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Zusammenfassung

Zusammenfassung

Die Gendermedizin beschaftigt sich mit geschlechtsspezifischen Unterschieden, die sich in
verschiedenen Krankheitsverlaufen und Symptomen aufdern. Das Ziel der Gendermedizin ist
somit die Umsetzung einer geschlechtersensiblen Medizin, um eine patientenindividuelle Di-
agnostik, Therapie und Versorgung zu gewahrleisten. Der Fokus der Dissertation liegt auf der
Analyse von Geschlechterunterschieden in der Ophthalmologie. Die Untersuchung umfasst
die Anatomie und Physiologie des menschlichen Auges sowie die Entwicklung der Anatomie
bezogen auf die Friihgeburtlichkeit, geschlechterspezifische Veranderungen der visuellen Le-

bensqualitat und die beruflichen Zukunftsperspektiven von Augenarzten®.

Im Rahmen der Studie fanden wir physiologische Unterschiede zwischen den Geschlechtern,
mit langeren beziehungsweise groReren Augenparametern bei Mannern. Dies betrifft die Ach-
senlange des Auges, die Hornhautverkrimmung, die Linsendicke und den White-to-White Ab-
stand. Die Analyse der Augenbiometrie bei Friihgeborenen zeigte einen geschlechtsspezifi-
schen Zusammenhang zwischen niedrigerem Gestationsalter und einer dickeren zentralen

Foveadicke. Diese Auswirkung zeigte sich bei Mannern starker ausgepragt.

Bei der Veranderung des Augeninnendrucks Uber 5 Jahre zeigte sich eine starkere Zunahme
bei Mannern (0,77 = 2,11 mmHg) im Vergleich zu Frauen (0,69 + 1,96 mmHg; p < 0,05). Auch
im Querschnitt wiesen Manner in der Kohorte der Gutenberg-Gesundheitsstudie einen héhe-
ren Augeninnendruck auf. Zudem zeigte die Untersuchung des Augeninnendrucks, dass die-
ser saisonal unterschiedlich ist, mit niedrigeren Werten im Sommer und héheren Augeninnen-
druckwerten im Winter. Dies ist bei beiden Geschlechtern gleichermallen der Fall. Des Weite-
ren zeigte sich bei Frauen ein Zusammenhang mit der Einnahme von einer Untergruppe der
Antidepressiva (ATC-Subtyp NO6AX) mit einer Augeninnendruckveranderung Uber 5 Jahre.

Dieser Zusammenhang war bei Mannern nicht nachweisbar.

In Bezug auf die Entwicklung der visuellen Lebensqualitat Gber einen Zeitraum von 5 Jahren
zeigte sich bei beiden Geschlechtern eine Abnahme, die mit einer Verschlechterung der Seh-
scharfe assoziiert war. Die Verschlechterung der visuellen Lebensqualitat war bei Frauen star-
ker ausgepragt. SchlieRlich zeigten sich auch psychosoziale Unterschiede bei Augenarzten in
Deutschland: Frauen zeigten haufiger den Wunsch nach einer beruflichen Veranderung als
Manner (49% vs. 40%) und wuinschten eine kurzere Arbeitsdauer (21-30 h/Woche vs. 31-
39 h/Woche) bei der Analyse von Augenarzten unter 49 Jahren. Des Weiteren wiesen Manner
im Vergleich zu den Frauen in der Studienkohorte einen héheren soziokonomischen Status

und eine langere Bildungsdauer auf.

1

*Aus Griunden der besseren Lesbarkeit wird in dieser Dissertation Uberwiegend das generische Maskulinum ver-
wendet. Dies impliziert immer alle Formen, schliel3t also die weibliche und diverse Form mit ein.



Zusammenfassung

Die Dissertation gibt erste Hinweise darauf, dass Geschlechterunterschiede in der Ophthal-
mologie existieren. In der Zukunft ist es wichtig, weitere Bereiche der Augenheilkunde ge-
schlechterspezifisch zu untersuchen, um eine patientenindividuelle Diagnostik und Therapie

sicherzustellen.



Einleitung

1 Einleitung

Die Gendermedizin wird als junge Disziplin definiert, welche sich in den 1990er Jahren entwi-
ckelt hat [1, 2]. In der Medizin werden geschlechtsspezifische Unterschiede haufig vernach-
lassigt, obwohl diese von hoher Relevanz sind, da die Organe bei Frauen und Mannern ana-
tomische Unterschiede aufweisen und unterschiedliche Krankheitsverlaufe die Folge sein kon-
nen [2, 3]. Die Gendermedizin nimmt genau diese geschlechtsspezifischen Unterschiede in

den Fokus der Betrachtung.

In vielen medizinischen Fachbereichen wurden bereits relevante Unterschiede aufgedeckt,
welche zu einer optimierten Therapie und Diagnostik fihren sollen oder bereits geflihrt haben,
wie beispielsweise im Bereich der Kardiologie. Kardiovaskulare Erkrankungen zahlen zu einer
der Hauptursachen fir Mortalitat in Europa (etwa 49% von den gesamten Sterbeféllen bei
Frauen sowie etwa 40% der mannlichen Sterbefalle) [4, 5]. Bei der koronaren Herzkrankheit
und der Herzinsuffizienz wurden Unterschiede aufgedeckt, insbesondere in der Diagnostik und
Behandlung. Gezeigt wurde beispielsweise, dass bei einer Herzinsuffizienz trotz fur die Ge-
schlechter gleicher leitlinienbasierter Diagnostik die Echokardiographie seltener bei Frauen
eingesetzt wird [6, 7]. Im Hinblick auf koronare Herzkrankheiten konnten unterschiedliche Be-
handlungsweisen erkannt werden, da Frauen seltener interventionelle Therapien erhielten und
insgesamt weniger stark invasiv behandelt wurden [8, 9]. Besonders wichtig ist zudem die
Anpassung der Medikamente auf das Kdérpergewicht sowie die Uberpriifung der Nierenfunk-
tion bei kleineren und alteren Frauen [7]. Auch bei der Symptomaufierung von kardiovaskula-
ren Erkrankungen wurden wichtige Unterschiede erkannt, wie der unterschiedliche Verlauf ei-
nes Herzinfarktes bei Frauen und Mannern. Unterschiede zeigten sich in der Pathophysiologie,
den Risikofaktoren und anderen Symptomen, wodurch der Herzinfarkt bei Frauen schwieriger
erkennbar ist [10-12].

Ziel ist es, durch die Individualisierung der Medizin die Gesundheit aller Personen gleicherma-
Ren zu sichern und spezifisch auf die Krankheitscharakteristiken eingehen zu kénnen. In der
Ophthalmologie sind Geschlechterunterschiede bisher weitgehend unerforscht. Unterschiede
in der Epidemiologie der haufigsten Augenerkrankungen, wie beispielsweise der altersabhan-
gigen Makuladegeneration (AMD) [13, 14] und des Glaukoms [15, 16] sind ansatzweise erfasst
worden, doch die Auspragung der Erkrankung durch die biologischen Unterschiede sowie un-
terschiedliche Reaktionen auf TherapiemalRnahmen wurden bisher kaum untersucht. Thera-
pien werden in der Ophthalmologie bisher fur alle Patienten gleichermafRen durchgefuhrt, un-
abhangig von geschlechtsspezifischen Unterschieden [17]. In der Ophthalmologie sind Ge-
schlechterunterschiede in der Anatomie der Augen des physiologischen Alterungsprozesses

ohne Funktionseinschrankung (,Healthy Ageing“) und in der Behandlung von Augenerkran-
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kungen bisher nur geringfiigig untersucht wurden, wobei dieser Erkenntnisgewinn einen posi-
tiven Einfluss auf die Gewahrleistung der Gesundheit beider Geschlechter haben kénnte. Auch
zeigt sich in der augenarztlichen Versorgung eine Veranderung des Tatigkeitsspektrums:
weibliche Augenarzte nahmen Uber die letzten Jahrzehnte zu, zudem wird eine Teilzeittatigkeit

haufiger gewiinscht [18, 19]. Auch dies ist entsprechend zu berlcksichtigen.

Der Fokus dieser Arbeit liegt auf der Untersuchung der Geschlechterunterschiede in der Oph-
thalmologie. Folgende Schwerpunkte werden in der Arbeit bezogen auf Geschlechterunter-
schiede untersucht: die Anatomie der Augen und die Physiologie des Augeninnendrucks, Un-
terschiede bei der Symptomwahrnehmung sowie Veranderungen der visuellen Lebensqualitat
im Rahmen des ,Healthy Ageing®. Das ,Healthy Ageing“ wird von der Weltgesundheitsorgani-
sation (WHO) definiert als ,,A process of maintaining functional ability to enable well-being in
older age” [20]. Durch die Forschung im Bereich des ,Healthy Ageing“ soll untersucht werden,
inwiefern der Verlust der biologischen Funktion des Auges die Geschlechter unterschiedlich
beeinflusst. Beispielsweise wird untersucht, wie sich der Verlust der Sehscharfe im Alter auf
die Lebensqualitat beider Geschlechter auswirkt. Nachdem die Untersuchung der einzelnen
Schwerpunkte nur einige wenige geschlechtsspezifische Unterschiede aufgezeigt hat, wurde
entschieden, einen erweiterten Blick auf die beruflichen Zukunftsaussichten von Augenarzten

beider Geschlechter zu werfen.

Durch die vorliegende Dissertation soll ein Betrag zur Verbesserung der geschlechtersensib-

len Forschung geschaffen werden:

LIt is also important to note that the study of sex/gender differences benefits men as much as
it benefits women. Therefore, when we fail to routinely consider the impact of sex/gender in

research, we are leaving everyone’s health to chance.” [21, 22]
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2 Theoretischer Rahmen
Im folgenden Kapitel wird die relevante Terminologie beschrieben, die Entwicklung der
Gendermedizin erlautert und zuletzt die aktuellen Barrieren einer geschlechtersensiblen me-

dizinischen Forschung betrachtet.

2.1 Das Konzept von ,Sex“ und ,Gender"

~oex“ beschreibt ein biologisches Konzept, das bei Saugetieren zwei primare Geschlechter
(mannlich und weiblich) umfasst [23]. Menschen lassen sich biologisch differenzieren in
Frauen mit weiblichen Geschlechtsorganen und Manner mit den mannlichen Geschlechtsor-
ganen. Personen mit weiblichen und mannlichen Geschlechtsmerkmalen treten selten auf

[24]. Die biologische Zuordnung ist somit meist eine dichotome Variable in der Forschung [25].

Neben dem biologischen Geschlecht ist den Menschen auch das psychosoziales Geschlecht
,Gender* zuordenbar. Dieses Konzept ist ein soziales und kulturell gepragtes Konzept, wel-
ches psychosoziale Faktoren beschreibt [26]. Es sind Merkmale gemeint, welche als typisch
weiblich oder mannlich von der Gesellschaft anerkannt werden (die erworbene Geschlechter-
rolle) [27]. Durch die Unterscheidung beider Begrifflichkeiten soll verdeutlicht werden, dass die
Erwartungen der Gesellschaft an Manner und Frauen nicht biologisch vorherbestimmt sind,

sondern durch ein gesellschaftliches Konstrukt entstanden und nicht festgesetzt sind [28, 29].

2.2 Geschichte der Gendermedizin

Erste Ansatze der Gendermedizin entwickelte sich wahrend der 1960er und 1970er Jahre im
Rahmen der Frauenbewegung. Aktivisten forderten eine verbesserte Gesundheitsversorgung,
welche frei von Sexismus ist. Zu diesem Zeitpunkt wurde der ,Gender” Begriff definiert, wel-
cher die Differenzierung zwischen dem biologischen und psychosozialen Geschlecht ermdgli-
chen soll. ,Gender* wurde als Begriff fir das psychosoziale Geschlecht genutzt und ,Sex*“

diente der Beschreibung des biologischen Geschlechtes [30].

Im Jahr 1982 zeigte eine Publikation die Unterreprasentation von Frauen in der Wissenschaft
auf. Dies fUhrte spater zu verschiedenen Initiativen und Gesetzesvorsté3en zur Férderung der
Geschlechtergerechtigkeit im Gesundheitswesen, darunter der ,Women’s Health Equity Act*
in den USA [31]. Dieses Gesetz verfolgt das Ziel die Gesundheit von Frauen durch die Wis-
senschaft, medizinische Behandlung und Pravention zu verbessern. Mithilfe des Gesetzes
sollten mehr Frauen in Studien inkludiert werden, um eine geschlechtersensible Diagnostik
und Behandlung zu erméglichen [32]. Im Jahr 1998 hat die WHO die Relevanz des biologi-
schen und psychosozialen Geschlechtes mithilfe des ,Equity Act® verdeutlicht und die Gender-

medizin in dem Gesetz verankert [33].
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Des Weiteren folgte im Jahr 2001 ein Bericht des ,US Institutes of Medicine* mit dem Titel
»Exploring the biological contributions to human health: does sex matter?“ [31]. Dieser legte
die Grundlagen fur die geschlechtersensible Forschung. Der Bericht erlauterte verschiedene
Empfehlungen zur Verankerung der Gendermedizin in der Forschung. So wurde Forschenden
unter anderem empfohlen die entsprechende Terminologie (,Sex“ und ,Gender) als Begriff-
lichkeiten zu verwenden, die Ergebnisse nach Geschlechtern zu stratifizieren und zu analysie-

ren. Auch bei der Zellforschung sollten Geschlechterunterschiede betrachtet werden [34].

Zusatzlich entwickelte die EU im Jahr 2002 das 6. Forschungsrahmenprogramm, welches sich
erstmals mit dem psychosozialen Geschlecht als Variable in der Forschung befasste und auch
die Geschlechterverteilung des Forschungsteam in den Blick nahm [31]. In den nachsten Jah-
ren folgten weitere Gesetze und Publikationen zur Verankerung der Gendermedizin. Die

Gendermedizin entwickelte sich durch einen gesamtgesellschaftlichen Prozess.

2.3 Barrieren einer geschlechtersensiblen medizinischen Forschung

Die Gendermedizin erlangte in den letzten Jahren eine groRere Aufmerksamkeit im medialen
Bereich. Dennoch besteht weiterhin Handlungsbedarf, auch in der klinischen Forschung. Der
Anteil an Frauen in medizinischen Studien hat sich in den letzten Jahren erhéht, dennoch sind
Frauen in einigen Bereichen weiterhin unterreprasentiert [35-37]. Fur die hdéhere Anzahl an
Mannern in medizinischen Studien gibt es verschiedene Griinde. Hormonelle Unterschiede
sowie der damit einhergehende weibliche Zyklus spielen eine Rolle. Es besteht Sorge vor einer
verringerten Fruchtbarkeit sowie Beeintrachtigung einer bestehenden Schwangerschaft [38].
Teils sind diese Einschrankungen durchaus gerechtfertigt, doch im Vordergrund sollte bei je-
der Studie eine sorgfaltige Abwagung der Risiken erfolgen. Diese Abwagung findet haufig nicht
statt und der Ausschluss erfolgt ohne diese kritische Auseinandersetzung. Dadurch entstehen
Forschungslicken und Frauen wird eventuell unrechtmalig der Zugang zu Studien und der

damit einhergehende Nutzen verwehrt [39].

Eine Umfrage zur Verwendung von Verhitungsmitteln bei Forschungsstudien zeigte eine wei-
tere Barriere auf beim Zugang zu Studien flr Frauen, welche hormonelle Verhitungsmittel
verwenden. Die befragten Frauen mussten vor Beginn der Studie bis zu drei Unterschriften im
Voraus einholen, welche die angegebene Einnahme des Verhitungsmittels bestatigten [40].

Dies erhoht den zeitlichen Aufwand fiir Frauen.

Ein weiterer Punkt ist, dass nun zwischen dem biologischen Geschlecht und dem psychoso-
zialen Geschlecht differenziert wird, die Begrifflichkeiten ,Sex® und ,Gender” allerdings haufig
verwechselt werden und die Terminologie bei Forschenden zu Verwirrung fuhren. Dadurch
wird eine mogliche geschlechtersensible Analyse negativ beeinflusst [41, 42]. Grund hierflir

koénnte sein, dass sich das Konstrukt des psychosozialen Geschlechtes in der zweiten Halfte

6
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des 20. Jahrhunderts auf3erst schnell entwickelt hat. Durch die schnelle Entwicklung der Ge-
schlechterforschung konnte es flr Forschende problematisch sein tber die neusten Entwick-
lungen ausreichend informiert zu sein. Die korrekte Nutzung der Terminologie und Beschrei-
bung dieser ist wichtig, da sonst Forschungsergebnisse vom Leser falsch interpretiert werden
kdénnten [27].

Zudem werden das biologische sowie psychosoziale Geschlecht zwar haufiger als friher er-
fasst, dies flhrt jedoch nicht zwangslaufig zu deren Berlcksichtigung bei der Datenaufberei-
tung und -auswertung [35]. Als eine mogliche Begriindung wird von den Forschenden genannt,
dass die Berlcksichtigung von dem biologischen und psychosozialen Geschlecht hochst zeit-
aufwendig und kostenintensiv ist [43, 44]. An einem Beispiel in den USA zeigt sich, dass die
nicht vorhandene Berlcksichtigung der Geschlechter langfristig zu vergleichbar héheren Kos-
ten fihren kdnnte. Eine Analyse zeigte, dass 10 verschreibungspflichtige Medikamente zwi-
schen den Jahren 1997 bis 2001 vom Markt genommen wurden. Von diesen wiesen 8 von 10
Medikamenten ein héheres Gesundheitsrisiko fir Frauen als fir Manner auf [45]. Durch eine
friihere geschlechtersensible Analyse hatte die Gesundheit von Frauen geschiitzt werden kén-

nen und somit auch praventiv Kosten flir das Gesundheitssystem eingespart werden kénnen.
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3 Ziele der Arbeit

Im vorherigen Kapitel wurde aufgezeigt, dass es immer noch einige Barrieren hin zu einer
geschlechtersensiblen Forschung gibt und das biologische sowie psychosoziale Geschlecht
bei der Analyse haufig nicht hinreichend berlcksichtigt wird. Auch in der Augenheilkunde wur-
den Geschlechterunterschiede haufig nicht differenziert betrachtet. Dies wird verdeutlicht an-
hand des Faktes, dass es keine geschlechterspezifischen Unterschiede bei der Therapie und
Diagnostik gibt. Mithilfe dieser Dissertation sollen Geschlechterunterschiede in der Augenheil-

kunde in drei Bereichen untersucht werden:

1. Biologische Unterschiede der Augenanatomie, in der Entwicklung der Augenanatomie
im Zusammenhang mit der Frihgeburtlichkeit, und der Physiologie des Augeninnen-

drucks

2. Geschlechtsunterschiede in der visuellen Lebensqualitat Giber einen Zeitraum von 5

Jahren

3. Psychosoziale Unterschiede in der Zukunftsperspektive der augenarztlichen Versor-
gung
Durch die Betrachtung von biologischen und psychosozialen Aspekten soll es ermdglicht wer-

den mdgliche Geschlechterunterschiede aufzuzeigen und zu erldutern wie diese von Relevanz

fur das Feld der Ophthalmologie sind.
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Abstract

Purpose The aim of this study is to investigate the distribution of spherical equivalent and axial length in the general popula-
tion and to analyze the influence of education on spherical equivalent with a focus on ocular biometric parameters.

Methods The Gutenberg Health Study is a population-based cohort study in Mainz, Germany. Participants underwent com-
prehensive ophthalmologic examinations as part of the 5-year follow-up examination in 2012-2017 including genotyping.
The spherical equivalent and axial length distributions were modeled with gaussian mixture models. Regression analysis (on
person-individual level) was performed to analyze associations between biometric parameters and educational factors. Mende-
lian randomization analysis explored the causal effect between spherical equivalent, axial length, and education. Additionally,
effect mediation analysis examined the link between spherical equivalent and education.

Results A total of 8532 study participants were included (median age: 57 years, 49% female). The distribution of spherical
equivalent and axial length follows a bi-Gaussian function, partially explained by the length of education (i.e., < 11 years
education vs. 11-20 years). Mendelian randomization indicated an effect of education on refractive error using a genetic
risk score of education as an instrument variable (— 0.35 diopters per SD increase in the instrument, 95% CI, —0.64-0.05,
p=0.02) and an effect of education on axial length (0.63 mm per SD increase in the instrument, 95% CI, 0.22—1.04,
p=0.003). Spherical equivalent, axial length and anterior chamber depth were associated with length of education in
regression analyses. Mediation analysis revealed that the association between spherical equivalent and education is mainly
driven (70%) by alteration in axial length.

Conclusions The distribution of axial length and spherical equivalent is represented by subgroups of the population
(bi-Gaussian). This distribution can be partially explained by length of education. The impact of education on spherical
equivalent is mainly driven by alteration in axial length.

Keywords Refraction - Myopia - Biometry - Mendelian randomization - Gaussian mixture model
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Key messages

What is known:

e Limited studies have provided indications of a bi-gaussian distribution of axial length and spherical equivalent,
suggesting the presence of two distinct subgroups within the population

* Associations between genetic factors, education, and biometric parameters have been previously identified

What is new:

e This study revealed an accurate representation of axial length and spherical equivalent through a bi-gaussian
distribution in a large cohort, partially explained by education

e Participants with a shorter education length demonstrated better representation through a gaussian distribution
of axial length, and education influenced the spherical equivalent by 70% through alteration in axial length

Introduction

Most biological parameters under physiological circumstances
follow a Gaussian distribution, as it was assumed for biometric
eye parameters [1-3]. While there has been a consideration
that refractive error follows a Gaussian distribution [4], it is
essential to acknowledge early indications of a leptokurtic dis-
tribution dating back to 1864 [5]. In 2014, a European clini-
cal study showed that the distribution of spherical equivalent
resembles a bi-Gaussian distribution indicating a population
with two separate subgroups. The same characteristic was
seen for axial length, while anterior chamber depth (ACD) and
lens power were better described as one Gaussian curve [1].
Understanding ocular biometry and its variation is essential to
determine the power of intraocular lenses for achieving target
refraction in cataract surgery [6], and to identify subjects at
risk for ocular diseases.

Education and genetic factors have been shown to influence
refractive error and axial length. Higher or longer education is
correlated with longer axial length and myopia [7-11].

Mountjoy et al. [9] used Mendelian randomization tech-
nique to examine a possible causal relationship and reported
a myopic increase of the refractive error of —0.27 diopters
per every additional year of education.

Genetic risk alleles for myopia were identified, which
could lead to a higher risk of developing myopia [12—14]. In
the past, the relationship between the genetic risk score and
myopia showed a small effect in multivariable analysis [10].
An earlier study showed an impact of education on spherical
equivalent independently of genetic risk. Still, it did not inves-
tigate the potential bi-Gaussian distribution and the underly-
ing biometric parameters causing this association [10].

Thus, we aim to analyze the distribution of spherical
equivalent and axial length in the general population in
Germany. We model the impact of genetic parameters and
education on axial length and spherical equivalent and also
elaborate on the underlying ocular biometric parameters

@ Springer

leading to the well-known association between higher edu-
cation and myopia.

Methods
Procedure and study sample

The Gutenberg Health Study (GHS) is a population-based,
prospective, observational single-center cohort study in the
Rhine-Main-Region in Germany. The sample was equally
stratified for sex, residence (urban or rural), and age-decade.
A total of 12,423 individuals were re-examined at the 5-year
follow-up (2012-2017) [15, 16].

Ophthalmic parameters

The ocular biometry of the study participants was recorded
using optical low-coherence reflectometry technology
(LenStar900, Haag Streit, Switzerland) [15]. Patients were
instructed to fixate on the center of the internal fixation target
of the ocular biometer during the examination. The device
performs three single measurements per examination and the
parameters are averaged out of these measures. Ocular biom-
etric measurements were excluded when they were likely to
be invalid compared with other imaging modalities including
Scheimpflug imaging (Pentacam HR, Oculus, Wetzlar, Ger-
many). Objective refraction was measured with Humphrey
Automated Refractor/Keratometer (HARK) 5991 [17].

