitinthe enhance-
mentprovidedby FinchamHowever alternativeschools of thoughshall be mentioned
According to Schachar, there is an increase irth&atoriabut not the anterior and pos-
terior zonular fiber tensioduring accommodatioT his impliesthat the central part of

the lens becomes rounderhile theperipheral lenflattens(Schachaet al,, 1996, 2024)

There is also Coleman's theory,ialinbuildson Helmholtz's theory and adds the hydrau-

lic force of the vitreous on the posterior ld@»leman, 1970)

Disaccommodation Accommodation

Figurel - Schemati@accommodationThe depicted crossection of an eye shown he
illustrates thalifference between accommodation and disaccommodation. Durir
commodation, the ciliary muscle contracts, moves further forward and toward tr
of the eye, thus reducing the distance between them. This decreases the tensi
zonular fibres betwen the lens and the muscle, and the lens moves into a more
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 heablbedpressureand respira-

tion, as well aphysiological eye functions such as the regulation of intraocular pressure
pupil contractionand accommodatiofAshwini and Raju, 2023)Although he ciliary
muscle isnnervated bysympathetic branchgMallen, Gilmartin and Wolffsohn, 2005;
McDougal and Gamlin, 2015he parasympathetmmponenpredominategGilmartin,

1986; Kandelet al, 2000; Mallen, Gilmartin and Wolffsohn, 200%urthermore the
sympathetic branclidoesnot seemto be active in everyone(Gilmartin, Mallen and
Wolffsohn, 2002; Mallen, Gilmartin and Wolffsohn, 20@8)dhas at mostaminor in-
fluence in rapid accommodation chan@@gmartin, 1986) There are two prevailing con-
cepts concerning the mode of action of sympathetic interveibite somediscusghat

the sympathetic branch adapts the eye to distance vistbonamteracts the adaptation

of the parasympathetic system to near vigi@agan, 1937; Gawron, 1983jtherssug-

gest thataccommodations a two-stage process in which a fast response driven by the
parasympathetic system is modified by the slow (adiaptéime: 30- 40 s) sympathetic
innervation(Rosenfield and Gilmartin, 1989)he origin of the sympathetic signals is the
diencephalon, fronwhich the signals travel via the lower cervical and upper thoracic
spinalcord tothe superior cervical gangligi€iuffreda, 2006) Through thetrigeminal
nerve, as well agia 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,
originatesirom the visual cortex, which detects defocus via afferent signals from the ret-
ina. An efferent signal ishen, consequentlgent to the EdingeWestphal nuleus in the
oculomotor compleXAtchison, 1995) This parasympathetic nucleus complex, located
in the midbrain, transmits the control signal via its preganglionic axons tiitteranial
nerve, the oculomotor nerve, untireacheshe postganglionic cells in the ciliagan-

glion (Warwick, 1954; Ruskell, 1990Here the control signal is transmitted via the
chemical synapses of tishort ciliary nerves to the ciliary musgclghere the nerve end-
ings then attach to the muscle figekn incoming presynaptic action signialthe form

of an ion flow leads to a changethe membrane charge distribution and the opening of

voltagegated calcium channels, causing calcium iong{Qa flow into the cellKandel
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et al, 2000) Thisshift in charge leads to a presynaptic action potential and activation of

the vesicles inside the c€Me 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; Kandedt al., 2000) Sincea singlevesicle results in the release of sev-

eral neurotransmitters, signaling amplification is achig¥ahdelet al, 2000) The ac-

etylcholine binds to the predominamuscarinicMi3 receptors of the postsynaptic mem-

branel Poyer, BO6Ann and Kauf mkemesultiigigndlingchst t c he |l s
cade and the influx of Caions lead to contraction of the muscle fie¢Mitchelson,

2012)