General parameters

Characteristics of the study population including age, sex,
body height and body weight were surveyed. Other covariates
included were socioeconomic status (SES) and education.

The degree of education was captured by three different
variables:
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Participants were asked to report their total duration of educa-
tion in years (sum of years in school, vocational school and univer-
sity; range: 020 years). Furthermore, the level of the completed
educational training was queried by two additional questions:

1. What is your highest school-leaving qualification?

a. Secondary school (lowest level), total of 9 years of
schooling (“Hauptschule™)

b. Secondary school (intermediate level), total of 10
years of schooling (“Realschule™)

c. High-school diploma/technical college certificate
(“Abitur”)

2. What is your highest professional degree?

a. Vocational school (apprenticeship)
b. Vocational school, technician-, master school
c. University degree

Genetic scores

An IluminaOmniEURHD chip was used for genotyping.
Imputation of the missing genotypes was performed using
the imputation software Beagle using the 1000GP3 reference
panel. The results were filtered and summarized as “allele
dosage”, with imputation quality calculated using a ratio of
observed and expected variance.

Three genetic risk scores were calculated: one for myopia,
axial length and one for education. Single nucleotide polymor-
phisms (SNPs) known to be associated with refractive error
were integrated, and 57 variants had been identified through
the scientific literature [10, 14, 18], of which 4 were not in the
panel of the phenotyping of the GHS (Appendix #1). For the
axial length score, 46 SNPs were identified in the literature
[18-20]. Of these, 21 were in the GHS panel (Appendix #2).

A previous study from the UK Biobank reported the cal-
culation of a genetic risk score associated with education
attainment/duration of education [9, 21]. Of the reported
74 genetic variants associated with education, 70 could be
included in this analysis (Appendix #3).

Inclusion and exclusion criteria

For the selection of study participants, only those with pha-
kic lens status were included and participants who had cata-
ract surgery were excluded.

Statistical analysis
Descriptive analysis was conducted for primary and sec-

ondary variables. For categorical parameters, absolute
and relative frequencies were computed. For continuous

variables, mean and standard deviation was calculated for
approximately normal-distributed data, otherwise median
and interquartile range. The mean value from both eyes was
used for the ophthalmic parameters, if available. Only phakic
eyes were included [22].

Gaussian mixture models with the implementation of the
expectation—maximization (EM) algorithm were used to ana-
lyze the distribution of spherical equivalent and axial length in
the general population. Multivariate gaussian functions allow
us to investigate whether the respective parameter follows a
gaussian distribution or is better represented by subgroups
in the population (bi- or multi-model-Gaussian distribution)
[1]. The analysis considered the Akaike Information Criterion
(AIC) and the Bayesian Information Criterion (BIC) values
of the Gaussian mixture models. The AIC value indicates the
likelihood of a model to estimate future values, with a good
model characterized by a minimal AIC [23]. On the other
hand, the BIC criterion captures the balance between the fit
of the model and its complexity. A lower BIC value indicates
a better fit of the model, striking a balance between accuracy
and simplicity [24].

The genetic risk score for myopia was calculated by mul-
tiplying the frequency (0, 1, or 2) of the risk alleles with the
effect estimate of the respective risk allele [25]. The same
principle was applied to calculate the genetic score for edu-
cation. However, in this case there were genes with negative
coefficients. Here, three sum scores were calculated:

e Sum of SNPs with negative coefficients
¢ Sum of SNPs with positive coefficients
¢ Sum of SNPs

Linear regression analyses with generalized estimating
equations were conducted to analyze the association between
biometric parameters and education adjusted for age, sex
and genetic risk score for myopia. The GEEMediate pack-
age in R was used to examine the natural direct effect on the
mediation proportion on person-level using the mean value
of both eyes.

As additionally analyses, possible sex differences were
analyzed with linear regression models (with generalized
estimating equations) stratified by sex. In addition, we con-
ducted two sensitivity analyses. Firstly, we excluded all indi-
viduals over 70 years old to eliminate those with potential
lens opacities, as this could impact the biometric parameters.
The choice of the age threshold at 70 is based on a study by
Stingl et al. [26]. In their investigation, a scatterplot reveals
a quadratic relationship between a 5-year change in spherical
equivalent (SE) and age. Specifically, there is a hyperopic
shift observed between the ages of 44 and 70 years, and a
myopic shift is evident at older ages. As a second sensitivity
analysis, we excluded individuals with hyperopic refractive
error that may be influenced by residual accommodation.

@ Springer
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Bidirectional Mendelian randomization was performed to
examine possible causal correlations between the duration
of education and spherical equivalent, using the genetic risk
score for education and the effect of spherical equivalent
on duration of education, using the genetic risk score for
myopia. The same principle was applied for axial length,
involving a genetic score composed of SNPs associated with
variations in axial length. Mendelian randomization (MR) is
an analysis method which uses instrumental variables (IV).
This analysis method allowed us to explore possible corre-
lations by considering a genetically calculated risk. In MR
analysis, alleles are randomly assigned; therefore, the analy-
sis resembles a natural randomized control trial. This makes
it less susceptible to bias than other analysis methods [27].
We conducted multiple MR methods: the inverse-variance
weighted MR approach is most commonly used to examine
the correlation between exposure and outcome in genome-
wide association studies (GWAS). The approach is subject
to the assumption that all SNPs are valid IVs. Further, the
weighted MR method assumes that not all SNPs are valid
1Vs [28]. The MR-Egger approach is a sensitivity analysis to
tests for directional pleiotropy; a low p-value demonstrates
directional pleiotropy [29].

Data was processed with the statistical program R (ver-
sion: 4.0.3 (2020-10-10)) with the packages clusterR, flex-
mix, GEEmediate, MendelianRandomization.

Results

Overall, 8532 study participants were included. The median
age of the study population was 57 years (age range: 40-80
years) and 49% were female. Table 1 shows the participant’s
characteristics at the time point of the ophthalmologic exam-
ination (2012-2017). The biometric eye parameters of men
were slightly larger/longer than women’s. Socioeconomic
status and duration of education were also higher among
men.

Gaussian mixture models

The Gaussian mixture models showed that a bi-Gaussian
function could better represent the distribution of some bio-
metric parameters in the population. Two subgroups better
represent the distribution of axial length and the spherical
equivalent, while one Gaussian curve best describes the dis-
tribution of anterior chamber depth and corneal curvature
(Fig. 1). The AIC and BIC values of the bi-Gaussian models
were lower than those with one curve, indicating a better pop-
ulation representation of the population by two subgroups.
When stratifying the study sample for persons with 0-10
years and 11 + years, there was a Gaussian distribution in
subjects for persons with a shorter duration of education
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for axial length (Fig. 2). However, with a longer duration of
education the axial length showed a bi-Gaussian distribu-
tion. Additionally, the spherical equivalent still showed a
flattened second curve with shorter duration of education
but the histogram is less left skewed (Fig. 3).

Associations between refractive error and education

Linear regression analysis using generalized estimating
equations (GEE) showed an association between axial length
and duration of education. The association mentioned above
were also found for anterior chamber depth and spheri-
cal equivalent. Results highlight the spherical equivalent
decreases with each additional year of education. Axial
length becomes longer with each additional year of educa-
tion. This is also the case for anterior chamber depth, while
lens thickness, corneal curvature and white-to-white dis-
tance did not reveal an association with education (Table 2).
In the conducted sensitivity analyses, where individuals over
70 were excluded in one instance and those with a hyperopic
refractive error were excluded in the second, comparable
results were observed.

We additionally stratified the regression models by sex
and found one sex-related difference (Supplemental Table 1).
Corneal curvature and duration of education is associated
only in female participants. Apart from this result, the results
fit the regression analysis for all participants.

To investigate whether the association between dura-
tion of education and spherical equivalent is mediated by
alteration of axial length, a further model was applied. The
marginal model (model without the mediator) showed a sig-
nificant relationship between the spherical equivalent and
duration of education (beta= —0.18, p <0.001). The condi-
tional model (with the mediator axial length) demonstrated
that the effect estimate decreases by 70%, the remaining
effect was still significant (beta= —0.05, p <0.001).

Mendelian randomization

The inverse-variance weighted (IVW) MR indicated that
there might be a causal effect of education years on refrac-
tive error using the genetic score for education (— 0.35 diop-
ters per SD increase in the instrument, 95% CI, — 0.64-0.05,
p=0.02; Table 3, Fig. 4a). Furthermore, there was no evi-
dence of a causal effect of refractive error on education,
based on the risk score for myopia (Table 3, Fig. 4b). The
MR-Egger intercept test showed no average directional plei-
otropy in either models (p=0.09 and p=0.25).

Figure 4 shows the findings of the IVW approach. 5 of 70
variants associated with duration of education were signifi-
cantly associated with higher levels of myopia in our study
population (more negative SE, Fig. 4a). A total of 21 of 53
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Table 1 Participants’
characteristics (N=8532, data
from the examination of the
population-based Gutenberg
Health Study 2012-2017).
Values are presented as

mean + standard deviation
unless stated otherwise

Fig. 1 Bi-Gaussian model: a
axial length, b spherical equiva-
lent. Results from the popula-
tion-based Gutenberg Health
Study (n=8532; 2012-2017)

Overall Men Women
Anthropometric data 8,532 4359 4173
Age (years), median (IQR), (min—max) 57 [49, 66] 58 [50, 66] 57 [49, 66]
(40-80 years) (40-80 years) (40-80 years)
Weight (kg) 80.2+16.87 87.85+14.65 72.19+15.24
Height (cm) 171+10 177+7 164+7
BMI (kg/m?) 27.40+5.00 27.92 +4.31 26.86+5.59
Ophthalmic parameters
Spherical equivalent, OD (diopter) —-041+2.51 —0.44+2.44 -0.38+2.58
Spherical equivalent, OS (diopter) -0.42+2.54 —-045+2.49 -0.39+2.61
Axial Length, OD (mm) 23.74+1.22 24.02+1.19 2344+1.17
Axial Length, OS (mm) 23.71+1.22 24.00+1.22 23.41+1.17
Anterior chamber depth, OD (mm) 3.25+0.35 3.30+0.36 3.20+0.34
Anterior chamber depth, OS (mm) 3.24+0.35 3.28+0.35 3.19+0.34
Corneal curvature, OD (mm) 7.84+0.28 7.90+0.28 7.78 £0.26
Corneal curvature, OS (mm) 7.83+0.28 7.89+0.28 7.77+0.26
Lens thickness, OD (mm) 4.35+0.37 4.37+0.38 4.34+0.35
Lens thickness, OS (mm) 4.42+0.36 4.44+0.37 4.39+0.35
White-to-white, OD (mm) 12.21+0.43 12.29+0.44 12.12+0.41
White-to-white, OS (mm) 12.21 £0.44 12.29+0.45 12.13+0.41
Socio-economic data
Socio-economic status (SES) 13.30+4.38 1391 +4.41 12.66+4.27
Duration of education (years) 13.05 +£2.09 13.26+2.15 12.84+2
Completion of training
Secondary school (lowest level), total of 9 years of 2727 (32.1) 1422 (32.8) 1305 (31.4)
schooling), Hauptschule, n (%)
Secondary school (intermediate level), total of 10 2174 (25.6) 871 (20.1) 1303 (31.3)
years of schooling, Realschule, » (%)
Technical college certificate, n (%) 901 (10.6) 591 (13.6) 310 (7.5)
High-school diploma (Abitur), n (%) 2652 (31.2) 1426 (32.9) 1226 (29.5)
Other degree/no degree 40 (0.5) 26 (0.6) 14 (0.3)
Training degree
Vocational school (apprenticeship), n (%) 3836 (45.1) 1622 (37.4) 2214 (53.2)
Vocational school, technician-, master school, n (%) 1300 (15.3) 815 (18.8) 485 (11.7)
College of applied science, n (%) 1098 (13.0) 733 (16.9) 365 (8.8)
University degree, n (%) 1725 (20.3) 987 (22.8) 738 (17.7)
Other degree/no degree (%) 535 (6.3) 179 (4.2) 356 (8.6)
a) b)
0.4
) 3
03 c 0.21
g g
g g
w 0.2 Ve
g 201
®© ®©
0.1 ©
1 (1
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Fig.2 Gaussian and bi-Gaussian
model. Axial length stratified

on educational length. Results
from the population-based
Gutenberg Health Study
(n==8532; 2012-2017)

o
IS
2

o
w
L

Relative Frequency
o o
- [N

o
=]
L

Education >= 11 years

Education < 11 years

o
=~

o
w

Relative Frequency
53 o
= [N

0.0

20 24

Fig.3 Gaussian and bi-Gaussian
model. Spherical equivalent

stratified on educational length.
Results from the population- -
based Gutenberg Health Study g 0.2-
(n=8532;2012-2017) 2=

o

7]

—

(N

2 0.1

©

O

o

0.04

22
Axial Length [mm]

Education >= 11 years

26 28 20 22 24 26 28
Axial Length [mm]

Education < 11 years

0.3

0.2

0.1

Relative Frequency

0.0 w————

-10 5 0

Spherical equivalent [diopters]

Table 2 Association analysis between ocular biometric parameters
and duration of education, data from the German population-based
Gutenberg Health Study (2012-2017). Linear regression analyses
were performed using GEE estimations, adjusted for age, sex, and
genetic risk score for myopia

Year of education

Estimate 95%-CI P
Spherical equivalent —-0.10 [-0.13——0.08] <0.001
Axial length 0.06 [0.05-0.07] <0.001
Corneal curvature 0.002 [0.00-0.01] 0.12
Anterior chamber depth 0.01 [0.00-0.01] <0.001
Lens thickness —0.002 [—0.01-0.00] 0.08

variants associated with myopia were not associated with
longer duration of education (Fig. 4b).

An effect of duration of education on axial length was
also demonstrated using the genetic score for education (0.63
mm per SD increase in the instrument, 95% CI, 0.22-1.04,
p=0.003). There was no significant effect of axial length
on education when using the genetic score for axial length.
No directional pleiotropy was demonstrated in both models
(p=0.07 and p=0.88).
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Discussion

This study investigated the distribution of spherical equiva-
lent and axial length in the general population. The impact
of education on the spherical equivalent and axial length as
biometric parameters was analyzed. Our results highlight
that the spherical equivalent and axial length distribution
follow a bi-Gaussian distribution. The distribution can be
partially explained by the length of education (i.e.,< 11
years of education vs. 11-20 years). Mendelian randomi-
zation showed that spherical equivalent and axial length is
influenced by duration of education.

In 2013, Rozema et al. investigated the distribution of
spherical equivalent in more detail and further analyzed the
distribution of axial length. This study supports the find-
ing of a bi-Gaussian distribution for the axial length and
spherical equivalent [1]; nevertheless, the reason for this
bi-Gaussian distribution remained in the most studies unex-
plained. Flitcroft’s review [30] suggests that human myopia
may result from a failure of homeostasis, particularly emme-
tropization—a natural process where the eye tends to grow
towards an optimal state in early life [31, 32]. Homeostatic
failures can lead to refractive errors, increasing variability.
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Table 3 Results of bidirectional
Mendelian randomization (MR)

MR Analysis for education years on refractive error

MR Analysis for education years on axial length

for refractive error and axial Estimate 95% CI p-value Estimate 95% CI p-value

length. Data from the German

popu]a(ion{)ased Gu(enberg Simplc median —-0.36 [—0.80-0.08] 0.11 0.80 [0.18-1.42] 0.01

Health Study (2012-2017) Weighted median —0.18  [-0.62-0.27] 0.44 0.92 [0.28-1.56]  0.01
IVW —-0.35 [-0.64--0.05] 0.02 0.63 [0.22-1.04]  0.003
MR-Egger —-042  [-0.89-0.06] 0.09 0.61 [-0.05-1.23] 0.07
Intercept 0.004 [-0.02-0.02] 0.71 0.001 [-0.01-0.01] 0.93
MR Analysis for refractive error on years of education MR analysis for axial length on years of educa-

tion

Simple median ~ 0.01 [-0.21-0.23] 094 0.10 [—0.54-0.73] 0.77
Weighted median —0.003 [-0.19-0.19]  0.97 0.26 [-0.29-0.81] 0.35
VW 0.03 [-0.09-0.15]  0.65 0.19 [-0.29-0.67] 0.45
MR-Egger 0.12 [-0.09-0.33] 025 0.06 [-0.68-0.80] 0.88
Intercept -001 [-0.03-0.01] 027 0.01 [-0.02-0.04] 0.65

Fig.4 Results of bidirectional
Mendelian Randomization,
standard inverse-variance
weighted method. Data from
the German population-based
Gutenberg Health Study
(2012-2017). Regression line
and standard errors (shaded
area) fitted using robust linear
regression. Whiskers represent
95% confidence intervals

B for association between SNPs with refractive error
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Acknowledging myopia as a homeostatic failure implies
diverse causes, allowing identification of subgroups respon-
sive to specific influences, genes [33], or treatments [30].

Our study showed an association between spherical
equivalent and duration of education in linear regression
analysis and through Mendelian randomization technique.
This is in line with a recent study [9] investigating the direc-
tion of causality in the relationship of myopia and educa-
tion using Mendelian randomization technique. While the
authors concluded that myopia did not influence educational
level, a myopic shift of —0.27 diopters was observed for each
additional year of education [9]. This finding is higher than
our result of -0.10 diopters for each additional year of educa-
tion in the regression analysis.

Furthermore, the stratification of the regression models by
sex showed one relevant difference. The association between
corneal curvature and duration of education was only visible
in female participants. It is important to note that, overall,
no consistent relationship between education duration and

a) Usage of genetic score for education (70 SNPs)

01

b) Usage of genetic score for myopia (53 SNPs)

B for association between SNPs with years of education

0.2 0.3 055

025

B for association between SNPs with refractive error

0.00

corneal curvature has been observed, and other studies have
also failed to demonstrate a significant association between
education and corneal curvature [34]. This sex difference
could therefore result from different sample characteristics,
or chance finding.

In 2016, Mirshahi et al. analyzed the relationship between
myopia and cognitive performance. Cognitive performance
was assessed using the Tower of London Test. The find-
ings of the linear mixed model indicated that the length of
education influences on myopia (beta= —0.14, p <0.001).
In contrast, there was no relationship between cognitive per-
formance and myopia (beta= —0.0017, p=0.21) [35].

Previous studies have demonstrated a correlation between
axial length and myopia with a higher level of education
[7-11, 36]. This study provides evidence that the correla-
tion between myopia and education may be attributed, in
part, to a bi-Gaussian distribution of axial length.

In addition, our analysis showed that axial length
increased with each year of education.
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Education contributes to increased hours of near work
through reading and writing. Studies showed that a longer
duration of near work and a small distance between the eyes
and the objects viewed are associated with an increased risk of
myopia [37-39]. Data from the “British Twins Early Develop-
ment Study (TEDS)” [40], examined twins aged 5 to 12 years
in 1996. This study indicated that near work and screen time
were associated with a higher risk of myopia in childhood.
Near work requires the eye to adjust to the varying distances
of the objects constantly. One possible reason for this could
be when individuals engage in prolonged near activities, such
as reading, this may lead to a blurred retinal image in the mid-
periphery known as peripheral hyperopic defocus. Studies in
animals have indicated that peripheral hyperopic defocus
stimulate the growth of the eye [39, 41, 42].

Previous studies have demonstrated an association
between myopia and environmental and genetic factors. Stud-
ies of identical twins and families showed a strong hereditary
component to myopia [40, 43]. Several genes have been iden-
tified that influence axial length and spherical equivalent [18,
20]. Possible environmental risk factors for myopia, such as
using electronic devices, television, or computer [44, 45], are
addressed. Outdoor time and light exposure are myopia pro-
tective factors [46]. Sherwin et al. reported 2% reduced odds
of myopia per additional hour per week spent outside [47].

The change in refractive error is directly linked to the previ-
ously identified risk factors: The risk factors lead to a change
in biometric parameters for instance axial length [45]. In the
retina, dopamine is an important neurotransmitter responsible
for various functions: it is relevant for the creation of visual
signals as well as refractive development [48]. Brighter light
leads to a release of dopamine attenuating axial length growth.
Some of the risk factors may arise due to competing activities:
increased media use is associated with less time outdoors,
thus resulting in less exposure of the eye to bright light [46].

Strengths and limitations

This study analyzed data from a large population-based rep-
resentative sample and contributed to a better understanding
of the distribution of spherical equivalent and axial length
in the general population. Education as an underlying fac-
tor for the occurred distributions could be demonstrated.
Compared to other studies on this topic, the large study
population offers the possibility of obtaining representative
findings. However, some limitations in our study need to be
considered. First, the included GHS subjects mainly consist
of Caucasian origin. Therefore, the results cannot be gen-
eralized to other ethnicities. A second limitation is that no
data on the previous outdoor activity of the study popula-
tion and no parameters on light exposure, especially during
childhood, adolescence and early adulthood were collected.

@ Springer

The influence of outdoor activity separate light exposure on
myopia has been proven [49-51]. Thus, adjusting for out-
door activity in the regression analysis was impossible. After
age 35, a further myopic shift is less likely as a recent pub-
lication has shown [26], and there is no association between
type of occupation and refractive error.

Conclusion

In conclusion, this study demonstrated that the distribution of
axial length and spherical equivalent is better represented by two
subgroups (bi-Gaussian) in a population-based study. Stratifica-
tion of the study population by duration of education (education
0-10 years vs. education 11-20 years) showed that for a short
duration of education, the distribution of axial length follows the
physiological Gaussian distribution. The distribution of spheri-
cal equivalent follows nearly a Gaussian distribution. Myopic
spherical equivalent, longer axial length and deeper anterior
chamber depth were associated with duration of education,
while corneal curvature and lens thickness were not. Mediation
analysis showed that about 70% of the effect of education on
spherical equivalent is due to elongation in axial length.
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Purrose. To explore differences in the relationship between gestational age (GA) and
birth weight (BW) percentile and ocular geometry between males and females.

MerHoDps. The Gutenberg Prematurity Eye Study involved a prospective ophthalmic exam-
ination of adults, aged 18 to 52 years, who were born preterm or at term, in Germany. The
associations between GA and BW percentile on the main outcome measures were
evaluated by uni- and multivariable linear regression analyses. The main outcome
measures were central corneal thickness, corneal radius, anterior chamber depth, lens
thickness, posterior segment length, and central foveal thickness. Potential sex-specific
differences and an effect modification by sex were analyzed.

Resurts. This study involved 438 participants (245 females, 193 males) with an
average age of 28.6 + 8.7 years. In female participants, central foveal thickness was
negatively associated with a higher GA (B = —2.99; P < 0.001). Similarly, male partici-
pants also demonstrated a negative association between central foveal thickness and GA
(B = —4.27; P < 0.001). The multivariable model with effect modification revealed that the
central foveal thickness was thicker with lower GA. There was an association between the
effect modification of GA with sex and central foveal thickness, demonstrating a more
pronounced effect of GA on central foveal thickness in male participants (B = 1.29;
P =0.04).

Concrusions, This study identified a sex-specific correlation between lower GA and
thicker central foveal thickness, suggesting differences in the developmental trajectory of
this biometric parameter concerning GA. A thicker central foveal thickness might affect
the visual acuity of individuals born preterm in adulthood, with a more pronounced
impact in males and a potential predisposition to age-related diseases later in life. Sex
did not influence the association of GA or BW percentile to other ocular geometric param-
eters.

Keywords: prematurity, epidemiology, birth weight, anatomy, sex differences

umerous studies have demonstrated disparities in
N ocular biometry between infants born preterm with and
without retinopathy of prematurity (ROP) compared to indi-
viduals born full-term contributing to the increased risk for
reduced visual acuity and increased myopic refractive errors
of individuals born preterm in infancy and childhood.'-?
Furthermore, there are biometric differences between men
and women in adults.’* However, the expression of these
biometric differences between the sexes in children born
preterm remains unclear, raising questions about the exis-
tence of sex-specific differences regarding ocular biometry,
There is evidence that preterm birth affects women and
men differently in various aspects, with sex-specific differ-
ences becoming evident during fetal development. Female

Copyright 2024 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

fetuses rely more on intrinsic placental growth, whereas
male fetuses depend more on nutrient transfer through
the placenta. Consequently, in times of maternal stress and
deprivation, male fetuses are at a higher risk of experienc-
ing growth retardation, including reduced growth.®~® More-
over, male preterm infants have an elevated risk of mortal-
ity, morbidity, and brain injury,” "' and certain studies have
indicated a higher incidence of severe ROP in male individ-
uals.'*'? The long-term effects of prematurity also appear
to differ between female and male individuals, with several
studies indicating that females born preterm have better
cognitive outcomes compared to males.'*~1

Sex differences in ocular biometry in children as
well as in adults have been investigated. In a study

This work is licensed under a Creative Commons Attribution 4.0 International License. .: 8Y
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examining 155 eyes, female adults had a thinner central
corneal thickness, but the axial length, anterior chamber
depth, lens thickness, and white-to-white distance were not
significantly different between sexes.'” Conversely, other
studies have demonstrated that males tend to have larger
morphometric eye parameters. In one study, sex-specific
biometric differences in children were examined by analyz-
ing 64 eyes of 64 adolescents from 32 sets of twins.'® The
authors discovered sex-specific variations in optical biom-
etry measurements. It was observed that girls were more
likely to show shorter axial lengths and white-to-white
distances.'® Other studies in adults have shown comparable
results related to generally larger morphometric parameters
in men.*?

In a prior investigation conducted as part of the Guten-
berg Prematurity Eye Study, it was demonstrated that low
gestational age (GA) and a low birth weight (BW) percentile
were linked to a steeper corneal curvature and a reduced
corneal diameter. Meanwhile, ROP was solely associated
with reduced corneal diameter, with ROP-treated eyes
exhibiting a shallower anterior chamber and a thicker lens.
Additionally, lower GA and the presence of pre-eclampsia
were linked to a shorter axial length.'® Other studies have
yielded similar findings.?’~%

This study aims to build upon the previous findings by
exploring sex-specific differences in ocular biometry, with a
primary focus on individuals born preterm. This study repre-
sents the first of its kind, to our knowledge, to investigate
disparities in adults born preterm, and it is anticipated that it
will uncover sex-specific variations that could impact vision.
Understanding these potential sex-specific differences in
ocular biometry could provide valuable insights for clinical
practice.

MATERIALS AND METHODS
Study Population

The Gutenberg Prematurity Eve Study (GPES) is a single-
center cohort study conducted at the University Medical
Center of the Johannes Gutenberg University Mainz (UMCM)
in Germany. The study included individuals born preterm or
full term between 1969 and 2002 who were between the ages
of 18 to 52 years at the time of enrollment. This study has a
retrospective cohort design with prospective follow-up data
collection.

For the GPES, preterm newborns with a GA at birth
of <32 weeks and every second randomly chosen preterm
newborn with a GA of 33 to 36 weeks were invited to partic-
ipate. Additionally, for each month from 1969 to 2002, six
individuals (three males and three females) horn full term
with a BW between the 10th and 90th percentiles were
invited as controls, as reported earlier.?3:%*

The study examinations were conducted from June 2019
to November 2021. Each participant underwent a compre-
hensive ophthalmological examination, including ocular
biometry, and a medical history interview. Furthermore,
the participants’ medical records documenting perinatal and
postnatal historics were reviewed.

Written informed consent was obtained from all partic-
ipants before they entered into the study, complying with
Good Clinical Practice, Good Epidemiological Practice, and
the tenets of the Declaration of Helsinki. The study protocol
and documents were approved by the local ethics committee

Downloaded from iovs.arvojournals.org on 06/23/2024
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of the Medical Chamber of Rhineland-Palatinate, Germany
(reference no. 2019-14161; original vote: 29.05.2019, latest
update: 02.04.2020).

Assessment of Prenatal, Perinatal, and Postnatal
Medical History

The medical records of the participants archived at the
UMCM were thoroughly reviewed to gather essential infor-
mation related to their prenatal, perinatal, and postnatal
medical history. Data included parameters such as GA (in
weeks); BW (in kilograms); the presence and stage of
ROP and ROP treatment details; occurrences of placental
insufficiency; cases of pre-eclampsia; breastfeeding prac-
tices; gestational diabetes; maternal hemolysis, elevated
liver enzymes, low platelet count (HELLP) syndrome;
and maternal smoking. Additionally, BW percentiles were
calculated following the method developed by Voigt
et al.®

Categorization

The participants were categorized into the following groups
for descriptive analysis:

Group 1. Full-term participants (born with a GA of
>37 weeks)

Group 2. Preterm participants with a GA at birth
between 33 and 36 weeks (moderate-to-late preterm)
without ROP

Group 3. Preterm participants with a GA at birth
between 29 and 32 weeks without ROP

Group 4. Preterm participants with a GA at birth of
<28 weeks without ROP

Group 5. Preterm participants with a GA at birth of
<32 weeks with postnatal ROP but no ROP
treatment

Group 6. Preterm participants with a GA at birth of
<32 weeks with postnatal ROP and ROP treatment

.

In cases where only one eye of a participant had ROP,
the analysis excluded the fellow eye without ROP.

Ophthalmological Examination

Ocular biometry was conducted with the Lenstar 900 instru-
ment from Haag-Streit (Kéniz, Switzerland).?® During each
examination, three individual measurements were taken,
and the average value was calculated. Several Lenstar
parameters were recorded, including corneal radius, ante-
rior chamber depth, lens thickness, and axial length.
Each parameter underwent outlier checks to ensure data
quality as reported earlier.' Furthermore, nonmydriatic
fundus photography and imaging of the macula using
spectral-domain optical coherence tomography (SD-OCT)
were conducted with the SPECTRALIS OCT system (Heidel-
berg Engineering, Heidelberg, Germany).”?-* The macula
was captured using SD-OCT in a 15° x 15° block scan
format in enhanced depth imaging mode and assuming
a corneal curvature of 7.7 mm. Heidelberg Eye Explorer
software (HEYEX and SPX; Heidelberg Engineering) was
employed, utilizing a research software tool for the auto-
matic segmentation of macular retinal thickness and that
of each individual retinal layer. The calculation of reti-
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TasLe 1. Characteristics of the GPES Sample (# = 438) Stratified by Study Group and Grouped by Female and Male Participants

Group 1 Group 2 Group 3 Group 4 Group 3 Group 6
(GA = 37) (GA 33-306) (GA 29-32) (GA = 28) (GA = 32) (GA = 32)
No ROP No ROP No ROP ROP Without ROP With
Treatment Treatment
Female participants
Participants/eyes, n 81/162 80/159 47/94 10/18 23/44 4/7
Age (y), mean + SD 29.40 + 8.9 29.28 + 9.7 28.66 + 8.7 28.50 £ 10.5 23.65 £ 6.5 24.25 £+ 5.2
BW (g), mean + SD 3320 + 375 2090 + 487 1520 + 282 1017 + 182 933 + 344 844 + 228
BW < 1500 g, n (%) 0(0) 7 (8.8) 19 (40.4) 10 (100) 21 (91.3) 4 (100)
BW < 1000 g, n (%) 0(m 0(0) 3 (6.4) 4 (40.0) 14 (60.9) 3 (75.0)
GA (wk), mean = SD 3944 + 1.3 34.43 £ 1.0 30.51 £ 1.2 27.00 £ 1.3 27.57 £ 2.0 26.25 + 2.1
ROP, stages 1/2/3, n 0/0/0 0/0/0 0/0/0 0/0/0 17/25/2 0/2/5
Preeclampsia, # (%) 9 (11.1) 13 (16.3) 7 /14.9) 1 (10.0) 4(17.9) 0
Placental insufficiency, 7 (%) 2(2.5) 13 (16.3) 2 (4.3) 0 1(4.3) [IN{)]
Maternal smoking, # (%) 5 (6.2) 6(7.5) 4 (8.5) 1 (10.00 3(13.0) 0
HELLP syndrome, (%) 0 (0 2(25) 0 (0) 0 (0 2(8.7) 0
Gestational diabetes, 1 (%) 1(1.2) 4 (5.0) 0(0) 00 0 () 00
Breastfeeding, # (%) 43 (53.1) 45 (56.3) 23 (48.9) 3 (30.0) 10 (43.5) 3(75.00
Male participants
Participants/eyes, n 59/118 54/108 41/81 10/18 20/36 9/16
Age (y), mean £+ SD 30,49 £ 9.6 29.63 + 8.6 27.80:%= 75 20,90 £ 3.1 2590 £ 4.1 28.44 £ 5.3
BW (g), mean + 5D 3558 + 376 2023 £ 440 1582 + 377 835 + 156 1166 £ 411 803 + 288
BW < 1500 g, 7 (%) 0 (D) 6 (11D 18 (43.9) 10 (100) 16 (80) 9 (100)
BW < 1000 g, 7 (%) 0 0 2 (4.9 8 (80) 7 (3% 7(77.8)
GA (wk), mean £+ SD 3912 + 1.3 34.07 £ 0.91 3080 + 1.1 26.30 + 1.6 28.10 £ 2.2 2733 £ 24
ROP, stages 1/2/3, n 0/0/0 0/0/0 0/0/0 0/0/0 13/19/4 0/2/14
Preeclampsia, 1 (%) 2 (3.4 11 (20.4) 3(7.3) 2 (20) 5(25) 4 (44.4)
Placental insufficiency, z2 (%) 0w 3 (5.0) 0 (0} 1(10) 1(5) 0
Maternal smoking, 12 (%) 2 (3.4) 1(1.9) 4 (9.8) 0 2(10.0) 2(22.2)
HELLP syndrome, 7 (%) 0 4 (7.9 124 0 2 (10.0) 0 (0
Gestational diabetes, 1 (%) 0(m 3 (5.6) 1(2.4) 110 1(5.00 00
Breastfeeding, 1 (%) 36 (61) 28 (51.9) 21(51.2) 6 (60) 8 (40) 3(33.3)

nal laver thickness within the fovea and perifoveal area
was executed using an Early Treatment Diabetic Retinopa-
thy Study (ETDRS) grid featuring circles at 1-mm, 2-mm,
and 3-mm distances from the foveal center, which was
presumed to be the point of deepest foveal depression.
Central foveal thickness was determined as the minimal
retinal thickness at the fovea. Each scan underwent review
by a board-certified ophthalmologist to identify any issues
with decentration or layer segmentation errors, with any
affected eyes being excluded from the study. Consequently,
this study incorporated only those images that were of
high quality and perfectly centered, possessed a signal
strength of over 15 dB, and showcased precise automated
delineation.?” Moreover, foveal scans from both eyes were
assessed by two independent graders (A.K.S., §.G.) for signs
of foveal hypoplasia, defined per criteria outlined in a prior
publication.?®

Covariates

Covariates may affect the main outcome measures such as
GA (weeks) and BW percentile, so participants with a history
of corneal or cataract surgery were excluded, as such medi-
cal interventions could potentially impact ocular anatomy (#n
= 7). Also, ocular geometry measurements were not possi-
ble in a few participants, particularly in those with low visual
acuity (n = 3).

Downloaded from iovs.arvojournals.crg on 06/23/2024

Statistical Analysis

The main outcome measures were central corneal thick-
ness, corneal radius, anterior chamber depth, lens thick-
ness, posterior segment length, and central foveal thickness.
Descriptive statistics were utilized to analyze these outcome
measures stratified by clinical group. For dichotomous
parameters, absolute and relative frequencies were calcu-
lated, whereas approximately normally distributed variables
were assessed using mean and standard deviation (SD) and
the median and interquartile range were determined for
non-normally distributed variables. Both right and left eyes
were included in the analysis. Linear regression models with
generalized estimating equations were employed to evalu-
ate associations accounting for correlations between corre-
sponding eyes.

The initial step involved univariable analyses for the
main outcome measures considering independent param-
eters such as GA and BW percentile. The regression anal-
yses were conducted independently for female and male
participants to explore potential sex-specific differences.
Both GA and BW percentile were incorporated into the
multivariable regression analysis concerning various biomet-
ric parameters. An additional model was introduced to
investigate the potential influence of sex, employing effect
modification terms in the regression model. Moreover, a
sensitivity analysis was performed by incorporating age
into the multivariable model for central foveal thickness.
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Further, a separate multivariable analysis was conducted
adjusting for the presence of ROP (yves) and ROP treat-
ment (yes) as additional factors. In a separate model, foveal
hypoplasia was included as a further adjustment. Because
this study is exploratory, no adjustments for multiple test-
ing were applied. The calculations were performed using
commercial software (SPSS Statistics 20.0; IBM, Chicago, 1L,
USA).

REsurts

A total of 861 eyes of 438 individuals, including 245 females
and 193 males, were included in this study with an aver-
age age of 28.6 + 8.7 years. Among the female participants,
81 individuals had a GA of 37 weeks or more (group 1),
80 individuals had a GA between 33 and 306 weeks without
ROP (group 2), 47 individuals had a GA between 29 and 32
weelss without ROP (group 3), 10 individuals had a GA of
28 weeks or less without ROP (group 4), 23 individuals had
a GA between 24 and 32 weeks with ROP but without treat-
ment (group 5), and four individuals had a GA between 24
and 32 weeks with postnatal treatment for ROP (group 6)
(Table 1).

Among the male participants, 59 individuals had a GA
of 37 weeks or more (group 1), 54 individuals had a GA
between 33 and 36 weeks without ROP (group 2), 41 indi-
viduals had a GA between 29 and 32 weeks without ROP
(group 3), 10 individuals had a GA of 28 weeks or less with-
out ROP (group 4), 20 individuals had a GA between 24 and
32 weeks with ROP but without treatment (group 5), and
nine individuals had a GA between 24 and 32 weeks with
postnatal treatment for ROP (group 6) (Table 1). The recruit-
ment efficacy for each group is displayed in Supplementary
Figure S1.

Descriptive Ocular Geometric Parameters of
Female and Male Participants

A reduced anterior chamber depth and an increased lens
thickness were noted in the ROP-treated group for both
females and males. However, men showed longer or larger
biometric features, including a deeper anterior chamber
depth (P = 0.01), a bigger posterior segment (P = 0.02), a
thicker central corneal thickness (P = 0.009), and a thicker
central foveal thickness (P = 0.02) (Table 2).

Univariable and Multivariable Analyses

The univariable analysis showed a positive association
between GA and BW percentile with mean corneal radius,
whereas GA was negatively associated with central foveal
thickness in female participants. The anterior chamber depth
and lens thickness were not associated with GA or BW
percentile (Table 3). Additionally, GA was positively asso-
ciated with the posterior segment, whereas BW percentile
was associated with central corneal thickness. Similar signifi-
cant associations were observed in male participants, except
that associations between GA and the posterior segment and
between BW percentile and central corneal thickness were
not evident.

In the multivariable model, both female and male partic-
ipants had a larger mean corneal radius with higher GA, as
well as a higher BW percentile. The posterior segment was

Downloaded from iovs.arvojournals.org on 06/23/2024

Ocular Geometric Parameters of the GPES Sample (# = 438) for Each Study Group Presented for Right Eyes and Female and Male Participants Separately

TabLe 2.
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TasLE 4. Linear Associations of Ocular Geometric Parameters With
GA and BW Percentile (n = 438)

Multivariable Model

B (95% CI) P
Central corneal thickness (um)
GA (Wk) 0.037 (—1.176 to 1.251) 0.95
GA x sex —0.069 (—1.679 to 1.540) 0.93
BW percentile 0.136 (—0.065 to 01.336) 0.18
BW percentile x sex 0.046 (—0.220 to 0.311) 0.74
Mean corneal radius (mm)
GA (wk) 0.012 (0.004 to 0.020) 0.002
GA X sex 0.007 (—0.004 to 0.018) 0.22
BW percentile 0.003 (0.001 to 0.004) 0.001
BW percentile x sex 0.000 (—0.001 to 0.003) 0.56
Anterior chamber depth (mm)
GA (wk) .003 (—0.009 to 0.013) 0.64
GA x sex —0.002 (—0.018 to 0.013) 0.77
BW percentile 0.001 (—0.001 to 0.003) 0.40
BW percentile x sex —0.001 (—0.004 to 0.002) 0.41
Lens thickness (mm)
GA (wk) 0.002 (—0.009 to 0.013) 0.73
GA X sex 0.001 (—0.013 to 0.016) 0.84
BW percentile —0.000 (—0.002 to 0.001) 0.62
BW percentile x sex 0,004 (—0.002 to 0.003) 0.74
Posterior segment length (mm)
GA (wk) 0.020 (—0.019 to 0.058) 0.31
GA x sex 0.031 (—0.018 to 0.079) 0.22
BW percentile (.005 (—0.001 to 0.011) 0.09
BW percentile x sex —0.003 (—0.010 to 0.005) 0.52
Central foveal thickness (um}
GA (wk) —4.275 (—5.166 to —3.384) <0.001
GA x sex 1.288 (0.041 to 2.535) 0.04
BW percentile 0.004 (—0.120 to 0.128) 0.95
BW percentile x sex —0.072 (—=0.241 to 0.098) 0.40

This is a sex-based analysis from the GPES with incorporation
of effect modification for sex, Adjustments were made for the effect
of sex in each analysis (males were used as the reference group).

positively associated with GA only in female participants.
Central foveal thickness was negatively associated with GA
in female participants and male participants.
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Multivariable Analyses With Effect Modification
for Sex

The central foveal thickness was thinner with a higher GA
in the multivariable model (Table 4). The displayed figure
shows the raw data of central foveal thickness by gesta-
tional age for males and females (Fig.). Our further effect
modification analysis reveals that at lower gestational age,
males show a thicker central foveal thickness compared to
females (P = 0.04). The sensitivity analysis incorporating age
in the multivariable model yielded consistent results regard-
ing the association between the effect modification of sex
and GA and central foveal thickness (B = 1.347; 95% confi-
dence interval [CI], 0.114-2.580; P = 0.03). This consistency
was also observed in a multivariable model that addition-
ally considered the presence of ROP and ROP treatment
(B = 1.194; 95% CI, 0.015-2.373; P = 0.05). When foveal
hypoplasia as an adjustment variable was included in the
multivariable model, there was still a significant association
of the effect modification between GA x sex and central
foveal thickness (B = 1.026; 95% CI, 0.006-2.046; P = 0.05).

DISCUSSION

The present analysis provides new data on the long-term
effects of GA and BW on ocular geometry in adults, with
a primary emphasis on existing sex-specific differences.
To our knowledge, this is the first study examining sex-
specific differences in ocular biometry in individuals born
preterm. The findings from our descriptive analysis high-
light several notable differences in biometric measurements
between male and female participants, with males gener-
ally having larger measurements, including a deeper ante-
rior chamber depth, larger posterior segment, and thicker
central foveal thickness. A prior investigation of the GPES
showed that corneal morphology is influenced by GA and
BW percentile.’” In addition to these findings, we now
demonstrate how the associations between male and female
participants differ.

The multivariable regression analyses of both female
and male participants revealed a larger mean corneal
radius with higher GA and BW percentile. The poste-
rior segment was positively associated with GA, but this
was only observed in female participants. Furthermore, the

Legend
male

female

35 40

Relationship between gestational age and central foveal thickness by sex.
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central corneal thickness was linked to the BW percentile
exclusively in female participants. Central foveal thickness
showed a negative association with GA in female and male
participants.

The multivariable regression analyses with effect modi-
fication for sex on GA revealed a significant association
with central foveal thickness (B — 1.288; P — 0.04) that
was further supported by additional sensitivity analyses.
Sex-specific differences related to prematurity were identi-
fied in other medical specialties, with higher mortality and
morbidity among male preterm infants.”® The reasons for
this may include the higher risk of metabolic and neuro-
logical complications in males.”” Furthermore, male preterm
infants have a higher risk of developing ROP, intraventric-
ular hemorrhage, and respiratory distress syndrome,%-123¢
These fundamental sex differences highlight the relevance
of exploring additional aspects related to prematurity when
sex variations may exist for a comprehensive evaluation of
potential long-term consequences.

As there are no studies examining sex-specific differences
in the eye biometry of preterm infants, we could not directly
compare our results with matching studies; however, stud-
ies in adults showed comparable results related to gener-
ally larger biometric parameters in men.** These biometric
differences can be partly attributed to the distinct stature
of women and men. When adjusting for these parameters
(e.g., body height), sex-specific differences were no longer
present® In contrast, one study adjusted for body height
and the existing biometric sex differences remained, includ-
ing longer axial length and larger vitreous chamber depth,
as well as deeper anterior chamber depth in men.?

The association between corneal curvature and GA or BW
percentile was present in both sexes. For posterior segment
length, however, a relationship was solely observed for GA in
female participants. An association between central corneal
thickness and BW percentile was only observed in female
participants, possibly due to the lower number of male
participants.

In our descriptive analysis, we observed that, irrespec-
tive of gestational age, men generally show a thicker central
foveal thickness compared to women. Wagner-Schuman et
al. also showed a thicker central foveal thickness in men
compared to women.*? This sex differences could be due
to females possibly possessing a stronger centrifugal force
at the macula, which could account for this phenomenon.*
Another observation was the relationship between GA and
central foveal thickness, with a significant effect modifica-
tion for sex, demonstrating that males have a thicker central
foveal thickness at lower GA compared to females. Other
studies have also shown a relationship between central
foveal thickness and GA, with thinner central foveal thick-
ness with higher GA.26**55 The reason for this could be
that there is a disturbed inner retinal layer migration to
the periphery after preterm delivery in preterm infants,
resulting in a thicker central foveal thickness in preterm
infants**% Qur results suggest that the effects of GA on
central foveal thickness differ between women and men. A
potential association could indicate fundamental differences
in the development of central foveal thickness between the
sexes in individuals born preterm. Furthermore, male indi-
viduals have an increased risk for severe retinopathy of
prematurity,*®* which is in line with our findings that retinal
foveal morphology may be more vulnerable to prematurity
in males. However, some studies do not indicate a connec-
tion between retinal thickness and an influence on visual
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acuity”* in contrast with other studies that do,*63* and

this sex-specific difference indicates that the risk for lower
visual acuity may be higher in males.

Strengths and Limitations

This study is subject to several limitations. First, it is
important to note that this was a single-center, hospital-
based cohort study. We also encountered challenges in
contacting several former newborns, and some participants
opted not to take part in the study. Another limitation
to consider is the relatively small number of participants
with ROP and treated for ROP, which should be taken into
account when interpreting our findings. Additionally, a limi-
tation relates to the absence of lateral scaling in the OCT
images, which could affect the accuracy of ocular geom-
etry measurements. Despite these limitations, our study is
the most extensive examination of adults born preterm
at varying GAs. A comprehensive assessment of perinatal
medical histories was meticulously conducted through the
review of medical records, enabling us to analyze potential
perinatal factors that may have influenced ocular geome-
try development. Furthermore, all measurements adhered
to stringent standardized operating procedures to mitigate
interrater variability stemming from individual examiners.
To maintain objectivity, our investigators remained blinded
to the participants’ birth-related characteristics throughout
the study.