1.1.3 Anatomical Structures of Accommodation

The operating principleof the anatomical structures described here is based on Helm-
holtzés accommodation thegras outlinedn the chapterTheoretical Accommodation
Control Mechanismwith Finchanis additionsThe ciliary musclelocated in the ciliary
body, is the single active componenin the accommodation proce3she increase and
reduction of tensile force on the zadar fiberslead to the corresponding deformation of
the lenswithin the lenscapsule The anatomyFigure2) and functional mechanisms of

each componemhvolved in the process of accommodation is brieftgcribed below

1.1.3.1 Ciliary bodyandciliary muscle

The torusshaped corpus ciliarground the lens is enclosed anteriorly by the iris, poste-
riorly by the ora serrat and laterally by the sclera and the corpus vitrelisncross
sectional wedgshaped body is divided into a broadanterior section and a posterior
section (pars planafheanterior section, callgglars plicatais characterized by itsliary
processes, a radially arranged, wabhaped surfacéhat produces the aqueous humor
(1 - 2 ul/min) essentiafor maintainingthe intraocular pressu(®elamere, 2005as well

as for the nutrition of the crystalline lens and the cofMzDougal and Gamlin, 2015)
The ciliary muscldocated within the ciliary body is delimited anteriorly by the scleral
spur ancexternallyby the sclerdlLevinet al, 2011) Thesmooth muscle consists of three
types of muscle fibersongitudinal, radiagland circular muscle filsg, based ortheir ori-

entation(Levinet al, 2011) Schematicallythe radial fibes are located along the vitreous
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body, while the longitudindibersrun along the sclera, with the radial fib@redomi-

nating inthe anteriorpatTa mm and L ¢t j.&xitatidonleadsad alsyner1 9 9 6)
getic contraction of the different fibéypes, causing the circular fiteeto increase their
tone.Today, the assumption is that these fibalso have the greatest influence on reduc-

ing the tensile force antherefore on lens curvature, while longitudinal and radial fibe

lead to a forward lens movemdHinaus, Hipsley and Blemker, 2021)

1.1.3.2 Zonules

The Dnular fibes represent a suspensory ligament capable of stretopitmgfour times

its lengthand serve botlo susped andto transmit the tensile force of the ciliary body

to the lens capsul@Canalset al, 1996) The directionof the force applicationand the
resulting lens deformation are still evaluated to@@ghachaket al, 2024) The zonula
fibers, whi ch consi st maind3y @& d6 % &) 1d3ho) f iolhr iLl
(De Mariaet al, 2017) terminate in bundles with diartes of 10- 60 um at the lens
capsule while individual fibers have an average diameter of 10 (8treeten, 1977)
These bundles are radiabrientatecatvaryingangles and span the distance between the
ciliary processes and the lens capsul&.67 mmin youth anddeclineto 0.65 mmwith
age,independenbf the accommodation effof(Kasthurirangart al, 2011) The distinc-

tion between posterior, anterj@nd vitreous zonulef®asedon their origin, remains a
subject ofongoingresearcliFligel-Kochet al, 2016) For clarity, it should be noted that
zonula fibres are resistant to conventional histological stains like haematoxylin and eosin
(Bassnett, 20213nd are therefore not visible igure2.

1.1.3.3 Lens

The biconvex and transparent lens consists of the capsule, the lens epjthatiutine
lensfibers In adults, the lens measumgsproximatelyd mm in diameter with a thickness
ranging from3.31to 4.66 mm depending orage (Jones, Atchison and Pope, 2007;
Kasthurirangaret al, 2011) Thelens thickness increasesth ageby 13to 23 um/year
(Koretzet al., 1989; Jones, Atchison and Pope, 2007; Kasthuriraaegaln 2011)result-
ing in an average weiglgain of 1.38mg/year(Augusteyn, 2007)The refractive index
of the lens cortex is 1.365, while thacleushasa refractive power of 1.44, which reduces
slightly (0.00034 Dyeal) over life (Moffat, Atchison and Pope, 2002)
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Thelens capsul¢hickness variegameasurin@1-23 umat theequatorand2-3 um poste-