CONCLUSIONS

In conclusion, our results demonstrate that biometric param-
eters differ between the sexes, with larger biometric param-
eters in male participants. The known associations with GA,
however, are not influenced by sex, except for a hint of an
association with central foveal thickness, indicating dispar-
ities in the developmental trajectory of the macula in rela-
tion to GA. A thicker central foveal thickness could affect the
visual acuity of individuals born preterm in adulthood, with
a more pronounced influence in male individuals.
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arterial hypertension,® and diabetes mellitus.” Similarly, ITOP
is associated with BMI, arterial hypertension, and diabetes.®
In addition, TOP is also associated with waist-to-hip ratio,”
but this has not been shown previously in OAG.' A positive
association between BMI and TOP has been demonstrated
in several cross-sectional studies'! but is considered to be
of minor importance clinically.® Baisakhiya et al.” demon-
strated a correlation between higher IOP and waist-to-hip
ratio, BMI, and obesity. The authors hypothesized that the
association between obesity and increased 10P is caused
by fat accumulation in the periorbital space, which leads
to increased episcleral venous pressure.

Arterial hypertension is also positively associated with
glaucoma.”? The positive association between elevated
blood pressure and IOP has been shown in multiple cross-
section studies.'>!* It is well known that glaucoma preva-
lence is higher in subjects with diabetes.'"> Whether there is
an association between higher IOP and diabetes has been
investigated in cross-sectional studies.'®

The literature about differences in IOP between women
and men is inconsistent. Some studies have demonstrated a
higher IOP in women,!” whereas other studies have found
a significantly higher IOP in men'® or no sex-related differ-
ence in IOP at all.l?

Concerning aging, a relationship between older age and
higher IOP' has been reported in some studies. In contrast,
others have shown no association with age®” or even a nega-
tive relationship between IOP and age.”'

Longitudinal studies on IOP are rare but allow us to inves-
tigate IOP change over time with regard to age, sex, and
changes in cardiovascular risk factors. Han et al.** reported
longitudinal changes in IOP in a Chinese study cohort over
4 years (2010-2014). The average change in IOP was an
increase of 0.43 mmHg, positively correlated with older age.
Study participants with increased blood pressure or BMI had
IOP elevation over time.

The Gutenberg Health Study (GHS) offers the opportu-
nity to gain insights into the change of IOP and its relation-
ship with cardiovascular parameters over time in a large and
population-based European cohort. With one of the largest
samples in which IOP is observed over time, it allows confir-
mation of previously reported cross-sectional findings in a
longitudinal population-based study design.

METHODS
Study Sample

The GHS is a population-based, prospective, observational,
single-center cohort study in the Rhine-Main Region in
Germany. The sample was equally stratified for sex, resi-
dence (urban or rural), and age decade. At baseline, 15,010
individuals were included (2007-2012), and 12,423 were
re-examined after 5 years (2012-2017). Participants with-
out IOP measurement at one time point, who were taking
IOP-lowering medications, or who had ophthalmic surgery
during the 5-year follow-up interval were excluded, as well
as those with glaucoma diagnosis.

Ophthalmic Parameters

During the initial examination, eye examinations were
performed by medical staff. From the first follow-up at the
study center, qualified study personnel took over this task.
At both times, IOP was measured with noncontact tonom-
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etry and automatic air-puff control (NT 2000; Nidek Co.,
Tokyo, Japan). The mean of three measurements within a
3-mmHg range was obtained for each eye.”* Most study
participants were examined at a similar time at baseline and
5-year follow-up. In 98% of study participants, the time at
follow-up examination did not differ by more than 2 hours
from the time at the baseline examination. The time of year
was also primarily consistent with baseline.

Cardiovascular Parameters

Characteristics of the study population included age, sex,
body height, and body weight. Anthropometric measure-
ments were performed using calibrated digital scales (Seca
862; Seca, Hamburg, Germany), a Seca measuring stick,
and a waist-measuring tape.® Diabetes mellitus was defined
as an established physician diagnosis using antidiabetics
or HbAlc > 6.5%. Arterial hypertension was defined as
the use of antihypertensive medication, a systolic blood
pressure >140 mmHg (HEM-705CP II; Omron, Mannheim,
Germany**), diastolic blood pressure > 90 mmHg, or an
established medical diagnosis. Further information, such
as HbAlc level, was determined by using standardized
measurement procedures.

Inclusion and Exclusion Criteria

For the selection of study participants, those without IOP
measurement at one time point, who were taking IOP-
lowering medications, or who had ophthalmic surgery
during the 5-year follow-up interval were excluded (Supple-
mentary Fig. S1).

Statistical Analysis

Descriptive analysis was conducted for primary and
secondary variables. For categorical parameters, absolute
and relative frequencies were computed. For continuous
variables, means and standard deviations were calculated for
approximately normally distributed data; otherwise, median
and interquartile range were calculated. IOP change was
computed as the difference between the 5-year follow-
up and baseline measurements for the identical eye. Pear-
son correlation analysis was conducted for the right eyes
to analyze the association of IOP change and cardiovas-
cular parameters. Multivariable linear regression analyses
were conducted with generalized estimating equations on a
person level to account for two eyes of one subject. First,
univariable association analysis was computed adjusted
for age and sex. Second, the cardiovascular factors were
included in one multivariable model. If the baseline value
and the 5-year change of a cardiovascular factor were signif-
icant, an additional model with an interaction term was
planned to be included. Data were processed with R 4.0.3
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Overall, 9633 study participants were included. The mean
age of the study population was 53.3 + 10.5 years, and
48.9% were female. Table 1 shows the participants’ char-
acteristics at baseline; Supplementary Figure S1 shows the
item non-responder analysis. The mean baseline IOPs in
the right eye were 13.96 + 2.96 mmHg in women and
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TasLe 1. Participants’ Characteristics (N = 9633, Baseline Examination) and Cardiovascular Parameters in the Gutenberg Health Study

Central corneal thickness (um), right eye, mean £ SD
Central corneal thickness (um), left eye, mean &+ SD

552.04 + 35.65
555.64 + 35.54

Overall Men Women

Anthropometric data (baseline)
Participants, 1 9633 4921 4712
Age (y), mean + SD 53.30 £+ 10.5 5358 £ 10.6 53.02 + 10.4
Age categories (y), mean + SD

35-44 2378 + 24.7 1.169 + 23.8 1.209 + 25.7

45-54 2891 + 30.0 1.471 + 299 1.420 + 30.1

55-64 2610 + 27.1 1.326 + 269 1.284 + 27.2

65-74 1754 + 18.2 955 + 19.4 799 £ 17.0
Body weight (kg), mean £+ SD 79.34 + 16.2 87.1 £ 14.0 71.3 + 14.4
Body height (¢cm), mean + SD 171 £ 95 1775 £ 6.9 164.2 + 6.6
Cardiovascular parameters
Arterial hypertension, n (%) 4412 (45.8) 2516 (51.1) 1896 (40.2)
Diabetes, 1 (%) 675 (7) 436 (8.9) 239 (5.1)
Change in diabetes over 5 years, %

No diabetes 88.5 87.0 92.1

Newly diagnosed diabetes 3.7 4.1 2.8

Previous diabetes 0.9 0.7 1.0

Ongoing diabetes 6.9 8.1 4.1
HbAlc level, mean 4 SD 551 + 0.63 5.55 £ 0.66 5.47 + 0.59
Systolic blood pressure (mmHg) , mean + SD 130.16 £ 16.85 133.0 £ 15.6 127.2 £ 17.6
Diastolic blood pressure (mmHg) , mean + SD 82.31 + 9.27 83.84 + 9.15 80.7 + 9.13
Mean arterial pressure (mmHg), mean + SD 098.26 + 10.92 100.23 + 10.37 96.19 + 11.09
BMI (kg/m?), mean + SD 27.06 + 4.78 27.6 + 4.1 26.5 + 5.3
Waist-to-hip ratio, mean £+ SD 092 £ 0.09 0.98 + 0.07 0.86 = 0.07
Dyslipidemia, n (%) 3091 (32.1) 2030 (41.3) 1061 (22.5)
Smoking, n (%) 1803 (18.7) 973 (19.8) 830 (17.6)
Myocardial infarct, n (%) 197 (2.0) 154 (3.1) 830 (17.6)
Arterial fibrillation, n (%) 201 (2.1) 138 (2.8) 63 (1.3)
Chronic heart failure, n (%) 78 (0.8) 39 (0.8) 39 (0.8)
Coronary disease, n (%) 324 (3.4) 257 (5.2) 67 (1.4)
Peripheral disease, n (%) 251 (2.6) 141 (2.9) 110 (2.3)
LDL/HDL ratio, mean + SD 2.58 + 0.92 2.89 + 0.92 2.25 + 0.80
Ophthalmic parameters
IOP (mmHg), right eye, mean £ SD 14.04 £+ 2.78 14.10 £+ 2.86 13.96 = 2.69
IOP (mmHg), left eye, mean £+ SD 14.19 + 2.81 14.31 + 2.89 14.06 + 2.71

553.86 + 35.42
557.60 £ 35.46

550.14 £ 35.80
553.59 £ 35.51

LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Baseline (2007-2012)

TasLe 2. Changes in Ophthalmic and Cardiovascular Parameters Over 5 Years

Mean + SD

Follow-Up (2012-2017) Change Over 5 Years

IOP (mmHg), right eye 14.04 + 2.78
IOP (mmHg), left eye 14.19 + 2.81
Systolic blood pressure (mmlg) 130.16 + 16.85
Diastolic blood pressure (mmHg) 8231 + 9.27
BMI (kg/m?%) 27.06 + 4.78
Waist-to-hip ratio 0.92 + 0.09
HbAlc level (%) 5.51 + 0.63

14.77 + 2.92 0.73 + 2.04
14.85 + 2.93 0.67 = 2.04
130.21 + 16.51 0.05 = 14.12
80.68 + 9.31 —1.63 £ 8.30
27.44 + 4.98 0.38 + 1.74
0.92 + 0.09 0.00 £+ 0.06
5.64 £+ 0.01 0.13 = 0.46

14.10 £ 2.86 mmHg in men; at 5-year follow-up, they were
14.65 £+ 2.79 mmHg in women and 14.87 &+ 3.03 mmHg
in men. IOP increased in the right eye by 0.73 mmHg over
5 years.

During the 5 years, mean arterial blood pressure
increased by 0.73 mmHg in women and decreased by 0.60
mmHg in men. The average BMI also increased more in
women (0.49 kg/m”) than in men (0.29 kg/m?), whereas
the increase in blood glucose levels was similar between
both (0.12% and 0.13%, respectively). However, there were
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slightly more new diabetes diagnoses in men (4.1%) than in
women (2.8%) (Tables 1, 2).

Among the excluded participants, the average age was
5 years older. There was a low frequency of participants with
hypertension and slightly fewer people with diabetes. The
other cardiovascular parameters showed comparable results.
The IOP values were higher in the group of excluded partic-
ipants (Supplementary Table S1). The mean change in IOP
over 5 years (mean follow-up time, 5.04 £ 0.25 years) was
0.73 + 2.04 mmHg in the right eye. The change in IOP was
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Ficure 1. Distribution of IOP change over 5 years (right eye), based
on the population-based Gutenberg Health Study (W = 9590 eyes;
2007-2017).

slightly higher in men (0.77 £ 2.11 mmHg) than in women
(0.69 £+ 1.96 mmHg; P < 0.05) (Fig. 1).

Univariable Analysis

Change in IOP was associated with age (P < 0.001) (Fig. 2A).
Men showed a higher IOP change over 5 years than women
(P =0.04). IOP at baseline and IOP change over 5 years were
associated; if the baseline I0OP value was higher, the I0P
change over 5 years tended to be lower (Fig. 2B, Table 3).
The other results of univariable analysis showed an associa-
tion between 1I0P change with several cardiovascular param-
eters. The strongest association was found with the 5-year
changes in systolic, diastolic, and mean arterial blood pres-
sure (Figs. 2C-2H, Table 3).

The boxplots in Figure 3 show the changes in IOP strat-
ified for diabetes status. For newly diagnosed diabetics, the
median is slightly higher than in the other groups (7= 0.70).
Univariable analysis correlated ongoing diabetes and 10P
change (P = 0.04). However, no further graphical evidence
exists that the IOP change is higher in any group. Looking at
diabetes status and the corresponding IOP change stratified
by sex, we found that the median was slightly higher among
women in the previously diagnosed group. In contrast, the
median was highest among men in the newly diagnosed

group.

Multivariable Regression Analysis

Associations between IOP change and baseline and change
in cardiovascular risk factors were evaluated in multivari-
able linear regression analysis (Table 3). The average 10Ps
(baseline and follow-up) were included as a predictor vari-
able because IOP change is connected to the IOP level. The
goal was to make sure to observe correlations between 10P
change and its relation to cardiovascular risk factors instead
of looking at the IOP level and how it is connected to these
risk factors. The results of the multivariable model were
comparable to a model without IOP average as a predictor
variable. Also, the regression analysis was performed includ-
ing baseline IOP as predictor variable instead of IOP aver-
age; this analysis showed comparable results. Baseline BMI
was negative, and changes in BMI over 5 years were posi-
tively associated with IOP changes. The baseline waist-to-hip
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ratio showed a positive association, but the 5-year change
was not associated with IOP change. Systolic blood pres-
sure was included in the regression model instead of dias-
tolic blood pressure because systolic blood pressure showed
a higher correlation with IOP change. This was also the
case in other studies.' In addition, the pulse amplitude was
included.

In multivariable regression analysis, a one-unit increase
in BMI and a 10-mmHg increase in systolic blood pressure
were associated with average increases in IOP of 0.07 mmHg
and 0.02 mmHg, respectively. However, a higher baseline
BMI was associated with a 0.03-mmHg lower IOP. Base-
line pulse amplitude showed no significant association with
IOP change over 5 years (Table 3). Per year of higher age,
IOP change increased by 0.02 mmHg (P < 0.001). IOP
change was lower in females (—0.12 mmHg; P < 0.001). As
mean blood pressure over 5 years in the underlying cohort
decreased in men but increased in women, the models
for blood pressure were additionally stratified by sex. This
hardly changed the effect estimates (Supplementary Table
§2).

Baseline systolic blood pressure was not associated with
IOP change, but a change of systolic blood pressure was
positively associated with IOP change. Baseline pulse ampli-
tude was not associated with IOP change; however, a change
in pulse amplitude was. The baseline HbAlc level was not
associated with 10P change, whereas the change of HbAlc
level was positively associated with IOP change over 5 years.

When a stepwise backward regression analysis was
performed, a correlation was observed between baseline
systolic blood pressure and 10OP change, in contrast to the
multivariable model. The multivariable regression estimators
shown previously changed little in the stepwise backward
regression analysis model, and the previous shown associa-
tions remained consistent.

We analyzed the potential interaction between baseline
BMI and BMI change over 5 years and did not find a statis-
tical interaction (P = 0.69). Furthermore, we included base-
line central corneal thickness (CCT) and change in CCT
over 5 years. Between baseline and follow-up, the device
for CCT measurement was changed. We first subtracted the
equipment-related changes and then calculated the differ-
ence between baseline and follow-up. The results were
comparable to the results obtained before. The results must
nevertheless be viewed with caution due to the different
measuring devices (Supplementary Table S3).

Discussion

This study investigated IOP changes with regard to age,
sex, and changes in cardiovascular parameters over 5 years.
Over these 5 years, IOP in the right eye increased by
0.73 mmHg. The main results of the multivariable regres-
sion analysis demonstrated that age and sex were associated
with IOP change, with females having slightly lower IOP
values than male participants. BMI change and change in
systolic blood pressure were positively associated with 10P
change, whereas baseline BMI and change in pulse ampli-
tude were negatively associated. There was an association
between change in HbAlc level with IOP change.

IOP values in this study population are similar to those of
other European studies examining IOP in a large cohort.*
The findings of this study regarding BMI and systolic blood
pressure are like those of a Chinese longitudinal study on
IOP change over 4 years. As participants’ blood pressure and
BMI increased, IOP increased.?? Results from the Beijing Eye
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Ficure 2. Association between 10P change over 5 years in the right eye and (A) age decades; (B) intraocular pressure (baseline); (C) BMI
(baseline)/BMI change over 5 years; (D) waist-to-hip ratio (baseline)/waist-to-hip ratio change over 5 years; (E) systolic blood pressure
(baseline)/systolic blood pressure change over 5 years; (F) diastolic blood pressure (baseline)/change of diastolic blood pressure; (G) pulse
amplitude (baseline)/change of pulse amplitude; (H) percent of HbAlc level (baseline)/change of HbAlc level over 5 years. Results are
based on the population-based Gutenberg Health Study (¥ = 9590 eyes; 2007-2017).
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Figure 2. Continued.

study (2355 participants) support these findings, showing an
association between change in IOP over 5 years and greater
changes in mean blood pressure and BMI.

The Beaver Dam Eye Study examined systemic blood
pressure and [OP longitudinally over 5 years and found
an association between changes in systemic blood pressure
and IOP?” The underlying mechanism may be that higher
systolic blood pressure increases aqueous humor production
due to higher blood pressure in the ciliary artery.® Further-
more, the change in pulse amplitude was associated. This
association additionally illustrates the influence of aqueous
humor production on IOP, which is influenced by blood flow
and pressure change within its arteries.*

Several cross-sectional studies have reported a similar
relationship between BMI and IOP*3° We showed that a
change in BMI goes along with a subsequent increase in TOP.
One hypothesis is that obesity increases oxidative stress,
leading to degeneration of the trabecular meshwork and
increased blood viscosity and episcleral venous pressure.?*
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Furthermore, obesity can lead to endothelial and autonomic
dysfunction. This can lead to altered blood flow to the eye
and unstable perfusion®' Additionally, increased corticos-
teroid secretion in overweight individuals could potentially
explain the association.’*

Interestingly, baseline BMI was negatively associated
with IOP change over 5 years. This may be explained by
the fact that people with higher body weight have already
experienced changes due to oxidative stress in the past with
consecutive IOP elevation. Thus, the further elevation of IOP
was less pronounced.

The baseline waist-to-hip ratio showed a univariable posi-
tive association with IOP change. This result is consistent
with other cross-sectional studies.?° This association could
arise from the previous reasoning regarding the association
between higher BMI and higher IOP, as a greater waist-to-
hip ratio may also be a measure of overweight.

Cross-sectional studies have reported an association
between diabetes and higher IOP.'® The observed IOP
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TasLE 3. Association Analysis Between Cardiovascular Risk Factors and a Change in TOP Over 5 Years

Univariable Multivariable Stepwise Backwards Selection
B 95% CI P Pearson’s Correlation (R) B 95% CI P B 95% CI P
Female sex, baseline —-0.05 —0.11 to 0.00 0.07 — —0.12 —0.22 to —0.02 0.02 -0.14 —0.21to —0.07 <0.001
Age, baseline 0.01 0.00-0.01 <0.001 0.04 0.02  0.01-0.02 <0.001 0.02 0.01-0.02 <0.001
IOP, average, baseline 0.06 0.04-0.07 <0.001 0.08 0.09 0.08-0.11 =0.001 0.09 0.08-0.11 <0.001
and follow-up
BMI
Baseline —0.02 —-0.02t0 —0.01 <0.001 —0.03 —0.03 —0.04 to —0.02 <0.001 —0.02 —0.03to —0.02 <0.001
5-year change 0.09 0.08-0.11 <0.001 0.08 0.07 0.05-0.09 <0.001 0.07 0.05-0.10 <0.001
Waist-to-hip ratio
Baseline 1.20 0.63-1.76 <0.001 0.01 0.10 —0.59 to 0.80 0.77 — — —
5-year change 0.04 —0.03 to 0.11 0.26 0.03 0.53 —0.13 to 1.19 0.12 — — —
Systolic blood pressure (per 10 mmHg)
Baseline —0.00 —0.03 to 0.02 0.82 —0.02 —0.00 —0.01 to 0.00 020 -0.00 —0.01to 0.00 0.002
5-year change 0.13 0.11-0.15 <0.001 0.09 0.02 0.01-0.02 <0.001 0.02 0.01-0.02 =0.001
Pulse amplitude (per 10 mmHg)
Baseline —0.03 —0.01 to 0.00 0.07 —0.01 —0.00 —0.01 to 0.00 0.49 — — —
Change 0.09 0.01-0.01 <0.001 0.06 —0.01 —0.02 to —0.01 0.00 —0.01 —0.02to —0.01 <0.001
HbAlc
Baseline 0.01 -0.05to 0.08 0.72 —0.02 0.06 —0.01to 0.12 0.10 — — —_
Change 0.15 0.06-0.23 0.001 0.06 0.12 0.03-0.21 0.01 0.09 0.01-0.16 0.02

Data are from the German population-based Gutenberg Health Study (2007-2017; N = 9633 individuals). Linear regression analyses
were performed using generalized estimating equation estimations. Dashed lines separating the three models. Cl, confidence interval.
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Ficure 3. Association between IOP change in the right eye and
diabetes status, based on the population-based Gutenberg Health
Study (N = 9590; 2007-2017).
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increase in cross-sectional studies might be due to elevated
IOP in neovascular glaucoma, which is unlikely to occur
early after the onset of diabetes. Another reason could
be lower glucose control in diabetic patients, which may
affect biomechanical properties of the cornea and may lead
to increased IOP measures.>® Another hypothesis suggests
that autonomic dysfunction due to diabetes might increase
10P*%% Evidence of an association between baseline and
change in HbAlc level and IOP change was demon-
strated in this study. This may be due to an increased
glucose concentration in the aqueous humor. The aque-
ous humor flows through the trabecular meshwork and can
lead to changes in its components. Evidence of an asso-
ciation between baseline and change in HbAlc level and
IOP change was demonstrated in this study. This may be
due to an increased glucose concentration in the aque-
ous humor. The aqueous humor flows through the trabecu-
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lar meshwork and can lead to changes in its components
and its biochemical properties due to the high glucose
content.*®

Higher IOP at an older age was reported to be associ-
ated with an increase in IOP in other studies investigating
a similar age range.!* We found a correlation between 1OP
increase and baseline age (P < 0.001); however, compar-
ing IOP across various studies is difficult due to differ-
ent age groups, ethnicities, and comorbidities. Older indi-
viduals tend to show more pronounced age-related ocular
changes, including a decline in aqueous humor secre-
tion and outflow facility, as well as alterations in corneal
characteristics.>”-%

Our results showed significant sex differences related to
10P and 10OP change with higher values in men. Moreover,
higher IOP values in men have been shown in other stud-
ies, as well®!¥; however, some studies have shown oppo-
site results.'” The exact reasons for this sex difference are
not well understood. A possible reason for the higher IOP
values in men is that the higher testosterone levels in men
may lead to higher IOP* In turn, certain hormones could
also lead to altered IOP in women. Fluctuations in hormone
levels during the menstrual cycle in women are reported
to lead to changes in IOP. The larger corneal diame-
ter in men may also lead to higher IOP measurements
in men. ™!

Strengths and Limitations

This study analyzed data from a large population-based
representative sample. The Gutenberg Health Study is one of
the first to investigate the change in IOP and possible cardio-
vascular associations longitudinally over 5 years. However,
our study has some limitations that must be considered.
First, the included GHS subjects were mainly of Caucasian
origin; therefore, the results cannot be generalized to other
ethnicities. Additionally, IOP was measured only once, and
we could not consider individual intra- and interday fluc-
tuations. The GHS was able to examine most of the study
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participants at a similar time of day and the same season
at baseline and 5-year examination. Although noncontact
tonometry is commonly used to assess IOP in clinical
settings, it is not entirely consistent with the Goldmann
applanation tonometry, which is considered the reference
standard. This difference may have influenced the results of
this study.

CONCLUSIONS

This study reported a positive association between IOP
change over 5 years and change in BMI and systolic blood
pressure. A higher baseline BMI was associated with a lower
IOP increase within 5 years. This suggests that alterations in
BMI and systolic blood pressure can impact IOP over an
extended period and that these cardiovascular parameters
should be monitored in IOP management.
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dvancing age, particularly above 75 years, is associated

with various chronic illnesses. As a result, elderly indi-
viduals frequently use five or more drugs, referred to as
polypharmacy.! Therefore, it is of importance to understand
how systemic medications, commonly administrated in older
patients, influence intraocular pressure (IOP). In particular,
both selective and nonselective beta-blockers are utilized in
the treatment of increased I0P. Nonselective beta-blockers,
such as timolol and carteolol, inhibit both beta-1 and beta-2
receptors throughout the body. On the other hand, selective
beta-blockers primarily target beta-1 receptors, with betax-
olol being a notable example.?