rior, contairing two types of epithelial cells that compose the k&isen, Tan and Chen,
2016) While the lens epithelium, as a monolayer, covers the anterior surface facing the
cornea (Figur@, lowerleft), the lendibersare arranged in concentric layeBy.a cellular
signalingpathway, lens epithelial celfsearthe posterior equator differentiate by elonga-
tion into lensfiber cells, withouta nucleus, leading tohe ingrowth of older layers
(Menko, 2002)The absence of organelles and highcentratiorof cytoplasmic proteins
contributeto the lené gansparencyMultiple factors carcausedamagdo the lens epi-
thelium, particularlyoxidative stresdeadingto protein denaturation and thus opacifica-
tion of the crystalline lengMuranov and Ostrovsky, 2022)ntreated cataractogenesis,
initially noticeable as blurred vision, progresses steadily and can eventually lead to blind-
ness after full cataract formatio@ataracts remainn@ of the most common cses of
visual impairmenglobally, affecting over 15 million people over the age of(BOurne

et al, 2021) Theycanbeeffectivelytreatedoy replacing the opaque lens with an artificial
intraocular lengLiu et al, 2017; Pesudowst al, 2024)

Anterior chamber
1 ¢ ————————— Cornea

Lens Pupil

Posterior chamber

Sclera

Choroid

Epithelium
pigmentosum

Lens epithelial cells ——#

Ciliary process
Ciliary sulcus

Circular fibers
Radial fibers

Cortical S MR X Longitudinal fibers.

fibers Ciliary muscle

Figure2 - Theanatomyof the accommodation apparatos® cynomolgus monkegye
While the lower lefrepresents a magnified illustration of the lens, the right show
single muscle fibers of the ciliary muscle together with the ciliary sulcus and th
cesses from where zonules are guided and attached. (Hematoxylin and eosin
by Sylvie Bolz, br highlighting single anatomical componementrast was adjustec



Introduction

1.1.4 Measuring Accommodation

By measuring accommodatidmgththe focal distance and the near point of the eye can
be determined, providg insights intcaccommodatiomsufficiency and the progression
of presbyopigDuane, 1912; Charman, 2017; Hussaindeen and Murali, 2RE@ssen-
tial parameter hereby is the Amplitude of Accommodation (AoA)nihemumdistance

at which thdocal plane can still be perceived sharflfiis measuremeid part ofroutine
eye examinatiosin some countrieBurnset al, 2020) The AoA parameter can bes-
sesseckither subjectively or objectively. While subjectireethodsprovideinformation
about thep e r spernept®n, the objectiechniques quantifthe actual change in lens

refraction

The latter method®nd to benore expensivand torequire more space, timend trained
personnelFurthermore closed systemiske aberrometers or autorefractdesg, Nikon
NR7000) cannduceinstrument myopigMiwa, 1992) the unconscious accommaodation
when looking through optical syster(Schober, Dehler and Kassel, 1970 the on-

trary, aberrometers and autorefractometers are particularly recommended due to their
provenhigh repeatability and reproducibilitfvargaset al, 2019) In both measurement
approachesa beam of light is projected into the eye and the reflefitton the reina is
analyzed While the autorefractadetects thelistortiors of the projected light beam, the

aberrometer measures the sanarity of the reflected wavefront.

Subjective @focus technigues s sess accommodati on by 1increa
demandhrough the placement okgative lenses in front tiie eyethereby stimulating

it to accommodate and bring a distant visual target into fddasaever,they do not di-

rectly assess the eyeiaturalfocusng ability onareal, approaching objecs they lack

proximal cues(Atchison, Capper and McCabe, 1998ther subjective measurement
methodsutilize standardized symbols or characters terropibtypeshatare manually

moved along a ruleeither toward the eye untithe optotype becomésurry (pushup)

or awayfrom the eye fronblurreduntil clear perception (pustiown)with bestcorrected

distance visiorfLevin et al, 2011) Thereciprocalof the distancén metersetween the
optotype and t he parApAicdoptersDuectheir smelicitye pr e s en
these methods are commoetyecutedn clinical practice(Rutstein, Fuhr and Swiatocha,

1993; Adler, Scally and Barrett, 2013; Momdéioghaddam, Kundart and Askarizadeh,
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2014; Esmail and Arblaster, 201 Griticism of these methodsicludessubjectivty of

t he par perceptiop afrclaridyshe potential variability due todepth of focus
caused bydifferent pupil diametersandthe examiner'sability to handle these devices
(Levin et al, 2011; Burnst al, 2014)