Apart from beta-blockers, we focused on the possible
effects of statins,? diuretics,® angiotensin receptor blockers
(ARBs), angiotensin-converting enzyme (ACE) inhibitors,s
calcium channel blockers (CCB.S),6 and various antidepres-
sive drugs,” including monoamine reuptake inhibitors and
selective serotonin reuptake inhibitors (SSRIs).® A recent
cross-sectional meta-analysis of 11 European population-
based studies showed an influence of beta-blockers on IOP,
and potentially for loop diuretics, whereas other systemic
medications were not associated with IOP alteration. This
study also demonstrated that the intake of CCBs is asso-
ciated with a higher prevalence of glaucoma. No other
systemic medications were found to be related to glaucoma.
An analysis of the Rotterdam Study, involving 3842 partici-
pants, identified a higher incidence of open-angle glaucoma
in those taking calcium channel antagonists, whereas beta-
blockers showed a non-significant trend toward reducing the
risk of developing glaucoma.” Drugs typically administrated
locally for the reduction of IOP, such as beta-blockers, are
also often given systemically for regulation of blood pres-
sure and chronic heart failure.!®!'! For a long time, there
was evidence'? that the usage of such drugs have a measur-
able impact on IOP, even if their concentration in the eyes
by systemic administration is lower than after topical appli-
cation.

Various systemic drugs have been proposed to influence
the development of ocular hypertension and glaucoma.'?

Our study advances the understanding of the associations
between changes in TOP and systemic medication use, over-
coming several limitations of previous research. Unlike prior
studies, which were predominantly cross-sectional, ours is
the first, to our knowledge, that uses a longitudinal design.
This approach allows us to track and analyze IOP changes
over time within the same individuals, thereby offering a
more detailed perspective on how systemic medications
affect IOP.

METHODS
The Gutenberg Health Study

The Gutenberg Health Study (GHS) is a prospective, mono-
centric cohort study based on the population of the city
of Mainz and the district Mainz-Bingen in Germany.'"! The
participants between the ages of 35 and 74 years were
included stratified by sex, place of residence (urban/rural),
and age decade. At baseline examination, 15,010 participants
were included.”

The primary aim of this study was to provide new
insights into risk stratification for various diseases in the
general population, with special focus on the cardiovascular
system.'* The GHS database is currently the largest collec-
tion of data for eye diseases and associated risk factors
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in Germany and one of the largest worldwide. Recruit-
ment started in 2007 and lasted until early 2012. The first
follow-up examinations took place 5 years later, between
2012 and 2017, and included 12,423 participants. The GHS
was conducted according to the principles of “Good Clini-
cal Practice,” the “Good Epidemiological Practice,” and the
Declaration of Helsinki.'®!” Informed consent for participa-
tion was obtained from all participants. Approval for the
conduction of the study was given by the Ethics Commit-
tee of the State Medical Association of Rhineland-Palatinate
and the Data Protection Officer of the University Medical
Center Mainz.

Measurement of Intraocular Pressure

Eye examinations were performed by medical staff and qual-
ified personnel at the study center. IOP was measured with
the Nidek NT-2000 (Nidek Co., Japan) non-contact tonome-
ter. The mean value of three consecutive measurements per
eye was assessed and this was considered as the measured
IOP. All patients’ examinations began with the right eye,
followed by the left eye. Examination at baseline and at
5-year follow-up examination took place in the same season
and at the same day and time (98% within 2 hours).

Assessment of Medication

Medication classes included in the study were chosen based
on the prevalence of antihypertensive and cardiovascu-
lar drugs among the sample population. Participants were
requested to bring the packaging of all their medications to
their study visit to verify the medication intake. Drugs taken
by participants were registered according to the Anatomi-
cal Therapeutic Chemical (ATC) classification system of the
World Health Organization.'® In Supplementary Table S1,
we listed the active substances with ATC codes, for which
an association with IOP change is suspected through previ-
ous cross-sectional studies.*!? Participants were grouped
in those with no medication during the study, new intake,
discontinued drug intake, and continuous intake during the
study. An analysis was only performed if a drug was either
newly received or discontinued in at least 100 participants,
which corresponds to approximately 1% of the expected
analysis population. For this reason, nonselective beta-
blockers were not included in the statistical analysis, as they
did not meet the minimum case threshold.

Within this study, the ATC codes C09B and C09D repre-
sent combination drugs; specifically, CO9B refers to ACE
inhibitors combined with other medications, and C09D to
ARBs also in combination with other drugs. Before perform-
ing statistical analysis, these combinations were grouped
into their corresponding drug classes.

Inclusion/Exclusion Criteria

The only inclusion criterion was having at least one IOP
measurement in one eye at both time points of the study.
Exclusion criteria were diagnosed glaucoma, taking anti-
glaucoma medication, or any eye surgery between both
examinations.

Statistical Analysis

For descriptive analysis, absolute and relative frequencies
were computed in categorical parameters. For continuous
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variables, mean and standard deviation were computed
for approximately normal-distributed data, otherwise we
used median and interquartile range. The change in
IOP between baseline and follow-up was computed on
eye level. Multivariable linear regression analyses were
performed using generalized estimating equations (GEEs)
to address the collinearity between the right and left eyes.
The analysis incorporated medication classes categorized
into four groups: new medication intake, discontinued
intake, and continued intake, with “no medication use at
both time points” serving as the reference category. Two
models analyzing the medication classes separately were
constructed (uni-medication models), each adjusting for a
set of covariates. The first model included adjustments for
age, sex, baseline body mass index (BMI), BMI difference,
and diabetes. In the second model, systolic blood pressure
difference was additionally incorporated. The adjustment
variables were selected based on a previous analysis of the
GHS regarding IOP. For this reason, baseline systolic blood
pressure was not included in our analyses, as it did not
demonstrate a significant association with IOP change in a
multivariable context in our earlier univariable analysis.?
Subsequently, multivariable models incorporating all medi-
cation classes were calculated (multi-medication models),
adjusting for the same factors. Namely age, sex, baseline
BMI, BMI difference, and diabetes in model 3, with an addi-
tional adjustment for systolic blood pressure difference in
model 4.

In addition, we meticulously examined an effect modifica-
tion for CCBs with an interaction term in the uni-medication
analysis. In a previous cross-sectional study of the GHS,
no significant association was found for this medication.?!
However, due to indications from the uni-medication anal-
ysis, we decided to investigate this potential association in
more detail.

In an additional set of analyses, we included only partici-
pants who were taking a single class of the specified medica-
tions and excluded those who were on more than one class.
This approach was adopted to ensure that the observed
effects could be attributed as closely as possible to one medi-
cation class without the confounding influence of multiple
medications. This way, we could better understand if the
medication’s effect on IOP stands on its own. Moreover,
one analysis was conducted within sex-stratified subgroups
to identify potential variations with usage of the multi-
medication model. Finally, we calculated the dose-response
relationship for the dosage change of beta-blockers (selec-
tive) with IOP change over 5 years in the right eye. Metopro-
lol was used as a reference for assigning weights to various
beta-blocker subgroups. A table of equivalence dosage for
various beta-blockers was used for standardization on Meto-
prolol dosage.?

R software version 4.0.3 (R Core Team) was used for the
statistical evaluation. The analysis was conducted using the
following R packages: ggplot2, tableone, ggpubr, and geep-
ack.

REsuLTS
Analysis Population

Of the original cohort of 15,010 participants, we exam-
ined 12,423 at the 5-year follow-up examination. There were
1683 participants (11.21%) who dropped out of the study,
357 had died (2.38%) prior to the follow-up appointment,
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447 (2.98%) could no longer be contacted, and 100 partic-
ipants (0.67%) were excluded because they no longer met
the health criteria for a visit at the study center.

Of those who took part at the 5-year follow-up, 1377
(11.08% of those examined at follow-up) had no IOP
measurement in either eye at both time points. There were
1272 participants (10.24%) who were excluded because of
the usage of topical eye medication, eye surgery during the
5-year interval, or newly diagnosed glaucoma.

Exclusion of participants with missing information on the
systemic medication reduced the number of cases by 118
and by missing values regarding other analysis variables
again by 23. Thus, the analysis population included 9633
individuals.

Participants’ Characteristics

Of the analysis population, we included 19,161 eyes of
9633 participants. The description of the study population
is shown in Table 1. The mean change in IOP was +0.73
(2.04) mm Hg for the right and +0.67 (2.04) mm Hg for the
left eye over 5 years.

Because selective beta-blockers are a major focus of the
analysis, we additionally compared the descriptive param-
eters between the groups using beta-blockers (new intake,
discontinued intake, and continuous intake) and the group
not taking these medications (Supplementary Table S2). The
comparison revealed that individuals who have taken or
are currently taking selective beta-blockers tend to be older
and have a higher prevalence of conditions, such as arterial
hypertension and diabetes. Furthermore, systolic and dias-
tolic blood pressure, as well as BMI, were found to be higher
compared to the group not using these medications.

Uni-Medication Analysis

Beta-Blockers. Five hundred eighty-six participants
(0.1%) reported a new intake of selective B-adrenoceptor
antagonists (beta-blockers), 934 participants (9.7%) had
continuous intake of selective beta-blockers, and 207 partic-
ipants (2.1%) stopped the intake of beta-blockers within the
5-year interval between examinations. Participants who were
new on selective beta-blockers showed in model 1 (adjusted
for age, sex, BMI baseline, BMI difference, and diabetes)
a lower IOP change by an average of —0.39 mm Hg (95%
confidence interval [CI] = —0.55 to —0.22, P < 0.001) over 5
years compared to the study participants without the intake
of selective beta-blockers; Table 2. When discontinuing beta-
blocker use, IOP change increased by 0.29 mm Hg (95% CI
= 0.04 to 0.53, P = 0.02). We saw comparable results in
model 2 with additional adjustment for 5-year differences of
systolic blood pressure.

After exclusion of participants with other co-medications
that could potentially influence IOP, namely ACE inhibitors,
angiotensin II receptor blockers, diuretics, and calcium chan-
nel inhibitors, the association between the new intake or
discontinuation of selective beta-blocker and IOP change
was no longer evident; Supplementary Table S$3. The number
of cases of medication intake decreased significantly due to
the elimination of co-medication (Supplementary Table S$4).

The dosage change of selective beta-blockers showed a
significant relationship between the dosage and IOP change
in the right eye (B = —0.16 mm Hg/100 mg, P = 0.02;
Fig. 1).
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TasLe 1. Participants’ Characteristics (N = 9633, Baseline Examination) Absolute Frequencies of the Intake Patterns of the Medications for
Which we Calculated GEE Models

Sex-Specific
Difference,
Overall Men Women P value
Anthropometric data (baseline) 9633 4921 4712
Age, v, mean (SD) 53.30 (10.5) 53.58 (10.6) 53.02 (10.49) 0.009
Age categories: n
35-44y 2378 (24.7%) 1.169 (23.8%) 1.209 (25.7%)
45-54 y 2891 (30.0%) 1.471 (29.9%) 1.420 (30.1%)
5564 ¥y 2610 (27.1%) 1.326 (26.9%) 1.284 (27.2%)
65-74 y 1754 (18.2%) 955 (19.4%) 799 (17.0%)
Cardiovascular parameters
Arterial hypertension 4412 (45.8%) 2516 (51.1%) 1896 (40.2%) <0.001
Diabetes 675 (7%) 436 (8.9%) 239 (5.1%) <0.001
Systolic blood pressure, mm Hg, mean (SD), baseline 130.16 (16.85) 133.0 (15.6) 127.2 (17.6) <0.001
Systolic blood pressure, mm Hg, mean (SD), follow-up 130.21 (16.51) 132.42 (15.16) 127.91 (17.53) <0.001
Diastolic blood pressure, mm Hg, mean (SD), baseline 82.31 (9.27) 83.84 (9.1%) 80.7 (9.13) <0.001
Diastolic blood pressure, mm Hg, mean (SD), follow-up 80.68 (9.31) 82.00 (9.24) 79.30 (9.17) <0.001
Body-mass-index, kg/m?, mean (SD), baseline 27.06 (4.78) 27.6 (4.1) 26.5(5.3) <0.001
Body-mass-index, kg/m?, mean (SD), follow-up 27.44 (4.98) 27.92 (4.33) 26.95 (5.54) <0.001
Ophthalmic parameters
Intraocular pressure, mm Hg, right eye, mean (SD), baseline 14.04 (2.78) 14.10 (2.86) 13.96 (2.69) 0.01
Intraocular pressure, mm Hg, right eye, mean (SD), 14.77 (2.92) 14.87 (3.03) 14.65 (2.79) <0.001
follow-up
Intraocular pressure, mm Hg, left eye, mean (SD), baseline 14.19 (2.81) 14.31 (2.89) 14.06 (2.71) <0.001
Intraocular pressure, mm Hg, left eye, mean (SD), follow-up 14.85 (2.93) 14.98 (3.03) 14.71 (2.83) <0.001
Medication intake
B-Adrenoceptor antagonists, selective: n 0.67
No intake 7.905 (82.1%) 4017 (81.6%) 3889 (82.5%)
New intake 586 (6.1%) 303 (6.2%) 283 (6%)
Discontinued intake 207 (2.1%) 110 (2.2%) 97 (2.1%)
Continuous intake 934 (9.7%) 491 (10%) 443 (9.4%)
B-Adrenoceptor antagonists, nonselective: 7 1.00
No intake 9581 (99.5%) 4689 (95.3%) 4683 (99.4%)
New intake 18 (0.2%) 6 (0.1%) 12 (0.3%)
Discontinued intake 17 (0.2%) 8 (0.2%) 9 (0.2%)
Continuous intake 17 (0.2%) 9 (0.2%) 8 (0.2%)
Thiazide diuretics: n <0.001
No intake 8.068 (83.8%) 4036 (82%) 4032 (85.6%)
New intake 604 (6.3%) 339 (6.9%) 265 (5.6%)
Discontinued intake 234 (2.4%) 141 (2.9%) 93 (2%)
Continuous intake 727 (7.5%) 405 (8.2%) 322 (6.8%)
Loop diuretics: #n 0.34
No intake 9.359 (97.2%) 4766 (96.9%) 4593 (97.5%)
New intake 154 (1.6%) 88 (1.8%) 66 (1.4%)
Discontinued intake 33 (0.3%) 14 (0.3%) 19 (0.4%)
Continuous intake 87 (0.9%) 53 (1.1%) 34 (0.7%)
Angiotensin-converting enzyme (ACE) inhibitors: n <0.001
No intake 7871 (81.7%) 3841 (78.1%) 4030 (85.5%)
New intake 615 (6.4%) 379 (7.7%) 236 (5%)
Discontinued intake 319 (3.3%) 186 (3.8%) 133 (2.8%)
Continuous intake 828 (8.6%) 515 (10.5%) 313 (6.6%)
Angiotensin II receptor blocker (ARB): n <0.001
No intake 8051 (83.6%) 4060 (82.5%) 3991 (84.7%)
New intake 730 (7.6%) 3606 (7.4%) 364 (7.7%)
Discontinued intake 103 (1.1%) 56 (1.1%) 47 (1%)
Continuous intake 749 (7.8%) 439 (8.9%) 310 (6.6%)
Calcium channel blocker: # <0.001
No intake 8509 (88.3%) 4238 (86.1%) 4271 (90.6%)
New intake 563 (5.8%) 332 (6.7%) 231 (4.9%)
Discontinued intake 119 (1.2%) 70 (1.4%) 49 (1%)
Continuous intake 442 (4.6%) 280 (5.7%) 161 (3.4%)
HMG-CoA reductase inhibitors (statins): n <0.001
No intake 8161 (84.7%) 4011 (81.5%) 4150 (88.1%)
New intake 532 (5.5%) 328 (6.7%) 204 (4.3%)
Discontinued intake 206 (2.1%) 122 (2.5%) 84 (1.8%)
Continuous intake 734 (7.6%) 460 (9.3%) 274 (5.8%)
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Sex-Specific
Difference,
Overall Men Women P Value
Nonselective monoamine reuptake inhibitors: n <0.001
No intake 9342 (97%) 4831 (98.2%) 4511 (95.7%)
New intake 126 (1.3%) 38 (0.8%) 88 (1.9%)
Discontinued intake 80 (0.8%) 32 (0.7%) 48 (1%)
Continuous intake 85 (0.9%) 20 (0.4%) 65 (1.4%)
Selective serotonin reuptake inhibitors: »n <0.001
No intake 9.337 (96.9%) 4817 (97.9%) 4520 (95.9%)
New intake 125 (1.3%) 44 (0.9%) 81 (1.7%)
Discontinued intake 88 (0.9%) 33 (0.7%) 55 (1.2%)
Continuous intake 83 (0.9%) 27 (0.5%) 56 (1.2%)
Other antidepressants: n 0.03
No intake 9.403 (97.6%) 4833 (98.2%) 4570 (97%)
New intake 122 (1.3%) 45 (0.9%) 77 (1.6%)
Discontinued intake 50 (0.5%) 19 (0.4%) 31 (0.7%)
Continuous intake 58 (0.6%) 24 (0.5%) 34 (0.7%)

Data from the German population-based Gutenberg Health Study (2007-2017, N = 9633).

Diuretics. Neither continuous, discontinued, nor new
uptake of thiazide diuretics was associated with IOP change
in any of the models.

Regarding loop diuretics, new intake was associated with
a lower IOP change in model 1 (B = —0.35, 95% CI = —0.69
to —0.00, P = 0.05), but not after adjustment for a change in
systolic blood pressure.

Angiotensin-Converting Enzyme Inhibitors and
Angiotensin II Receptor Blocker. Continuous intake
of ACE inhibitors was associated with a lower IOP change by
an average of —0.20 mm Hg (95% CI = —0.34 to —0.06, P =
0.01). This association remained in model 2 with —0.17 mm
Hg 10P change (95% CI = —0.32 to —0.03, P = 0.01) after
adjustment for change in systolic blood pressure. Discontin-
uation of these drugs showed no influence on IOP change.
The new intake of angiotensin II receptor blockers was asso-
ciated with a lower IOP change in model 1 (B = —0.15 mm
Hg, 95% CI = —29 to 0.00, P = 0.05), however, not after
adjustment for a change in systolic blood pressure.

When excluding the effect of co-medication, the asso-
ciation between new intake or continuous intake of ACE
inhibitors and IOP change was not present.

Calcium Channel Inhibitors. New intake of calcium
channel inhibitors was associated with a decrease in IOP of
—0.42 mm Hg (95% CI = —0.58 to —0.26, P < 0.001) on aver-
age. Similarly, in model 2, the TOP change was associated
with new intake of calcium channel inhibitors (B = —0.29
mm Hg, 95% CI = —0.45 to —0.13, P < 0.001). The continu-
ous intake or stop of medication showed no association with
IOP change.

The negative association between the new intake of
calcium channel inhibitors and IOP change disappeared
in model 1 and model 2, when participants with a co-
medication were excluded (model 1: B = —0.06, P = 0.77
and model 2: B = 0.01, P = 0.96).

We investigated the potential effect modification within
the medication groups involving CCBs. Notably, an effect
modification was evident when examining the discontinua-
tion of angiotensin 1I receptor blockers and the new intake
of CCBs in both model 1 (B = —1.40, P = 0.002) and model
2 (B = —1.36, P = 0.004).

Statins. Concerning statins, new usage was associated
with a lower IOP change of —0.27 mm Hg (95% CI = —0.44
to —0.09, P = 0.003) in model 1 and —0.21 mm Hg in
model 2 (95% CI = —0.39 to —0.04, P = 0.02). Continuous
intake as well as discontinuation of the drug was not asso-
ciated with IOP change. After exclusion of co-medication,
new intake of statins and IOP change were not associated
(model 1: B = —0.03, P = 0.87 and model 2: B = —0.01,
P =0.96).

Antidepressants. Regarding nonselective monoamine
reuptake inhibitors, participants who continuously took the
medication had a positive IOP change compared to those
without intake (B = 0.44, 95% CI = 0.01 to 0.88, P = 0.05)
in model 2. New intake and discontinuation of these drugs
showed no effect on IOP change.

Concerning SSRIs, there was a significant association with
IOP change for discontinuation of the drug with an increas-
ing IOP of 0.43 mm Hg over 5 years (95% CI = 0.12 to 0.74,
P = 0.01) in model 2.

The association between continuous use of nonselec-
tive monoamine reuptake inhibitors with IOP change was
not observed when participants with co-medication were
excluded (model 1: B = 0.44, P = 0.08 and model 2: B = 0.41,
P = 0.11). Furthermore, the association between discontin-
uation of SSRIs remained evident in model 2 after exclusion
of co-medication (model 1: B = 0.38, 95% CI = —0.02 to
0.77, P = 0.06 and model 2: B = 0.39, 95% CI = —0.01 to
0.78, P = 0.05).

Multi-Medication Modeling. Models 3 and 4 demon-
strated a significant association with changes in IOP over 5
vears concerning the new intake and the discontinuation of
selective beta-blockers (Fig. 2, Supplementary Table §5). The
new intake of selective beta-blockers was associated with a
decrease in IOP over 5 years (B = —0.28, P = 0.001), whereas
discontinuation was associated with an increase (B = 0.33,
P =0.01).