Another approach is tmeasureneuromuscular electrical potentials elicitgdthe ciliary
muscle duringontraction These accommodatieshependent potenti@hangesvere first
detectedn emmetropes and iane presbyope byschubert et al. (1955Yhis wascon-
firmedby Alpern etal. (1958) Jacobson et al. (1958)agiwara and Ishikawa (196anhd
Clouse (2017)the latter a recent researcher in Prof Zrenner's group at the Institute of
Ophthalmc Researclat the University of Tubingerlpern and Clouse described a sat-
uration above a certain accommodation requiremenshadedhat the extraocular mus-
cles and the pupitlo not influencethe detected signdAlpern, Ellen and Goldsmith,
1958; Clouse M.M, 2017Hagiwara hagproventhat an eye under cycloplegia and the
associated suppression of parasympathetic muscle activatiagesitatesn albeit re-
duced biosigngHagiwara and Ishikawa, 1962)hese signals were recorded with needle
electrodegJacobsoret al, 1958; Hagivara and Ishikawa, 1962nd scleral contact lens
electrodegSchubert, 1955; Bornschein and Schubert, 1957; Jacebsdn1958; Hagi-
wara and Ishikawa, 1962; Adel, 19669 well as salin@npregnated cotton wools that

were fixed to the sclera by argpy (Jacobsoret al, 1958)

Scleral contact lensewith diameters up to 25 mpare larger than regular contact lenses
and usedhn clinical routineto protect the healing process of the ocular surfse@ Der
Worpet al, 2014) Scleral lenses argarticularlyusefulfor detectinghe electricabiopo-
tentials of the ciliary muscle, d@isey benefit from theself-centeringnature and ensure
largedistance betweethetwo concentri@ally appliedelectrodesurfacegSchumayeet

al., 2022)

1.2 Presbyopia

Presbyopiacombineghe ancient Greek wordgpresbys andfiop, meaningiold ey
(Atchison, 1995)The term can be defined as the-agatedredat i on i n t he eyebo
to see clearly at near distancesile far visionimperfections areorrected Wolffsohn,

Naroo,et al, 2024) For individuals, amcreased reading effort becomes noticeable from
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around the midorties (Plainis, Charman and Pallikaris, 2014; Charman, 204ith a
remaining, subjeotely measured AoA ahreeto four diopters(Charman, 2017)his is

il lTustrated by Duaneds curve, which shows
ured amplitude of accommodation with g@eiane, 1922)rom the age of 60, an object

closer than one meter to the observer can only be perceived with blurred Mmiewer,

as 0f2024 there isstill no standardized testing procedure to assess presbipdar&oulli

et al, 2024)

The reasons fahe declining ability to focus neaarestill being researched, in particular
whether biomechanical or geometric lens changes dom(Ratet al, 2025) Interest-
ingly, theciliary muscle itseliseemgo retainits function inpresbyope¢Sheppard and
Davies, 2011; Taberneet al, 2016) Besideshe discussion of the dominant declining
factor, the inward growth of the lens towards tenter(cf. Figure 2, lower lef) results

in mechanicahndgeometric changan the lens propertiethroughouthe lifetime (Ko-
retzet al, 1989; Augusteyn, 2007; Jones, Atchison and Pope, 2007; Kasthurirgtngan
al., 2011) Consequently, presbyopia is not a disease but rather anelatgsd condition
that everyone experiences from a certainageardsltis assumed that 2.1 billion people
worldwide will have presbyopia by 203Brickeet al, 2018) Untreated presbyopiie-
ducesqguality of life (Berdahlet al, 2020; Markoulliet al, 2024) as over 80% of pres-
byopes report difficulties withearvision tasks(Berdahlet al, 2020) Estimates regard-
ing the economic impact varyla et al. (2022gstimatehe global economic loss in 2019
at USD 53.41 billionwhile Frick et al. (2015assumeconomidossesof USD 11 billion

at a working age of 5and USD 25.4 billion at a working age of,6BspectivelyEspe-
cially in developingcountries presbyopia treatmestemso offer significanteconomic
potential asin 2008,94% of the world's uncorrected presbyopesdivetheseregions
(Holdenet al, 2008) For instance, a study where near vision correction was provided to
workers in Bangladesshowed that the seteported median monthly income increased
by 33.4% compared to the control grd@ehrinet al, 2024) Therefore Bastawrous and
and Suni (2020¢stimate that, by 2050, lewost presbyopia intervention could botist
economy byJSD 1.05trillion.
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1.2.1 Treatments of Presbyopia

Presbyopia treatments can be dividsdheir operating principlénto norrinvasive, in-
vasive, andoharmacologicatreatmentsAll of them have their merits and limitations.
Nonrinvasive, such as readinbifocal, and progressive glassesfluence theexternal
appearancérlerry, 1990; Hasart and Hutchinson, 1993; AlRyatadl, 2022) Moreover,

the correction of presbyopia with spectacles is accompanied by a reduction in quality of
life (Luoet al, 2008; Stokest al,, 2022) Regardlessf 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, .ZD24 du-

ration of the learning phase of this neuroadaptive process depends on the individual
(Grzybowski, Markeviciute and Zemaitiene, 202@)sual impressions through multifo-

cal contact lenses are influenced by pupil diameter,denteringandaberrationgRio,

Woog and Legras, 2016yVhile vision correction with contact lenses always involves
certain compromise@harman, 2014ajheir insertioncanposean additional hurdle in
people of advanced ag&herefore, invasive corrective measures also have tlaie p
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 modificatio(Moarefi, Bafna and Wiley, 201.7However, smallap-
erturesreduce the amount of light on the retarad consequentlgeducecontrasin low-

light conditions(Manion and Stokkermans, 2024Jornea shrinkage and the resulting
abrasion of the corneal collagen duettenergy 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,.2083)K (laserassisted
keratomileusis), for instance, regesr a femtosecond laser (> 1000 nm)aasnergy
source and involves the temporary folding of the corneal(Tatiouet al, 2016) After
surgery, the healing of the cornea can influence the contour and therefore th€remult

man, 2014h)Intraoculr lenses (IOLsare another approach, implanted for treating re-
fractive errors of the ey@ellucci, 2013) They are ommonly implanted into the capsu-

lar bagduring a cataract correction surgefellucci, 2013; Liuet al, 2017) but they
canalsobe inserted into the sulcus of the anterior chamber of th¢Mglta and Aref,

2019) If stabilizationis required, capsular tension rings can be implanted in the ciliary

11
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sulcus(Chenet al, 2020)and also in the lens capsypgeventing, for istancethe cap-

sule from collapsingWeber and Cionni, 2015yVhile monofocallOLs restore near vi-
sion only for a certain distance, multifod@lLs reduce contrast vision and can also lead
to visualarifactssuch as halos, glarer starburs{Charman, 2014b; Khandelwet al,
2019; Schallhoret al, 2021) Accommodating IOLs are intended to deform in the same
way as the human lens, deperglon the required accommodatj@md thus change the
refractive power, but have not yptoventheir effectiveness in practid®eiko, 2013;
Pepose, Burke and Qazi, 2017; Varssano, 20&BHommodating spectacles that utilize
gaze tracking and/or distance sens@Padmanaban, Konrad and Wetzstein, 2019;
Agarwalaet al, 2022; Karkhanist al, 2022) measue gaze, vergence, and distance
However, these systems seenm&we problems correctirfgr the near working distance