Continuous use of ACE inhibitors was also linked to
a negative change in IOP pressure over 5 years (B =
—0.18, P = 0.03). Furthermore, a negative association was
observed with the new intake of CCBs (B = —0.25, P =
0.003). In the case of nonselective monoamine reuptake
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Uni-Medication Association Analysis Between Systemically Acting Drugs and a Change in Intraocular Pressure Over 5 Years

Model 2

IOP Change Over 5y

IOP Change Over 5y

Reference: No Medication in mm Hg (95% CI) P Value in mm Hg (95% CI) P Value
Selective beta-blockers

New intake —0.39 (—0.55 to —0.22) <0.001 —0.31 (—0.48 to —0.15) <0.001

Discontinued 0.29 (0.04 to 0.53) 0.02 0.28 (0.04 to 0.53) 0.02

Continuous intake —0.13 (—0.25 to 0.00) 0.05 —0.11 (—0.24 to 0.01) 0.08
Thiazide diuretics

New intake —0.08 (—0.24 to 0.08) 0.33 0.07 (—0.09 to 0.24) 0.38

Discontinued —0.16 (—0.41 to 0.09) 0.22 —0.22 (—0.47 to 0.03) 0.09

Continuous intake —0.07 (—0.22 to 0.07) 0.33 —0.05 (—0.20 to 0.09) 0.48
Loop diuretics

New intake —0.35 (—0.09 to 0.00) 0.05 —0.24 (-0.58 to 0.11) 0.18

Discontinued —0.12 (—0.83 to 0.60) 0.75 —0.14 (—0.85 to 0.57) 0.69

Continuous intake —0.08 (—0.42 to 0.25) 0.62 —0.04 (—0.37 to 0.29) 0.81
ACE inhibitors

New intake —0.14 (—0.29 to 0.01) 0.07 —0.02 (—0.17 to 0.13) 0.77

Discontinued —0.13 (—0.34 to 0.08) 0.23 —0.13 (—0.34 to 0.08) 0.22

Continuous intake —0.20 (—0.34 to —0.06) 0.01 —0.17 (—0.32 to —0.03) 0.01
Angiotensin II receptor blockers

New intake —0.15 (—29 to 0.00) 0.05 —0.04 (—0.17 to 0.13) 0.62

Discontinued —0.04 (—0.34 to 0.08) 0.80 —0.10 (—0.34 to 0.08) 0.61

Continuous intake —0.02 (—0.32 to —0.03) 0.76 0.01 (—0.32 to —0.03) 0.93
Calcium channel blocker

New intake —0.42 (—0.58 to —0.26) <0.001 —0.29 (—0.45 to —0.13) =0.001

Discontinued 0.20 (—0.14 to 0.54) 0.26 0.13 (—0.21 to 0.47) 0.44

Continuous intake —0.06 (—0.26 to 0.14) 0.56 —0.01 (—0.21 to 0.18) 0.90
Statins

New intake —0.27 (—0.44 to —0.09) 0.003 —0.21 (—0.39 to —0.04) 0.02

Discontinued —0.01 (—0.26 to 0.25) 0.96 —0.01 (—0.27 to 0.25) 0.95

Continuous intake —0.05 (—0.21 to 0.11) 0.53 —0.02 (—=0.18 to 0.13) 0.78
Nonselective monoamine reuptake inhibitors

New intake 0.23 (—0.06 to 0.52) 0.13 0.23 (—0.06 to 0.52) 0.12

Discontinued 0.26 (—0.10 to 0.62) 0.16 0.24 (—0.12 to 0.60) 0.19

Continuous intake 0.42 (—0.02 to 0.86) 0.06 0.44 (0.01 to 0.88) 0.05
Selective serotonin reuptake inhibitors

New intake 0.11 (—0.43 to 0.22) 0.51 —0.09 (—0.41 to 0.23) 0.57

Discontinued 0.43 (0.13 to 0.74) 0.01 0.43 (0.12 to 0.74) 0.01

Continuous intake 0.23 (—0.19 to 0.66) 0.29 0.26 (—0.16 to 0.68) 0.23
Other antidepressants

New intake 0.10 (—=0.41 to 0.23) 0.59 0.10 (—=0.41 to 0.23) 0.58

Discontinued 0.47 (0.12 to 0.74) 0.09 0.45 (0.12 to 0.74) 0.10

Continuous intake 0.47 (—0.16 to 0.68) 0.09 —0.09 (—0.16 to 0.68) 0.68

Data from the German population-based Gutenberg Health Study (2007-2017, N = 9633 individuals). Linear GEE models were calculated.
Model 1 controlling for age, sex, BMI baseline, BMI difference, and diabetes. Model 2 controlling for age, sex, BMI baseline, BMI difference,

diabetes, and systolic blood pressure difference.

inhibitors, their continuous use was associated with an
increase in IOP (B = 0.45, P = 0.04). A positive associa-
tion was also observed between discontinuation of selective
serotonin reuptake inhibitors and TOP change (B = 0.34,
P = 0.05).

In addition, we stratified the regression models by
sex, revealing sex-specific differences in the previously
mentioned associations (Supplementary Table S6). In men,
an association was observed between changes in IOP over
5 years and the new intake of CCBs, continuous use of
ACE inhibitors, and the continuous use of nonselective
monoamine reuptake inhibitors.

In contrast, among women, we observed associations
between changes in IOP over 5 years and the new intake
of selective beta-blockers, as well as the initiation or discon-
tinuation of other antidepressants.

DiscussioN

This study analyzed changes in IOP over a 5-year period
and its association with systemic medication. IOP change
was associated with various medications in uni-medication
analysis, including selective beta-blockers, diuretics, ACE
inhibitors, angiotensin II receptor blockers, CCBs, statins,
and antidepressants. In the multi-medication model, the new
intake and discontinuation of beta-blockers, as well as the
continuous intake of ACE inhibitors, the new intake of CCBs
and the discontinuation of SSRIs, were still associated with
IOP changes in the general population.

The observed association between the new intake of
selective beta-blockers and IOP change over a 5-year period
aligns with various cross-sectional studies that investigated
this relationship.*?!"** The association was present both
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Ficure 1. Dose-response relationship between change in dosage

of selective beta-blockers and 10P change. Data from the German
population-based Gutenberg Health Study (2007-2017). The dosage
of selective beta-blockers was standardized to a common scale
based on the equivalent dose of metoprolol.

in the uni-medication model and in the multi-medication
model with all co-medications. In addition, we found a dose-
response relationship of selective beta-blocker usage and
IOP change. First reports about a dose-response influence of
beta-blockers on IOP go back to 1976, when in 12 patients
a dose-response relationship between propranolol (nonse-
lective beta-blocker) and IOP was found.?* The use of oral
beta-blockers has been shown to reduce IOP in several stud-
ies.?>2° Wettrell et al. investigated the effects of three adren-
ergic beta-blockers on healthy eyes. The authors demon-
strated that a significant reduction in IOP was achieved
immediately following the administration of the minimum
oral dose. This reduction persisted for the entire duration
of the treatment period, which lasted 8 days.*® A further
study, which examined the effect of orally administered
beta-blockers on 46 individuals, showed that a reduction
in IOP occurred both after 3 hours and after 24 hours,
which was in the range of 20% to 40%.%% Beyond the impact
of beta-blockers on TOP, additional research has demon-
strated that the use of oral selective beta-blockers may also
reduce the risk of developing glaucoma.”*” Owen et al.
conducted a case-control study involving 8778 cases diag-
nosed with or treated for glaucoma and matched them
with 8778 glaucoma-free controls. The study found a lower
prevalence of selective beta-blocker usage among the glau-
coma cases compared to the controls.”” Further, we showed
that discontinuation of beta-blockers led to an increase in
10P. Beta-blockers are mostly used for the treatment of
cardiovascular diseases***" and can be classified into selec-
tive (cardioselective) ones, which inhibit 1-adrenoceptors,
and nonselective beta-blockers, which inhibit both 1 and
B2 adrenoceptors.®3? Given that beta-adrenoceptors are
present in various tissues within the eye, including the ciliary
body, and play a significant role in the regulation of aque-
ous humor production, beta-blockers have a targeted effect
in this context. Specifically, these receptors contribute to the
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regulation of aqueous humor production by influencing the
rate of fluid secretion.’®3% Beta-blockers function by bind-
ing to these receptors, thereby inhibiting their activity. This
inhibition reduces the secretion of aqueous humor from the
ciliary epithelium, leading to a decrease in IOP.*® The asso-
ciation of selective beta-blocker intake and IOP changes is
no longer visible after excluding co-medication in the sensi-
tivity analysis. This is likely due to the significantly reduced
number of cases. In a previous cross-sectional study of the
GHS, a descriptively lower IOP in case of the use of selec-
tive beta-blockers was observed (—0.12 mm Hg, P = 0.054),
nevertheless, the difference was not statistically significant.?!
This is likely due to the fact that a smaller number of partic-
ipants could be included in the longitudinal study, resulting
in lower statistical power. Additionally, we have a compara-
tively lower average age, which could also lead to a reduc-
tion in medication use.

In our analysis, an association between the new intake
of statins with IOP change was observed. In the multi-
medication model, which integrated all co-medications,
the previously observed association ceased to exist. This
suggests the involvement of at least one more medica-
tion, likely due to its blood pressure-lowering effect. This
finding is consistent with other studies that showed no
association between usage of statins and IOP2"** Khawaja
et al.® initially demonstrated an association between 10P
and statins in their cross-sectional study. However, this asso-
ciation could also be explained by the concurrent use of
systemic beta-blockers.

An association was observed between the new intake of
ACE inhibitors and a lower IOP in both the uni-medication
and multi-medication model. However, this association was
no longer evident in the sensitivity analysis, which could
also be attributed to the reduced number of cases. A prior
cross-sectional analysis from the GHS did not find this asso-
ciation between baseline IOP and ACE inhibitors.*! However,
a significant IOP reduction has been demonstrated in exper-
imental animal models with the administration of topical
ACE inhibitors, and it is suspected that this modification
increases the uveoscleral outflow.>3 A clinical study in
patients with ocular hypertension or primary open angle
glaucoma showed a lower IOP following the topical applica-
tion of ACE inhibitors.?” With respect to angiotensin II recep-
tor blockers, the potential association with IOP change could
be explained by co-medications, which is in line with other
cross-sectional studies.*!%

Although an association with a lower I0P change in case
of new intake of CCBs was demonstrated, this association
could also be explained by co-medication. Our effect medi-
cation analysis revealed that angiotensin II receptor blockers
appeared to be the main contributing factors for this find-
ing. This result is consistent with previous literature, which
reported no association between CCBs and IOP.?3

Last, we found an association between discontinuation
of SSRIs and an increase in IOP change in uni-medication
and multi-medication analysis, as well as after exclusion of
co-medication. It has been shown that in some patients with
depression, the reason for discontinuing SSRI intake was the
occurrence of unspecified visual disturbances.” Several arti-
cles describe the association between SSRIs on IOP”3* The
reviews describe that limited numbers of case reports have
suggested that an adverse event associated with the use of
this drug might be angle-closure. This could suggest a possi-
ble association between changes in IOP and the usage of this
medication.” However, the causality between taking the drug

47



Investigative Ophthalmology & Visual Science

Publikationen

Systemic Medication and Intraocular Pressure

A Selective beta-blockers
Thiazide diuretics

Loop diuretics

ACE inhibitors

Calcium channel blockers

Statins

Non-selective monoamine
reuptake inhibitors

Selective serotonin reuptake
inhibitors

Other antidepressants

B Selective beta-blockers
Thiazide diuretics

Loop diuretics

ACE inhibitors

Angiotensin Il r blockers

P

Calcium channel blockers

Statins

Non-selective monoamine
reuptake inhibitors

Selective serotonin reuptake
inhibitors

Other antidepressants

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
D

|

IOVS | December 2024 | Vol. 65 | No. 14 | Article4 | 8

|

|

|

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake

Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

New intake
Ongoing intake
Discontinued

|

5

|

i

d

L

L

%

[ ]

afefefecaqadadadadenndea

0.0
Estimate

\

L |

0.5

|

J

H

L

|

[ ]

[ ]

L ]

L ]

0.0
Estimate

0.5

1.0

1.0

Ficure 2. Associations between systemically acting drugs and a change in intraocular pressure over 5 years. Data from the German
population-based Gutenberg Health Study (2007-2017, N = 9633 individuals, multi-medication analysis). Linear GEE models were calcu-
lated. (A) Model 3 controlling for co-medication, age, sex, baseline body mass index, body mass index difference over 5 years, and diabetes.
(B) Model 4 controlling for co-medication, age, sex, baseline body mass index, body mass index difference over 5 years, diabetes, and
systolic blood pressure difference over 5 years. Detailed data in Supplementary Table S5.
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and the occurrence of angle-closure has not been proven.
Given that our results were only marginal after exclusion
of co-medication, this finding should be interpreted with
caution.

In women, IOP changes were associated with “other
antidepressants” like mirtazapine. Studies indicate that
women generally respond better to serotonergic antide-
pressants, although postmenopausal women show poorer
responses, =41 whereas there are also studies contradicting
these findings.”>* To our knowledge, there are no stud-
ies specifically examining sex differences in the effects of
antidepressants on IOP. Furthermore, there was a signif-
icant association between selective beta-blockers and the
change in IOP in women, which was not significant in men.
This effect is likely due to different baseline characteris-
tics, as literature suggests a similar response to the medi-
cation in women and men.*® Moreover, sex differences in
drug metabolism and hormonal influences could contribute
to the observed variations.?” There is a need for further stud-
ies comparing the effects of medications on IOP between
sexes.

In 2023, a meta-analysis of 11 population-based stud-
ies was conducted, exploring the impact of various medi-
cations on glaucoma and IOP. Similar to findings in this
study, an association was observed between lower I0OP and
the use of systemic beta-blockers (both selective and nons-
elective), whereas no association was found with CCBs,
ACE inhibitors, angiotensin 11 receptor blockers, statins,
or antidepressants. A weak association with high-ceiling
diuretics was identified, but it was nonsignificant after
adjusting for other systemic medications.® These findings
are in line with our results, except for the association
with ACE inhibitors which was seen in our study. Another
literature-based meta-analysis from 2023 including 10 cross-
sectional and case-control studies also identified an asso-
ciation between lower IOP and the treatment with beta-
blockers, although there was no association with CCBs, ACE
inhibitors, angiotensin receptor blockers, or diuretics.*

Our investigation significantly advances the field’s
comprehension of the interactions between systemic medi-
cation use and IOP changes, thereby addressing critical
gaps highlighted in earlier studies. Our longitudinal study
design marks a departure from prior cross-sectional anal-
yses, providing us with the unique capability to track
IOP changes over time within the same individuals. This
approach grants us a richer, more intricate view into the
mechanisms by which systemic medications can affect IOP.

Strengths and Limitations

This study analyzed data from a large population-based
representative sample. This analysis uniquely investigates
the impact of new, discontinued, and continuous intake of
systemic medications on IOP. One of the strengths of our
approach is the longitudinal design, allowing us to compare
within-individual differences over time, which provides a
clearer picture of the medication effects and natural vari-
ations in IOP. Moreover, this study is among the first to
examine how co-medications may drive IOP changes, offer-
ing insights into the complex interactions between various
cardiovascular drugs. These aspects underscore the study’s
significant step forward from previous research, by provid-
ing a nuanced understanding of IOP dynamics in a large,
well-characterized cohort.
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However, our study has some limitations. First, the
included GHS participants mainly were of Caucasian origin.
Therefore, the results cannot be generalized to other ethnic-
ities. Additionally, whereas I0OP measurements were taken
three times per eye during each visit to enhance accuracy,
these measurements were all conducted within a short time
frame. Therefore, although the average of these three read-
ings was used to increase the reliability of the data, we could
not account for potential intra- and inter-day fluctuations
in IOP. To minimize environmental effects, the GHS aimed
to examine the study participants at a similar time of day
and the same season at baseline and 5-year examination.
Furthermore, although noncontact tonometry is commonly
used to assess IOP in clinical settings, it is not entirely consis-
tent with Goldmann applanation tonometry, which is consid-
ered as reference standard. Within the GHS, tonometry was
measured with the same device at baseline and follow-
up examination to minimize a systemic bias due to differ-
ent measurement techniques. Although our study excluded
participants with diagnosed glaucoma, it did include individ-
uals with narrow angles, a factor that should be considered
when interpreting the impact on IOP and medication effects.
Last, this was an exploratory study, and no adjustment for
multiple testing was conducted, which should also be taken
into account when interpreting the study data.

CONCLUSIONS

In summary, there was an approximate 0.7 mm Hg increase
in IOP over a 5-year period in the population aged 35 to
74 years. New intake of systemic selective beta-blockers
was associated with a reduction in IOP. Discontinuation of
systemic beta-blockers led to an increase in IOP, whereas
associations between IOP changes and statins, or CCBs
could be attributed to the influence of co-medications.
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Purrost. To investigate the association between intraocular pressure (IOP) and climate
parameters.

MerHops. The Gutenberg Health Study (GHS) is a population-based cohort study in
Mainz, Germany. Participants underwent two comprehensive ophthalmologic examina-
tions (baseline visit and five-year follow up) including non-contact tonometry, objec-
tive refraction, pachymetry, perimetry, and fundus imaging in the time frame of 2007 to
2017. The respective climate parameters were assessed at the University Mainz including
temperature, air humidity, and air pressure. Associations of TOP and climatic parame-
ters were computed using component models and cross-correlation plots. Multivariable
regression analysis was performed to adjust for age, sex, body mass index, diabetes, cent-
ral corneal thickness, and systolic blood pressure. To further explore the link between sys-
tolic blood pressure, temperature, and IOP, an effect mediation analysis was conducted.

Resurts. A total of 14,632 participants (age 55 + 11 years at baseline, 49.1% female) were
included in this analysis. Mean IOP was 14.24 + 2.8 mm Hg at baseline. There was a simi-
lar periodic change in IOP and in temperature, as shown in the component models. IOP
was not associated with air humidity. In univariable and multivariable regression anal-
yses we found a significant association between lower IOP during the summer months
with higher air temperature (B = —0.011, P < 0.001). This could be partially explained
in mediation analysis by lower systolic blood pressure at higher air temperature. Further-
more, IOP was associated with air pressure in univariable (B = 0.005, P = 0.04.) and
multivariable models (B = 0.006, P = 0.03).

Concrusions. There is a periodic annual change of IOP with higher values in winter
and lower values in summer supporting the hypothesis of an impact of environmental
temperature on IOP, which is partly mediated by lower systolic blood pressure in summer.

Keywords: intraocular pressure, environmental factors, seasonality, time series analysis

he major modifiable risk factor for development and
progression of open-angle glaucoma is elevated intraoc-
ular pressure (IOP).! Knowledge of IOP, its distribution in
the general population over different time courses, and influ-

Copyright 2023 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

encing factors play an important role in the diagnosis and
treatment of glaucoma.”

Several studies analyzed time-of-day and yearly fluctu-
ations.>”’ It has already been proven that patients with
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glaucoma have high IOP fluctuations. Few studies have
investigated daily IOP variations in healthy subjects. Fluc-
tuations were also seen in these patients, but these were
smaller compared to in glaucoma patients.®? Larger fluctu-
ations occur at night because of the lying sleeping posi-
tion.!” Studies that attempted to characterize a daily 1OP
pattern concluded that there is no uniform pattern in healthy
subjects.!!-13

Furthermore, little is known about possible environ-
mental factors influencing IOP on large studies or on
population-based level. A former study from the 1980s found
an association between IOP and air pressure: increased air
pressure led to lower IOP.}* However, a multiple regres-
sion analysis taking into account interindividual variations
showed only a negligible influence of atmospheric pres-
sure on IOPM An experimental study in healthy volun-
teers showed that an air pressure increase to two bars
over 40 minutes led to a significant decrease of IOP from
11.8 mm Hg to 10.7 mm Hg."> A possible association
between IOP and air humidity is barely investigated and
showed no significant correlation.'*

With respect to air temperature, a study of healthy
Chinese showed an IOP change over the time course of one
year, indicated that IOP is higher on cold days and lower on
warm days.'? Also, other studies showed differences of IOP
in winter and summer.*12:16-21

The Gutenberg Health Study (GHS) offers the opportu-
nity to gain new insights into potential environmental factors
influencing IOP. The study population is one of the largest
population-based samples, in which IOP, climate parameters
and anthropometric parameters are observed over a period
of 10 years.

METHODS
Procedure and Study Sample

The GHS is a population-based, prospective, observational
single-center cohort study in the Rhine-Main Region in
Germany. The sample was equally stratified for sex, resi-
dence (urban or rural), and for age-decade. At baseline,
15,010 individuals were included (2007-2012), and 12,423
were re-examined after five years (2012-2017).

Ophthalmic Parameters

IOP was measured with a noncontact tonometry and auto-
matic air-puff control (NT 2000; Nidek, Inc., San Jose, CA,
USA), the mean of three measurements within a 3 mm Hg
range was obtained for each eye. The date and time of
the measurement was recorded. IOP measurements were
mainly performed between 11:00 and 18:00 hours. First,
the right eye was measured three times followed by the
left eye. If there was a difference of more than 3 mm Hg
between the three measurements, the measurement was
immediately repeated. For further calculations, the mean
1OP value of the right and left eye was used. Further informa-
tion on the lens status were determined with slit-lamp exam-
ination at baseline examination?? and Scheimpflug imag-
ing at follow-up examination.”> Pachymetry was measured
with Pachycam (Oculus, Wetzlar, Germany) at baseline and
Pentacam HR (Oculus) at follow-up examination. Glau-
coma status was determined on optic disc photographs
and using frequency doubling technology perimetry accord-
ing to a modified definition of the Glaucoma classifi-
cation according to International Society of Geographi-
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cal and Epidemiological Ophthalmology (https://www.ncbi.
nlrn.nih.gov/pmc/articlcs/PMC177’1026/).24

Climate Parameters

Climate parameters were provided by the “Institute for
Atmospheric Physics (Johannes Gutenberg University).” Air
pressure, humidity, and temperature were continuously
measured, and daily mean, minimum, and maximum values
were provided. In addition, the GHS also provided data on
measured temperature inside and outside the study center.

General Parameters

Characteristics of the study population including age, sex,
height, weight, and body mass index (BMI) were surveyed.
Diabetes mellitus was defined as an established diagnosis,
use of anti-diabetics, or HbAlc > 6.5%, arterial hypertension
as use of antihypertensive medication, systolic blood pres-
sure >140 mm Hg, diastolic blood pressure >90 mm Hg,
or an established diagnosis. Further information, such as
the HbAlc-level, were determined by using standardized
measurement procedures.

Statistical Analysis

Descriptive analysis was conducted for primary and
secondary variables. For categorical parameters, absolute
and relative frequencies were computed. For continuous
variables, mean and standard deviation were calculated for
approximately normal-distributed data, otherwise median
and interquartile range were calculated.

For IOP analysis, the mean value from both eyes was
used, if available. Population-based 10P distribution within
the day, daily IOP averages, and the IOP distribution over
the year with monthly averages were computed.

To analyze the association of IOP and climate param-
eters, time series diagrams (the component models) were
created that highlight the seasonal component, as well as
the trend. The component model is subject to the assump-
tion that not all time series are stationary. They are therefore
subject to a trend, seasonality and thus variance, which is not
constant. To analyze the nonstationary time series in more
detail, it is decomposed into several components.”® In the
analysis, the time series was decomposed into the following
four components: observed values, trend, seasonal compo-
nent, and random data. Time series were then adjusted for
trend and tested for a significant relationship using a cross-
correlation function. One function of time series is to be
able to recognize possible correlations in successive tempo-
ral intervals. This is illustrated by the autocorrelation, which
shows possible correlation between the temperature and the
subsequent values of the IOP in the following correlation
plot.?>:%6 The lags in the correlation plot establish periods
of time between the two time series. The observations in
one time series are tested against lagged values in the other
time series.”> An association between IOP and the temporal
component was additionally examined using cosinor analy-
sis (“cosinor package” in R).”’

Univariable and multivariable linear regression analyses
were conducted to analyze the association between 10P
and climate parameters (air temperature, air humidity, air
pressure) on individual participant level (repeated measures
were modeled with generalized estimating equations). Anal-
yses were adjusted for potential confounding factors (age,
sex, diabetes, BMI), and in addition an effect mediation for
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systolic blood pressure was conducted. The mediation anal-
ysis helps to speculate why an independent variable is possi-
bly associated with another variable. We looked at an inter-
vening variable (mediator = systolic blood pressure) that
could possibly be the reason for the present association.
The percentage of the mediator causing the association is
calculated.”

As sensitivity analyses, glaucoma patients, those with a
prescription of IOP lowering therapy were excluded and
only participants with phakic lens status were included. The
study population was stratified by sex, and stratified on age

IOVS | June 2023 | Vol.64 | No.7 | Article 15 | 3

decades. Data were processed with the statistical program R
(version: 4.0.3 (2020-10-10)).

RESULTS

Overall, 14.632 study participants were included. The mean
age of the study population was 55 + 11.11 years, and 49.5%
were female. Table 1 shows the participants’ characteristics
at baseline. The mean IOP was 14.11 + 2.69 mm Hg in
women and 14.37 + 2.87 mm Hg in men.