of 36 cm (Bababekoveaet al, 2011) as well afocusing onsmall objectsHosp et al.
(2024)showed thaparticipantprefer manual focus control rather than the vergence and
gaze control algorithm&emotecontrolled contact lenses currently being researched, ca-
pable of switching the focus betwedistantand near, tend to be too bulky and neglect
the oxygen supply to the corn€eremblayet al, 2013; Baileyet al, 2022) Pharmaco-
logical treatmerd, in the form of eye drops, could compengatehe drawbacks of the
described methodStokeset al, 2022) They aim to soften the lens, for exam{@zyb-
owski and Ruamviboonsuk, 2022yhile theU.S. Food and Drug AdministratioRDA)
approved pocarpine is intended to increase the depth of field by contracting the pupil
(Grzybowski, Kapitanovaite and Zemaitiene, 2024; Onyszkieatiez., 2024) Although
interest in the pharmacological treatment of presbyomeowing, for both thdenssof-
tening approacland the pin-hole approachlongterm follow-up results are lacking
(Grzybowski and Ruamviboonsuk, 2022; Grzybowski, Kapitanovaite and Zemaitiene,
2024) Furthermore, the pilocarpine hydrochloride trigeggin-hole effect leadso pub-

lic concernaboutthe possibleside effectssuch as retinadetachmen{Wakabayashet

al., 2023) Electric stimulation therapies on the ciliary muscle to restore accommodation
(Nesterov and Khadikova, 1997; Guaddial, 2017)show a positive effect and increase
the amplitude of accommodation by up to 5@¥&sterov and Khadikova, 19980 far,

sweh treatments were performed foredatively shorfperiod of two(Gualdiet al, 2017)

and six monthgNesterov and Khadikova, 1997h addition, the morphological change

12
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in the ciliary muscle due to the electrical stimulation is still being invatsd(Wagner
et al, 2023)

1.3 Medical Devices and Encapsulation

As part of this work, an intraocular implant and an electrode were develbdhe
developmenbdf bothorientedon the European Medical Device Regulation (MDR) and

the relevanstandards.

TheMDR definesa me di c al device (MD) as fany instr
ware, implant, reagent, material or other article intended by the manufacturer to be used,

al one or in combination, f or ddiagnesis, mbrei ngs f
itoring, and treatmerfRegulation (EU) 2017/745As part ofthe MDRt he t er ms fiact
deviamao fii amgalsalefined. The latter istendedo remain in the body after

surgery. Activedevice refers to theircumstance which these devices need a source

of energyto operateother than generated by the human body or gréRigulation (EU)

2017/745) Devices such agacemakerscochlear implants, om terms of vision resto-

ration,the sulretinal implant, which can partially restore vision in blnedinitis pigmen-
tosapatientgZrenneret al, 2017) are known aé.ctive ImplantableMedicalDevices or

AIMDs for short.For the approval cduchdevices, the MDR requires classification of

the device regarding its purpose and riskisiical evaluation, risk managemeand ev-

idence ofthe biological safetyf the device, which can be described in a standardized

manner using the results and guidelinethetSO 10993eries of standard$SO 10993
1:202407def i nes the term biocompatibility as f
or materi al to function in a given applicat
context, he standard describes the consideratibvarious effects such as toxicity, sen-

sitization and irritation to ensure that the materafglimplant do not harm the body and
functionality is guaranteed. The standard also references other standards in the ISO 10993
series to teghe aforementioned effectas the weight, geometnand flexibility of the

implant also influence the body's react(Hassler, Boretius and Stieglitz, 201&pm-

pliance with biocompatibility is clarified viégSO 109936:202406. If sufficient docu-

mentation regarding physical, chemipgabperties and place of actiors similar tothat

of existing medical devicebiological equivalence can be assuntedrebyreducing the
requiredbiological evaluation(ISO 109931:202407). Considering AIMDs and their
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electronic components hermetical encapsulation with an excellent diffusion barrier is
necessary to prevertié electrical circuit fromshortcircuiting and corrosionand the
body from possiblytoxic materials such as soldering tBesides metals and ceramics
polymers aralsoconsidered as packaging materials, depending omtplants'given
circumstancesuwch asplace of implantatioror operating timgMariello et al, 2022)
Accordingto ISO 109931:202407, implants are therefore dividedto limited (< 1d),
prolonged(11 30 d) and longerm (> 30 d) operating time.

Many metals offer exceptional mechanical and tribological properties as weitafient
impermeability though over time leaching of ions can lead to body reactigAshish
Danielet al, 2024) Howevermetals and ceramics lack the feasibility of microfabrication
(Ahn, Jeong and Kim, 2019Although the latter offers excellent corrosion resistance,
mechanical hardnessndgoodimpermeability, it is brittle and nebhendablg Shekhawat

et al, 2021) Polymers have an enormous variety of mechanical, physiedlchemical
propertieRahmatiet al,, 2018) whilst their basic moisture absorption makes hermetic
sealingdifficult. A polymer with relatively low moisture absorption that is increasingly
becoming the focus of encapsulation is Parylene C, of which cerlextint properties

are briefly described ithe sectionbelow(q.v. 1.3.1Encapsulation withParyleneC).

The choice of materidurtherdepends owtherrequirementsuch aghe need for minia-
turization,interaction with the target tissueanufacturing process, or sterilizatipro-
cess The latternis essentiain ensuringthat the device is freef viable mcroorganisms,
termed sterile, accordirtg the SO 11139:2018 + Amd 1:202€ommonly, heat, radia-
tion, and chemicals serve as a sterilant witferent merits and limitationgnd shall be
discussed elsewhe(8undaram Muthuraman, 2019)hechemicalethylene oxide (EO)
sterilizationprocesss particularly preferabléor temperaturesensitivedevicegMendes,
Brandado and Silva, 2007; Sundaram Muthuraman, 2015; Shintani,. Zxdiipared to
heat sterilizationwhich exceedgemperaturesibove 100°C(Sundaram Muthuraman,
2015) or radiation sterilant thaendsto cause material degradati@Mendes, Brandao
and Silva, 2007; Shintani, 201 The EO is mostly compatible with all materials dac

a lowand dryoperational tmperature between 35 to 60(Shintani, 2017)
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1.3.1 Encapsulation witliParyleneC

Parylene C due to its relatively low water vapor transmission rate
(0.122gm/mil/100in%/24hr at 38°C, 90%RHs moving into the focus of hermetic encap-
sulation of medical devicegurther, it has digh dielectric strengtiof 220V/um ata
thickness o25.4um, amelting pointof 290°C anda low coefficient of frictionof 0.29
measured for both static and dynic conditiongVSI Parylene, 2025)The material was
declared as a highly biocompatible drid-insulatingpolymer(Lin et al, 2020) being

able to withstand the standard EO sterilization, keeping mechanical and electrical stability
(von Metzen and Stieglitz, 2013j fulfils the strict requirements of USP (United States
Pharmacopeia) Class VI, ensgits suitability for medical pplications. It is also FDA
approved and fulfik the ISO 10993 standards for biocompatib{i\f§l 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 filnaiog techniquéqg.v. 1.3.2Thin film
coating, chemical vapor deposition (CVD), tipwlymer polymerizes at roonempera-
turein vacuum (2Pa),on the substrate surface after the dimer (fpElyaxylylene) has
previously been vaporized at >100°C and pyrolyzed at >500°C, known as the Gorrham
procesgGoldaCepaet al, 2020) The polymerization directly from the gpbase 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

Surfacefunctionalizationcan be achieved using thithm techniques without signifi-
cantly influencing the geometry of the surface, with layer thicknesses of up to around
5um (DIN EN 620471:201612). These techniques are particularly suitable fomtive-
iaturizationof componats and device$unctionalizatiorcan 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 hanetically encapsulate the underlying material from external influefides
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 adj{&edrge, 2010)
Dueto ALD's uniquelayerby-layer growth complex structures can be coated with high

conformity and without pinholes, even at nanomstale thicknessg®asslaclet al,
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2023) Depending on the substrate composition, geometry and reduirettbnalization
different coating processes are to be considered. The most common processeatan be
egorizedn chemicalvapordeposition (CVD) and physicabapordeposition (PVD) pro-
cessesor a combination of thedgriesser, 2016; Jilani, Abdelahab and Hammad,
2017) Both process technologies require preparation in which the substrate is cleaned or
activated accordingly via plasniaplan and Rose, 1991; Petastlal, 1995) For the
coating to adhere, the substrate-fyemtment of the coating to be applied is decisive. Any
contamination has a negative effd@nceboth CVD and PV{Mattox, 2002}ake place