Tasre 1. Participants’ Characteristics (N = 14,632, Baseline Examination) and Climatic Parameter in the Gutenberg Health Study

Overall Men Women
Anthropometric data 14,632 7390 7242
Age (y), mean (SD) 55 (11.1) 55.22 (11.1) 54.77 (11.1)
Weight (kg), mean (SD) 79.72 (16.58) 87.28 (14.30) 72.01 (15.08)
Height (cm), mean (SD) 170.44 (9.5) 176.98 (7.08) 163.79 (6.61)
BMI, mean (SD) 27.38 (5.02) 27.86 (4.29) 20.88 (5.62)

Medical history
Systolic blood pressure (mm Hg), mean (SD)
Arterial hypertension
Diabetes
Ophthalmic parameters
I0P (mm Hg), mean (SD)
Glaucoma (ISGEO)
Central corneal thickness (um)
Spherical equivalent (diopters), mean (SD)
Lens status (phakic)
Local eye medication

131.30 (17.42)
7261 (49.7%)
1364 (9.3%)

14.24 (2.79)
128 (1.1%)
553.76 (35.28)
—0.42 (2449
14,055 (96.1%)

133.86 (16.22)
4026 (54.5%)
841 (11.4%)

128.69 (18.20)
3235 (44.7%)
523 (7.2%)

14.37 (2.87) 14.11 (2.69)
63 (1.0%) 65 (1.1%)
556.19 (35.1) 551.30 (35.29)
—0.44 (2.36) —0.40 (2.51)

7106 (96.2%) 6936 (95.8%)

Sympathomimetics 37 (0.3%) 20 (0.3%) 17 (0.2%)
Parasympathomimetics 8 (0.1%) 2 (0.0%) 6 (0.1%)
Carbonic anhydrase inhibitors 46 (0.3%) 20 (0.3%) 26 (0.4%)
Beta blocking agents 202 (1.4%) 103 (1.4%) 99 (1.4%)
Prostaglandin analogues 95 (0.7%) 48 (0.7%) 47 (0.7%)

Climatic parameters
Temperature in F* and C° , mean
Air humidity, mean
Air pressure (mB), mean

50.34°F/10.19°C
80%
1000.3

SD, Standard deviation; ISGEO, Glaucoma classification according to International Society of Geographical and Epidemiological Ophthal-

mology (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1771026/).
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Time Series Analysis

TOP time series over 10 years with monthly averages showed
that IOP is subject to seasonality (Fig. 1). The time series
of temperature also shows a seasonal component (Fig. 1).
Looking at the two time series, an almost inverse relationship
between both time series can be seen: at high temperature,
the IOP is low and the other way round. The smaller peak
of the I0OP seasonality arises from a small number of I0OP
measurements in December, because the study center is not
open the whole month. The other components of time series
analysis are shown in Supplementary Figures S1 and S2.

Data from the GHS study center also demonstrated
seasonality in the measured outdoor temperature (Supple-
mentary Fig. S3a). This was not the case for the indoor
temperature (Supplementary Fig. S3b).

The correlation between temperature and IOP is also
reflected in the correlation plot of both time series
(Fig. 2a) in crude analysis and after removing the trend
component (Fig. 2b), although there is a minor correla-
tion after also removing the seasonal component (Fig. 2c).
Component models were also created for variables that
have been shown to influence IOP. Systolic blood pressure
showed a matching seasonality compared to IOP (higher
values in winter, lower values in summer). The correlation
plots between the outdoor temperature of the GHS and IOP
showed comparable results (Supplementary Fig. S4).

Furthermore, we conducted a cosinor analysis to exam-
ine the association between IOP and temporal patterns. Our
results revealed significant temporal relationship between
the 52-week IOP data and both the amplitude (B = 0.12,
P < 0.05) and acrophase (B = 1.04, P < 0.05) within the
52 weeks of a year demonstrating a periodic distribution of
10P.

Associations Between Climate Parameters and
I1I0P

There was a significant association between air temperature
and IOP (r = —0.17, P < 0.0001; Fig. 3a). Higher average
daily temperature was associated with a lower IOP. [OP peak
was recorded in February (14.9 + 0.48 mm Hg) and lowest
10P in July (14.3 £+ 0.43 mm Hg).

A univariable correlation was also found between air
pressure and IOP (r = 0.07, P = 0.031, Fig. 3b) and air
humidity and IOP (r = 0.07, P = 0.031, Fig. 3c). Linear
regression analysis showed in univariable analysis an asso-
ciation between IOP and air temperature and air pressure
as climate parameters, whereas in multivariable model with
adjustment for potential confounders air temperature and air
pressure remained associated with [OP (Table 2).

We further found a significant association of lower
systolic blood pressure and higher air temperature (—0.08,
95% confidence interval [CI] = —0.1 to —0.06, P < 0.001).
Mediation analysis revealed that the relationship between
IOP and air temperature is approximately 77% mediated by
the lower systolic blood pressure. In the regression model
with both temperature and systolic blood pressure, the asso-
ciation between IOP and air temperature remains (—0.0088,
95% CI = —0.01 to 0.00, P < 0.0012) significant. In the multi-
variable model with adjusting for potential confounders the
association remains robust. Sensitivity analyses (exclusion of
subjects with glaucoma disease, exclusion of subjects with
IOP surgery or IOP-lowering medication, only inclusion of
participants with phakic lens status) showed comparable
results.

Downloaded from iovs.arvojournals.org on 03/10/2024
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Figure 2. Correlation plot between IOP and air temperature.
(a) Crude analysis, (b) after removing of the trend component, and
(c) after removing the seasonal component as well.

Within Day IOP Distribution

Within day distribution of IOP (measured between 7:00-
18:00) showed no significant difference over the day
(Fig. 4), with women showing slightly lower values than men
(Supplementary Fig. §5).

DiscussioN

This study analyzed the relationship between IOP and
climate parameters in a large population-based sample over
the course of 10 years. We found a periodic change of IOP
over the year through the time series and cosinor analysis
with higher values in winter and lower values in summer.
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Scatterplot between IOP and air temperature (a), air humidity (b), and air pressure (c). Results from the population-based

Gutenberg Health Study (n = 14,632) from baseline examination (2007-2012). The blue line illustrates the LOESS line.

Tasre 2. Multivariable Linear Regression Analysis (With Generalized Estimating Equations) of Climate Parameters With IOP

Multivariable, Adjustment for
Age, Sex, BMI, CCT, and Diabetes

Univariable, Unadjusted

Multivariable, Adjustment for
Age, Sex, BMI, CCT, Diabetes,
and Systolic Blood Pressure

B 95% CI P Value B 95% CI P Value B 95% CI P Value
Air temperature —0.011 —0.02 to —0.01 =<0.001 —0.016 —0.02 to —0.01 <0.001 —0.013 —0.02 to 0.01 <0.001
Air humidity 0.002 0.00-0.01 0.16 0.002 0.00-0.01 0.38 0.002 [0.00-0.01] 0.26
Air pressure 0.005 0.00-0.01 0.04 0.006 0.00-0.01 0.03 0.006 [0.00-0.01] 0.02

CCT, central corneal thickness.
Data from the Gutenberg Health Study (2007-2017).

This association can in part be explained by lower blood
pressure values at higher air temperature.

Our findings are supported by other studies in healthy
subjects*17:18: One study with 103 healthy Chinese partici-
pants found an IOP difference of 1.4 + 0.7 mm Hg between
winter and summer, with higher IOP in winter months.?
Analyses in this subject area in Chicago, Illinois, United
States, recorded an IOP peak in December/January (15.7
+ 3.7/15.7 £ 3.8 mm Hg) and lowest IOP in September
(14.5 + 3.1 mm Hg).*® A study using results from the
UK Biobank of 110,573 participants demonstrated season-
ality of IOP with lower values in summer and higher
values in winter.?® In this study IOP peak was recorded
in February (14.9 £+ 0.48 mm Hg) and lowest IOP in July
(14.3 £+ 0.43 mm Hg).

Downloaded from iovs.arvojournals.org on 03/10/2024

One retrospective cohort study analyzed a 20-year
period through medical records showing significant seasonal
changes over the entire period."” Similarly, studies examin-
ing glaucoma patients concluded that IOP is subject to peri-

odic IOP changes.

4,17,18

The question arises how this seasonality of IOP might be
explained. The present study showed that there is a signifi-
cant relationship between IOP and air temperature. Season-
ality of IOP and temperature showed an almost inverse
relationship. Both seasonality curves partially overlap, most
likely because the IOP does not react immediately to temper-
ature change but with a time lag. The association was evident
in both the correlation plot and the regression analysis, as
well as after adjustment for possible confounders. Effect
mediation analysis revealed that systolic blood pressure
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Figure 4. Within day distribution of IOP. Results from the population-based Gutenberg Health Study (n = 14,632), data from baseline

examination (2007-2012).

partly mediates this association. Similar to our study data,
other studies demonstrated the seasonality of systolic blood
pressure with higher values in winter and lower values in
summer time.**~* The association between IOP and systolic
blood pressure has been proven by multiple studies¥-37
each of these studies indicated that an increase in systolic
blood pressure was also associated with an increase in
10OP. Temperature and systolic blood pressure showed a
relationship in several studies: at high temperatures blood
pressure is lower, whereas at low temperatures blood pres-
sure is reported to be higher?'##3 The underlying expla-
nation for this phenomenon is that lower temperature
cause temporary constriction of blood vessels, resulting in
increased resistance to blood flow and consequently higher
blood pressure.*® It has been hypothesized by several studies
that high systolic blood pressure affects aqueous humor by
ultrafiltration, which increases IOP.*'=% Qur effect mediation
results show that IOP is partially altered because of a change
in systolic blood pressure caused by outdoor temperature.
However, in our cohort, systolic blood pressure did not fully
explain the association of IOP and air temperature.

Little is known about a possible relationship between air
humidity and [OP. We didn’t find an association between
air humidity and [OP in this analysis. Similar results on
this subject demonstrating no relationship were reported
in another study.!* With respect to atmospheric pres-
sure, IOP was associated in univariable and multivariable
analysis.

This result is partly consistent with the literature on this
topic. One study in Germany examined 109 patients with
chronic glaucoma or ocular hypertension and found a corre-
lation between IOP and atmospheric pressure. However,

Downloaded from iovs.arvojournals.org on 03/10/2024

a multiple regression analysis showed that the influence
of atmospheric pressure on IOP is negligible when taking
interindividual variations into account.'t

One experimental study showed that an increase of air
pressure to two bars over 40 minutes in a hyperbaric cham-
ber led to a significant decrease of IOP."> This atmospheric
pressure corresponds to a dive at a depth of 10 meters.
However, this study evaluated the short-term effects of
massive air pressure changes and thus is not comparable
to the natural slow and much smaller fluctuations. Air pres-
sure regularly fluctuates by approximately 0.003 bars during
the day.**

Strengths and Limitations

This study analyzed data from a large population-based
representative sample. The study contributes results to better
understanding of characteristics of IOP over time course and
its relation to climate parameters as an environmental influ-
ence factor. Compared to other studies on this topic, the
large study population and the long observation time of
10 years offer the possibility of obtaining representative find-
ings. Furthermore, the large study sample offers the oppor-
tunity to explore the link between systolic blood pressure,
temperature, and 10P.

However, there are some limitations of our study, which
need to be considered. The included GHS subjects mainly
consist of Caucasian origin. Therefore no generalizabil-
ity to other ethnicities is given. IOP measurement by
noncontact tonometry can be recognized as a limitation,
although the application of noncontact tonometry is widely
used in the clinics but not in full agreement with the
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reference standard Goldmann applanation tonometry. More-
over, there are IOP measurement techniques incorporat-
ing biomechanical properties such as the ocular response
analyzer,">* which would allow us to further investigate
potential influence of temperature on IOP because of a
change in biomechanical characteristics. To reduce this
potential influence, we adjusted for central corneal thick-
ness in our statistical analysis. In addition, only daily data
on climate parameters were available limiting the time series
analysis.

CONCLUSION

In conclusion, this study demonstrates periodic change of
IOP over the time course of 10 years in a population-based
sample: IOP is higher in winter and lower in summer time.
IOP is associated with air temperature showing an inverse
but similar pattern of seasonality. Part of the effect of air
temperature on IOP could be explained by systolic blood
pressure as an effect mediation.
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Abstract

Purpose To investigate potential gender- and age-specific changes over time in vision-related quality of life (VRQoL) on a
population-based level. Further, factors associated with changes in VRQoL will be explored.

Methods The Gutenberg Health Study is a population-based, prospective, observational, single-center cohort study in Ger-
many. VRQoL was quantified at baseline and 5-year follow-up using the visual function scale (VFS) and socio-emotional
scale (SES-VRQoL). VFS and SES-VRQoL are calculated using the “National Eye Institute 25-Item Visual Functioning
Questionnaire” (NEI-VFQ-25). Both scales range from O to 100, O corresponds to the sum that would be achieved if a par-
ticipant had answered all items with the worst performance, and 100 corresponds to the sum of all items answered with the
best possible performance. Distance-corrected visual acuity was measured in both eyes. Univariable and multivariable linear
regression analyses were conducted to identify ophthalmic and sociodemographic predictors of VRQoL.

Results A total of 10,152 participants (mean age 54.2 years; 49.2% female) were included in the analysis. The mean visual
functioning decreased from 89.6 (IQR: 81.3, 95.1) at baseline to 85.9 (IQR: 79.2, 92.6) at 5-year follow-up in the VFS
(p<0.001). Participants' socio-emotional well-being remained the same from baseline to 5-year follow-up in the SES-
VRQoL. In multivariable linear regression analysis, older age (0.03, p=0.002) and female gender (-1.00, p <0.001) were
associated with a VFS change. Higher baseline socioeconomic status was associated with a slightly positive increase in
VES (0.07, p=0.001). Deterioration of visual acuity in the better and worse-seeing eye was associated with negative VFS
change over 5 years (better-seeing eye: -5.41, p <0.001, worse-seeing eye: -7.35, p <0.001). Baseline socioeconomic status
was associated with SES-VRQoL change (0.06, p <0.001). The negative change in visual acuity showed an association with
negative SES-VRQoL in the better (-4.15, p<0.001) and worse-seeing eye (-3.75, p <0.001). Stratification of the regression
models by age and gender showed greater reductions in VFS scores with visual acuity changes in participants aged 65 years
or older and a more pronounced decrease in female participants over 5 years.

Conclusions This study demonstrated an association between visual acuity change and change in VRQoL over 5 years, with
a greater decrease in female participants and participants aged 65 years or older. The better-seeing eye and the worse-seeing
eye both had an impact on changes in VRQoL.

Key messages

What is known

e Previous studies have predominantly used cross-sectional designs to investigate the correlation between visual acuity and
vision-related quality of life, with limited insights into how visual acuity changes over time affect vision-related quality
of life in a large cohort.

What is new

e This study demonstrates that visual acuity changes significantly impact VRQoL over a 5-year period, with a notable
decrease observed in female participants and those aged 65 years or older.

e Analysis reveals both the better-seeing and worse-seeing eye contribute to changes in VRQoL., highlighting the necessity
of comprehensive visual assessments in both eyes for a more accurate understanding of VRQoL outcomes.

Extended author information available on the last page of the article

Published online: 11 February 2025 @ Springer
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Introduction

Subjective perception of difficulties due to vision and their
impact on daily life activities are important when assessing
the burden of ophthalmic diseases. Patient-reported out-
comes analyzing vision-related functioning and quality of
life are gaining importance in evaluating therapeutic inter-
ventions and are included as primary outcomes in clinical
studies. Vision-related quality of life (VRQoL) describes
how vision affects the life of a person and their satisfaction
with vision ability [1].

To date, VRQoL has been mostly examined in cross-sec-
tional studies. These cross-sectional studies showed worse
VRQoL in the presence of visual impairment (VI) compared
to no VI [1-3]. Several studies have demonstrated that loss
of visual functioning and VI is associated with a decline in
VRQoL [3-5]. VI can lead to emotional or physical diffi-
culties resulting in limitations in social life [6]. In addition,
higher age and lower socioeconomic status is associated
with lower VRQoL [7, 8].

Few studies have examined gender-related differences in
VRQoL in cross-sectional studies: one study found slightly
worse VRQoL in women [9]. The Gutenberg Health Study
(GHS) has previously reported gender-specific differences in
VRQoL in a cross-sectional approach with worse VRQoL in
women [3, 10]. When examining gender-related differences
in health-related quality of life (HRQoL), numerous stud-
ies consistently report lower scores for women [11-14]. A
study from the United States, which analyzed four national
datasets, found that women had worse HRQoL outcomes
compared to men, with sociodemographic and socioeco-
nomic disparities partially accounting for these differences
[13]. Similarly, another study demonstrated that women had
significantly worse HRQoL than men across all subscales,
even after adjusting for factors such as age and chronic con-
ditions [11].

However, it is unknown to date whether the course of
VRQoL over time also differs between genders. Possible
gender differences could be due to a higher prevalence of
blindness in women [15], a difference in socioeconomic sta-
tus [16] or different symptom reporting [17].

Several studies found that VRQoL decreases with age
[1, 8, 18]. Thus, it may be important to implement screen-
ing measures early to detect VI and counteract a decrease
in VRQoL early on [8]. Concerning visual acuity, both the
better-seeing and worse-seeing eye have an influence on
VRQoL: the better-seeing eye has a stronger influence and
the worse eye has a minor influence on the VRQoL, thus
the function of both eyes should also be included in clinical
decision-making processes [3].

@ Springer

McKean-Cowdin et al. examined changes in visual acu-
ity and HRQoL in a population-based cohort study with
3,169 individuals in La Puente, California (age: 40 years
or older). A decreased visual acuity over 4 years was
linked to decreased visual functionality and overall well-
being [19].

Cross-sectional studies reported that individuals with
lower socioeconomic status also have worse VRQoL [20,
21]. It may be important to provide more counseling and
information to these individuals in the clinical context to
increase awareness of eye disease. It is also important to
reach this group of people in prevention programs [20,
21].

This study focuses on changes in VRQoL over time and
evaluates whether there are gender-, age- or socioeconomic-
specific differences in this regard on a population-based
level. Further, the association between the change in VRQoL
with the change in visual acuity of the better and worse-
seeing eye is evaluated.

Method
Study sample

The GHS is a population-based, prospective, observational,
single-center cohort study in the Rhine-Main-Region in
Germany. The sampling was stratified for gender, residence
(urban or rural) and age-decade. At baseline, 15,010 indi-
viduals were included (in the years 2007-2012) and 12,423
of them were re-examined after 5 years (2012-2017). The
inclusion criteria for the current analysis were the availabil-
ity of NEI-VFQ-25 (National Eye Institute Visual Function
Questionnaire) scores at baseline and at 5-year follow-up to
be able to calculate the change of VFQ-25 scores for each
study participant. This reduced the number of subjects to
10,152 participants.

Ophthalmic parameters

Objective refraction and distance-corrected visual acuity
were measured in both eyes with Humphrey Automated
Refractor/Keratometer at baseline and 5-year follow-up.
Distance corrected visual acuity was measured with built-
in Snellen charts, ranging from 20/400 to 40/20. The values
were transformed to LogMar for statistical analysis. Spheri-
cal equivalent was measured through the following calcula-
tion: spherical equivalent value plus half of the cylindrical
power [3]. A short interview was conducted before the eye
examination to assess a potential history of eye disease.
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The WHO definition of VI was used to categorize visual
acuity into no, mild, and moderate/severe vision impairment
groups.

Quality of life and socioeconomic status

Vision-related quality of life was assessed using the NEI-
VFQ-25 questionnaire [22]. The questionnaire was com-
pleted using both eyes and reading glasses if needed.
Socioeconomic status was calculated according to Lampert
and Kroll [23], this score consists of the following factors:
highest education (school/vocational training), position in
occupation, and income. With regard to occupation, partici-
pants were asked what occupation was currently held or, in
the case of unemployment/retirement, what occupation was
previously held. The survey also asked for a classification of
the occupation into an occupational group (self-employed,
academics in the liberal professions such as doctors, lawyers,
officials, employees, trainees, or assisting family members).
Regarding income, the survey asked about the households'
net monthly income. The household size was considered and
the net income was adjusted for the individual person. Status
was defined as a socioeconomic status range between 3 (low-
est) and 21 (highest) socioeconomic status [23].

Statistical analysis

A descriptive analysis was conducted and stratified by gen-
der to examine potential gender differences at baseline time
point. For categorical parameters, absolute and relative fre-
quencies were computed. For continuous variables, mean
and standard deviation were calculated for approximately
normal-distributed data, otherwise median and interquartile
range. We calculated the “visual functioning scale (VFS)”
and “socioemotional scale (SES-VRQoL)”. This is relevant
to counteract limitations of the questionnaire (e.g. influenced
by multidimensionality) [24]. Scales were based on Rasch-
transformed individual-level NEI-VFQ-25 data, as used in
several other studies [25, 26]. The questionnaire is com-
posed of 25 questions and includes 12 subscales: general
health, general vision, ocular pain, near activities, distance
activities, social functioning, mental health, role difficulties,
dependency, driving, color vision, and peripheral vision.
The VFES and SES-VRQoL were calculated based on the
principal component analysis approach of Pseudovs. et al.
[24]. Both scales were then converted to a 0—100 point scale,
where O represents the sum a participant would achieve if all
items were answered with the worst possible performance,
and 100 represents the sum for the best possible perfor-
mance. This conversion to a 0—100 scale was done to ensure
comparability with other studies.

We investigated the factors associated with changes in the
VES over a five-year period. The analysis included several

independent variables, namely gender (reference: male par-
ticipants), age, baseline VFS, socioeconomic status, and
visual acuity in both the better- and worse-seeing eye. Both
univariable and multivariable linear regression models were
employed to assess how each factor is related to changes
in VFS, both individually and while controlling for other
variables.

In a separate linear regression analysis, the same inde-
pendent variables were used to examine their influence on
changes in the SES-VRQoL.

We created additional models with stratification by age
group (<65 years versus > 65 years). Finally, the models
were calculated separated for women and men to examine
gender-related differences and additionally a gender specific
interaction analysis was conducted.

Data were processed with the statistical program R (ver-
sion: 4.0.3 (2020-10-10)).

Results

The mean age of the study population was 54.2 +10.8 years
at baseline, and 49.2% were female (Table 1). VFS was
slightly higher in men than in women at baseline (89.59 vs.
89.56).

During the 5 years, visual acuity decreased by 0.05
LogMAR in women and by 0.03 LogMAR in men. VFS
decreased more in women (—1.3) than in men (—=0.9;
p=0.05) (Fig. 1a). SES-VRQoL scores changed barely over
5 years for both men and women (Fig. 1b). Socioeconomic
status decreased overall by —0.19 (SD: 1.93), and decreased
significantly more for women (—0.26 (SD: 1.96) vs. —0.12
(SD: 1.90)). Over the period from baseline to the five-year
follow-up, the number of eyes with VI increased (Table S1).

Figure 2 shows the change in VFS over five years for
participants with no VI at baseline. In participants with no
VI over time, VFS decreased slightly, while a change from
no VI at baseline to mild VI at a 5-year follow-up was asso-
ciated with a more significant decrease in VFS, which was
even more pronounced with a change from no VI at baseline
to moderate/severe VI over the 5 years.

Table 2 illustrates how changes in VI status over five
years influence the VFS scores of the study participants.
Specifically, it categorizes individuals based on their VI
status in the better-seeing eye at baseline and at the five-
year follow-up. The table shows how VFS scores change
depending on whether participants’ vision remained sta-
ble, improved, or worsened over this period. Participants
who consistently had no VI in the better-seeing eye over
5 years showed a slight worsening of VFES over five years
by —1.08 VFS score points. Moreover, those with no VI in
the better-seeing eye at baseline and a change to mild or
moderate VI at 5-year follow-up had decreasing VFS scores.