in a controlled vacuum environmeruring the PVD process, material is transferred
from the solid phase to the gas phase through physical processes such as vaporization or
sputtering. Thisvaporizedor ionized material then condenses on thédsuate 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, whitessxreaction products are
removed from the vacuum chamber by a continuous gas (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 temporallyrateph process steps,
whereby they react in a sdiiiting manner with the coating chamber and build up a
thin, atomic layer by layefGeorge, 2010; Griesser, 2016jgure 3 highlights the ad-
vantages and limitations of CVD, PVYRnd ALD processe@reitweiser, Varadarajan

and Wafer, 1970; Mattox, 2002; »ai al, 2021, Yuet al, 2024)

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

Figure3 - Comparing coating techniqueBhe piderwebplot shows thessentiaprop-
erties of thedifferent coating techniqueatomic layer deposition (ALD), physica
(PVD), and chemical vapor deposition (CV[@pata compiled fronBreitweiser, Vara-
darajanand 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 eajéed presbgpia,is
becoming increasingly apparenttite ageing societyThe progression of presbyopia is
currently assessed using the residual subjective amplitude of accommdda#nde-

spite the weHlknown limitations in reproducibility, examiner dependence, and lack of
methodological standardizatioReducing known limitations anchproving thereliabil-

ity of AoA is not only relevant for clinical diagnostics but also for its po#&tmble in
studies investigating thedectrophysiologicabasis of accommodatioBarly studies from

the 1960s and 1970s reported the presence of accommedatted biopotentialpre-
sumably emittedy the ciliary muscle. However, these investigation&éa sufficient
methodolog, 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.

Sincethe ciliary muscle remains activeth age, evemhenlens elasticity declines, these
neuromuscular signals are hypothesized to be suitable as control inputs for adsyéilve
aidsaimedat restoring thenatural accommodation. Current treatnssior presbyopia

offer compensation, but heestoration of the dynamic focusing mechanism.

To advance beyond these constraitités doctoralthesis presents the development of a
motorized, examineindependent system for measuring the subje&o#&, aimed at re-
ducing known limitationsand enabhg consistent stimulus control. In parallel, ciliary
muscle biopotentials were recorded Ainmasively using contact lens electrsakiring
controlled accommodation, with subsequent analysis of signal characteristics and corre-
lation with refractive changesieasured via eccentric infrared photorefraction. To im-
prove signal quality at the anatomical souarel to avoid external afacts a bipolar
intraocular ring electrode was designed and fabricated nsicigsystem technologies.

In addition, the encapsulation process of the implant, consisting of electronics and battery,
wasoptimizedto allow the implant unit to be mechanically flexilite implantationon

the eyeballThe implant was validated in a ntwuman primate model, includirggmu-
latedlong-term stabilityof the Parylene C encapsulation amgpedance monitoring to
assess functional integrity under physiological conditi®@eyond thatin an ongoing

study in presbyopethese signals, measured gigaontact lens electrode, shall be utilized
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as an input to restore the natural accommodatfex loopby a tunable lengn conclu-

sion, thisdoctoralthesis is structured around the following scientific inquiries:

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

- Are neuromuscular biopotentidi®m the ciliary musclemeasured on the ocular
surface during accommodation with a contacts electrode, distinctly measura-
ble andcharacterizabl@

- Are theseelectrical neuromuscular signals also detectabhvoin the form of
an implant using a new type of bipolar ring electrode?

- Are neuromuscular signafiomthe ciliary musclestill present inndividuals with
presbyopi&

- Can the natural accommodatiaeflex loop bereestablished 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 i Motorized Push-Up Ruler

Schumayer, S., Laukhuf, J., & Stral3er, T. (2029mparing a Novel Motorized Push
Up Ruler with Conventional Subjective Methods for Measuring the Amplitude of Ac-
commodation. Current Eye Research9.1doi:10.1080/02713683.202%21524
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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)
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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.
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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



Results

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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