@ Springer
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Table 1 Participants’ characteristics (N=10,152, baseline) and quality of life parameters. Data from the German population-based Gutenberg

Health Study (2007-2012)

Overall Men Women
10,152 5161 4991
Age [y], mean (SD) 54.2 (10.8) 54.5(10.9) 53.8 (10.7)
Age categories, n (%)
35-44 2349 (23.1) 1144 (22.2) 1205 (24.1)
45-54 2863 (28.2) 1438 (27.9) 1425 (28.6)
55-64 2734 (26.9) 1386 (26.9) 1348 (27.0)
65-74 2206 (21.7) 1193 (23.1) 1013 (20.3)
Ophthalmic parameters
Visual acuity [logMar], better eye, mean (SD) 0.03 (0.09) 0.02 (0.09) 0.04 (0.09)
Visual acuity [logMar], worse eye, mean (SD) 0.11(0.22) 0.10(0.22) 0.12 (0.22)
Spherical equivalent [diopters], right eye, mean (SD) —0.50 (2.49) —0.53 (2.42) =047 (2.57)
Spherical equivalent [diopters], left eye, mean (SD) —0.49 (2.50) —0.53 (2.45) —0.45 (2.55)
Glaucoma (ISGEO definition), n (%) 72 (0.9) 41 (1.0) 31(0.8)
History of eye surgery, n (%) 692 (6.8) 326 (6.3) 366 (7.3)
General health and socioeconomic status
Arterial hypertension, n (%) 4792 (47.2) 2719 (52.7) 2073 (41.6)
BMI [kg/m?’], mean (SD) 27.1(4.8) 27.7(4.2) 26.4 (5.3)
Socioeconomic status, mean (SD) 13.5 (4.3) 14.2 (4.4) 12.7 (4.1)

Vision-related quality of life
Visual functioning scale, median [IQR]

Socioemotional scale, median [IQR]

89.57 [81.30, 95.10]
100 [95.07, 100.00]

89.59 [84.02, 95.10]
100 [94.62, 100.00]

89.56 [81.25, 94.49]
100 [95.07, 100.00]

y years, SD standard deviation

Participants whose vision worsened from mild VI at base-
line to moderate/severe VI at follow-up experienced a small
improvement in VFS scores (4 0.83 points). Study partici-
pants with improvement in VI categories in the better-seeing
eye showed improvement in VES scores. Participants who
initially had moderate/severe VI in the better-seeing eye at
baseline and an improvement to no VI at 5-year follow-up
showed an increase in VFS scores of 14.8 points (Table 2),
however, this VI change in the better-seeing eye was only
the case in 9 participants. Supplemental Fig. 1 demonstrates
the change in visual acuity (LogMAR) and the change in
the VFS over five years for the better-seeing eye (a) and the
worse-seeing eye (b). In both cases, a negative association
is evident, indicating that a decline in visual acuity corre-
sponds with a decrease in VFS. Outliers (1.31%, n=118)
were identified, showing no visual acuity decline greater
than 0.1 LogMAR in either eye over five years, a change not
considered clinically relevant [27], yet experiencing a high
deterioration in VFS of more than 15 points, which normally
corresponds with a significant decline in visual acutiy [28].
At baseline, this group reported better general health, but
a significantly worse general health status was observed at
follow-up. Additionally, the group was significantly younger,
had a higher proportion of female participants, and showed
a greater decline in SES-VRQoL (Suppl. Table 2).

@ Springer

Linear regression analysis

Gender and age were associated with VFS change, with
a higher VFS reduction in female participants compared
to male participants (Table 3). Baseline socioeconomic
status was associated with change in VFS but change in
socioeconomic status was not associated with change in
VFS.

The baseline visual acuity in the better-seeing and worse-
seeing eye, both were univariable positively associated with
VES change over 5 years due to collinearity with lower VFS
at baseline. In the multivariable regression model, there was
a negative association for the change of VFS with associated
with the change of visual acuity in the better- and worse-
seeing eye over 5 years.

Additionally, associations between the change of SES-
VRQoL with visual acuity (baseline/change) and socioeco-
nomic status (baseline/change) were evaluated in multivari-
able regression analysis (Table 4). Female gender and age
were not associated with the SES-VRQoL. Baseline socio-
economic status was positively associated with the change in
SES-VRQoL scores, while change in socioeconomic status
over 5 years was not associated in the multivariable model.
Baseline and changes in visual acuity were associated with
a reduction in SES-VRQoL scores over 5 years.
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Fig.1 a Visual functioning a)
scale (VES) at baseline and

5-year follow-up stratified by

gender and b) socioemotional

scale (SES-VRQoL) at baseline
and 5-year follow-up stratified

by gender. Data from the Ger-

man population-based Guten-
berg Health Study (2007-2017)
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We additionally stratified the regression models for
patients under 65 years of age and participants 65 years and
older in two subgroups. Regarding the change in VFS, in
both age groups, the visual acuity in the better-/worse-seeing
eye was associated with a change in VFS.

The impact of changes in visual acuity on the VES change
was higher in the older age group: a greater reduction in VFS
over 5 years due to change in visual acuity was observed for
the better- and worse-seeing eye. Baseline socioeconomic
status was only associated in the younger group, while

change in socioeconomic status was not associated with VFS
change (Suppl. Table 3a and Suppl. Table 3b).

Moreover, we stratified the regression models for female
and male participants. Female participants showed a greater
decrease in VFS scores over 5 years associated with visual
acuity change. An association between baseline visual acu-
ity in the worse-seeing eye and change in VFS was also
related to female and male participants (Suppl. Table 4a and
Suppl. Table 4b). Furthermore, we analyzed the potential
interaction between gender and VFS change over 5 years.
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Fig.2 Change of visual func-
tioning scale (VFS) over 5 years
with no vision impairment at
baseline (better-seeing eye,
(n=9,875)). Grouped into the
follow-up vision impairment
groups of the better-seeing eye
(no (n=28,997), mild (n=83),
and moderate/severe (n=51)).
Results from the population-
based Gutenberg Health Study
(2007-2017)

Table 2 Change of NEI-
VFQ-25 visual functioning
scale (VFS) scores by
categories of vision impairment
(VI) at baseline and 5-year
follow-up (better-seeing eye) of
the German population-based
Gutenberg Health Study (GHS),
time frame of 2007-2017

Table 3 Association analysis
between gender, age, visual
acuity (in the better-/worse-
seeing eye) and socioeconomic
status with the change in the
visual functioning scale (VFS)
over 5 years. Data from the
German population-based
Gutenberg Health Study
(2007-2017)

@ Springer
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Change of visual functioning (VFS)

Groups of vision impairment (V1),

5-year follow-up

No VI <0.32 [LogMAR]
Mild VI 0.32-<0.5 [LogMAR]
Moderate/severe VI >= 0.5[LogMAR]

No vision impairment, baseline (better-seeing eye)

Better-seeing eye, 5-year follow-up

Change of VFES over 5 years No VI (n=8,997) Mild VI (n=83) Moderate/
severe VI
(n=51)
Better-seeing No VI (n=9,875) —1.08 points —5.17 points —8.96 points
eye, Baseline Mild VI (n=28) + 14.79 points —5.53 points +0.83 points
Moderate/severe VI (n=32) + 14.76 points +4.72 points —5.45 points

VF'S visual functioning scale

Univariable Multivariable

Dependent vari- B 95%-Cl p-value B 95%-CI p-value

able: Change of
VFS
Gender, female
Baseline -0.37 [—0.74-0.01] 0.05 -1.00 [—1.35- —0.64] <0.001
Age
Baseline 0.07 [0.05-0.09] <0.001 0.03 [0.01-0.05] 0.002
VES
Baseline -0.41 [—0.43- —0.40] <0.001 -0.45 [—0.47- -0.43] <0.001
Socioeconomic status
Baseline —0.01 [—0.06-0.03] 0.56 0.07 [0.03-0.11] 0.001
5-year change -0.20 [-0.30- =0.11] <0.001 —0.06 [-0.15-0.03] 0.22
Visual acuity, better-seeing eye
Baseline 11.30 [9.22-13.39] <0.001 -3.16 [—5.69- —=0.63] 0.01
5-year change -5.97 [-7.21-4.72] <0.001 =541 [—6.69- —4.13] <0.001
Visual acuity, worse-seeing eye
Baseline 322 [2.38-4.05] <0.001 —-341 [—4.52- —2.29] <0.001
5-year change —10.88 [—12.53- —9.23] <0.001 -7.35 [-9.18- —5.52] <0.001

VFS Visual functioning scale; reference group for gender is male participants
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Table 4 Association analysis

. Univariable Multivariable

between gender, age, visual

acuity (in the better-/worse- Dependent vari- B 95%-CI p-value B 95%-CI p-value

seeing eye) and socioeconomic able: Change of

status with a change in SES-VRQoL

socioemotional scale (SES- Gender. female

VRQoL) over 5 years. Data :

from the German population- Baseline -0.24 [-0.51-0.04] 0.09 0.04 [-0.22-0.30] 0.77

based Gutenberg Health Study Age

(2007-2017) Baseline 001  [-0.02-0.01 0.31 001 [-0.02-0.01] 0.31
SES-VRQoL
Baseline 0.06 [0.03-0.09] <0.001 -0.48 [—0.50- —0.46] <0.001
Socioeconomic status
Baseline 0.06 [0.03-0.09] <0.001 0.06 [0.03-0.10] <0.001
5-year change —0.08 [-0.15- —0.01] 0.02 -0.03 [-0.10-0.04] 0.43
Visual acuity, better-seeing eye
Baseline -0.46 [-2.03-1.11] 0.56 -7.21 [-9.08- —5.35] <0.001
5-year change -3.96 [—4.92- =3.00] <0.001 -4.15 [-5.14- =3.16 <0.001
Visual acuity, worse-seeing eye
Baseline 0.70 [0.06-1.33] 0.03 -1.41 [—2.24-0.58] <0.001
5-year change —5.38 [—6.61- —4.16] <0.001 =3.75 [-5.11- =2.39] <0.001

SES-VRQoL socioemotional scale; reference category for gender is male participants

Univariable analyses showed an association between the
interaction factor of gender and 5-year change in visual acu-
ity in the better-seeing and worse-seeing eyes with respect
to change in VFS over 5 years (p <0.001), while not in the
multivariable model (Suppl. Table 5).

Discussion

This study investigated VFS and SES-VRQoL change
over 5 years and its association concerning age, gender,
changes in socioeconomic status, and changes in visual
acuity in the better- and worse-seeing eye. Participants
who improved from moderate/severe VI to no VI over the
5-year period experienced a substantial improvement in
VFS scores (+ 14.76 points). Moreover, the descriptive
results demonstrated a small improvement in VFS scores
(+0.83 points) in participants whose vision worsened from
mild VI at baseline to moderate/severe VI in the better-
seeing eye at the 5-year follow-up. This finding is unex-
pected, but it may be explained by psychological adjust-
ment to VI [29]. As participants adjust to their condition
over time, their perceived quality of life may stabilize or
even improve, despite the objective worsening of their
vision. Due to the small number of participants (n=4),
this result should be interpreted with caution.

The results demonstrated that changes in visual acuity
were associated with VES change with a higher decrease
in older participants and female participants. In general,
individuals aged 65 years or older had a smaller decline in

VFS over 5 years. This can be explained by the fact that
participants of higher age may already have had a decline
in VFS in the previous years, which means that it is now
less pronounced. Higher baseline socioeconomic status led
to a slight positive change in VFS. In the multivariable
regression analysis, an association was found regarding
visual acuity: a lower baseline visual acuity leads to lower
VFS. Moreover, there was a negative association between
change in visual acuity in the better- and worse-seeing
eye with VFS change. Female participants showed a more
significant decrease in VFS scores over 5 years associated
with visual acuity change. Socioeconomic status at base-
line was positively associated with SES-VRQoL change,
but change in socioeconomic status was not associated
with SES-VRQoL change over 5 years. Visual acuity in
the better-seeing eye at baseline was accompanied by an
increase in SES-VRQoL over 5 years. Change in visual
acuity in the better- and worse-seeing eye over 5 years was
associated with change in SES-VRQoL. Age and gender
were not associated with SES-VRQoL change.

A population-based study showed a VFS value of 88.5 for
men and 88.1 for women (adjusted for age), in our study the
values are slightly higher with 89.59 for men and 89.56 for
women at baseline [30]. The findings of this study regard-
ing the change in VFS and change in visual acuity are like
those of a longitudinal study examining VFS change over
4 years. The authors reported that decreased visual acuity
is associated with decreased VRQoL [19]. The Submacular
Surgery Trials Research Group said that NEI-VFQ scores
were sensitive to changes in visual acuity (over 2 years).
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The study demonstrated that a 4-point change in the overall
NEI-VFQ score was assessed to be the minimal clinically
important difference (MCID) [31]. Several other clinical
and population-based studies demonstrated that a decrease
in visual acuity or VI leads to changes in VRQoL [1, 4, 32,
33]. In our analysis over 5 years, the change in visual acuity
of the worse-seeing eye resulted in a slightly more significant
reduction in VRQoL than that of the better-seeing eye. VFS
decreased by seven score points in the worse-seeing eye over
5 years per 1 LogMar; while in the group of persons 65 years
and older, the reduction in the worse-seeing eye was —13.24.

Cross-sectional studies have reported an association
between older age and reduced VRQoL [8]. Our study also
indicated that in individuals 65 years of age or older, the
reduction in VFS scores due to a change in visual acuity was
higher than that in individuals aged < 65 years. In general,
the decline in VI is part of the aging process, accompanied
by several factors leading to lower visual functioning. Pro-
jection of light onto the retina changes with age: biochemical
processes alter the cornea, lens opacity, and the ability to
accommodate. Furthermore, sensory information process-
ing is impaired. For example, the number of neurons in the
ganglion cell layer of the retina and the number of rods in
parafoveal vision decrease [34]. Some studies have shown
that the typical age-related changes limit mobility and conse-
quently have a negative impact on the quality of life [35-37].

Our findings demonstrate an association between gen-
der and change in VFS. Other studies have also found that
female participants were associated with lower VRQoL
[38, 39]. There may be several reasons for this finding.
One reason could be that women generally have a higher
risk of VI in all age groups compared to men [40—42]. Ine-
qualities in diagnosing and treating ophthalmic diseases
could be an underlying reason for this. A study in Spain
showed that women are less able to pay for private services
and, thus, must wait longer for treatment [43]. Biological
differences may also be a relevant factor: sex hormones,
e.g. due to menopause, may play a role in the prevalence
of diseases in ophthalmology, such as glaucoma and age-
related macular degeneration [44]. Some mental disorders
are more common in women, like depression [45]. This
could also be a reason, as they lead to lower self-care,
making doctor visits more difficult [46].

Several cross-sectional studies have reported an associa-
tion between low socioeconomic status and lower VRQoL
[20, 47, 48]. This could be based on the fact that a higher
level of education leads to a better understanding of eye dis-
eases, earlier consultation of an ophthalmologist in case of
symptoms, and different psychological handling of a limita-
tion in vision due to a better understanding [49, 50]. Thus,
prevention programs should reach especially people with
lower socioeconomic status, which now is the opposite. This
is because people with higher educational background tend

@ Springer

to think more about their health and, therefore, attend pre-
vention programs more likely [51]. Our study also indicated
a slight improvement in VFS and SES-VRQoL scores over
5 years due to a higher socioeconomic status at baseline.
Furthermore, an association is also possible, because two
integral dimensions of the questionnaire are mental health
and social functioning; both dimensions have been associ-
ated with socioeconomic status in the past [52-54].

In a clinical setting, the NEI-VFQ-25 questionnaire
could be an appropriate method for assessing the success
of treatment and surgical interventions. Patients after cata-
ract surgery showed significant improvements of VRQoL
[55, 56].

Strengths and limitations

This study analyzed data from a large population-based
representative sample. The GHS is one of the first studies
to investigate the change in VRQoL using Rasch-trans-
formed data derived from the NEI-VFQ-25 questionnaire.
While previous studies have examined these relationships,
the added value of our research lies in its longitudinal
design in a large cohort, which tracks changes over a 5-year
period. However, our study has some limitations that need
to be considered. First, the GHS subjects mainly consist of
Caucasian origin. Therefore, the results cannot be general-
ized to other ethnicities. Second, we utilized a conventional
Rasch-based scoring method for the NEI VFQ-25 in this
study. The recently developed NEI VFQ-25C approach
by Goldstein et al. [57], which applies advanced Rasch
analysis for improved precision and comparability in a uni-
dimensional scale, could provide additional insights and
is worth considering in future studies. Unfortunately, this
approach was not feasible in our study, as not all questions
required for the NEI VFQ-25C scoring were included in
our questionnaire. Third, the number of subjects with VI in
the general population is relatively low. Thus, the results
show the change on a population-based level rather than
in a clinical setting.

Conclusion

This study supports existing research on the association
between visual acuity and VRQoL, with a more pro-
nounced decline observed in females and participants aged
65 years and older. Importantly, by employing a longitu-
dinal approach over a 5-year period, our findings add new
insights to the existing body of literature, highlighting the
significant impact of both the better-seeing and worse-
seeing eyes on changes in VRQoL.
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Hintergrund

Augenerkrankungen wie die altersassozi-
ierte Makuladegeneration, die diabetische
Retinopathie, das Glaukom und die Kata-
rakt stellen haufige Augenerkrankungen
dar und zeigen einen deutlichen Anstieg
mit dem Alter. Folglich steigt die Anzahl
an Personen mit Augenerkrankungen in
Deutschland [5], und es ist von einem stei-
genden Versorgungsbedarf in der Augen-
heilkunde auszugehen [6]. Laut einem Be-
richt der Bundesarztekammer lag die An-
zahl der Augenérzte in Deutschland am
31.12.2021 bei 7974, groBtenteils sind die
Augenadrzte im ambulanten Sektor tatig
(n=6602), insbesondere in der Niederlas-
sung [2]. Insgesamt zeigt sich eine Zunah-
me an Augenadrzten, jedoch nimmt die Ver-
sorgungskapazitat nur im geringen Male
zu [10]. Die bedarfsgerechte Versorgung
stellt weiterhin eine Herausforderung fiir
die Augenheilkunde dar [3, 9].

Um die Fachdisziplin der Augenheilkun-
de weiterzuentwickeln und die Versorgung
in der Bevolkerung perspektivisch zu si-
chern, haben junge Augendrzte eine we-
sentliche Bedeutung. Es wird angenom-
men, dass ca. 29% der in der gesetzli-
chen Krankenversicherung (GKVY) tatigen
Augendrzte in den ndchsten 5 Jahren das
Rentenalter erreichen bzw. bereits erreicht

haben [1]. Um diesen Punkt naher zu be-
leuchten, werden Daten einer Umfrage zur
Zukunftsperspektive von Augendrzten un-
ter 49 Jahren ausgewertet, hierunter zdh-
len Facharzte und Weiterbildungsassisten-
ten der Augenheilkunde. Die derzeitige
Beschdftigungsform und zukiinftige be-
rufliche Vorstellungen wie die gewlinsch-
te Beschaftigungsform, Tatigkeitsfelder im
OP-Bereich, der Arbeitsumfang und Ein-
stellungen zu spezifischen Aspekten der
Augenheilkunde in Deutschland werden
erfragt.

Material und Methoden

Wir werteten Daten einer Umfrage des
Berufsverbands der Augendrzte Deutsch-
lands e.V. aus, die unter seinen Mitglie-
dern, wie auch unter denen der Deutschen
Ophthalmologischen Gesellschaft durch-
gefiihrt wurde. Alle Mitglieder bis 49 Jah-
re wurden mittels eines online-basierten
Fragebogens in die Umfrage einbezo-
gen (Zeitraum: 07.04.2022-15.05.2022).
Die Ethikkommission der Landesarzte-
kammer Rheinland-Pfalz stimmte der
wissenschaftlichen Auswertung zu. Die
Umfrage wurde mit einem sehr &hnli-
chen Fragenkatalog bereits im Jahr 2016
durchgefiihrt. Die erneute Erhebung soll-
te auch mégliche Unterschiede zwischen
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Zusammenfassung

den Ansichten und Einstellungen sichtbar
machen. Abgefragt wurden demografi-
sche Daten wie das Alter, Geschlecht und
der derzeitige Ausbildungsstand (Weiter-
bildungsassistent, Facharzt, seit wann).
Die derzeitige Beschiftigungsstelle (Wo
arbeiten Sie derzeit?: Arzt in Universitats-
Augenklinik, Arzt in anderer Augenklinik,
angestellter Arzt in Praxis, angestellter
Arzt in medizinischem Versorgungszen-
trum [MVZ], selbststandiger Arzt in Praxis,
in anderer arztlicher Tétigkeit, nicht drzt-
lich berufstdtig) sowie die gewiinschte
Beschaftigungsstelle in 10 Jahren wurden
erfasst. Weiter wurde eine Befragung nach
der derzeitigen operativen Tatigkeit und
dem Operationsspektrum durchgefiihrt.

Statistische Analysen

Absolute und relative Haufigkeiten der
Beschaftigungsstelle wurden fir die Stich-
probe, sowie stratifiziert flir Geschlecht,
Weiterbildungsassistent und  Facharzt
(seit O bis 5 Jahren, 6 bis 10 Jahren,
>10 Jahren) berechnet. Die derzeitige
berufliche Position der Facharzte und der
Berufswunsch in 10 Jahren wurden mit-
tels Kreuztabellen gegeniibergestellt wie
auch die Tatigkeitsfelder. Ein moglicher
statistischer signifikanter Unterschied der
Antworten zwischen der ersten und zwei-
ten Befragung wurde mittels des Pearson-
Chi-Quadrat-Tests auf Unabhangigkeit
ermittelt. Ein signifikanter Unterschied
wurde bei einem p-Wert von < 0,05 ange-
nommen. Alle Analysen wurden mit dem
Softwarepaket R (R version 4.1.3 [2022-
03-10], [8]) durchgefiihrt.

Ergebnisse

Esnahmen 1014 Personen (Frauen: 62,7 %,
Manner: 37,1%, diverse Personen: 0,2 %)
an dieser Umfrage teil. Die Riicklaufquote
der Befragung lag bei 25 %. Das mittlere Al-
ter betrug 39,3 £ 8 Jahre; 767 (75,6 %) der
Befragten waren Facharzt fiir Augenheil-
kunde, im Mittel seit 8,3+ 5,0 Jahren. Die
héufigste Beschaftigungsform der Augen-
drzte war die Selbststandigkeit oder die Be-
schaftigungsform als angestellter Augen-
arzt in einer Praxis. Mit Zunahme der Ta-
tigkeitsdauer nahm die Anzahl der selbst-
standigen Augenérzte zu (6 bis 10 Jahre:
40%, >10 Jahre: 59,3%) und der Anteil

Fragestellung: Der Versorgungsbedarf in der Augenheilkunde steigt durch eine
Zunahme an Augenerkrankungen infolge des demografischen Wandels stetig

an. Im Rahmen dieser Studie werden die derzeitige berufliche Situation und die
Zukunftsperspektive von Augendrzten unter 49 Jahren analysiert und mit einer
Erhebung vor 6 Jahren verglichen.

Methoden: Im Jahr 2022 wurde eine Umfrage unter Mitgliedern des Berufsverbandes
der Augenirzte Deutschlands und der Deutschen Ophthalmologischen Gesellschaft
durchgefiihrt. Alle Mitglieder unter 49 Jahren erhielten einen Online-Fragebogen
zur aktuellen beruflichen Situation sowie der Zukunftsperspektive (gewiinschte
Arbeitszeit, Organisationsform). Verglichen werden die Ergebnisse mit einer Umfrage
von 2016 des Berufsverbandes der Augenarzte Deutschlands.

Ergebnisse: Es nahmen insgesamt 1014 Personen an der Umfrage teil (62,7 % Frauen,
mittleres Alter 39,3 + 8 Jahre, 75,6 % Facharzte). Die Riicklaufquote der Befragung lag
bei 25 %. Bei einer Facharzttdtigkeit von 0 bis 5 Jahren zeigte sich eine héhere Anzahl
der angestellten Augenarzte (21 % selbststandig vs. 32 % angestellt), im Zeitverlauf
nahm die Anzahl der selbststandigen Augendrzte zu (6 bis 10 Jahre: 40 %, > 10 Jahre:
59,3 %). Von den selbststandigen Fachdrzten gaben 95,9% an, in 10 Jahren in der
gleichen Beschdftigungsform wie derzeit arbeiten zu wollen. Beziiglich der beruflichen
Zukunft der Augenérzte zeigte sich bei den anderen Beschiftigungsformen der
Wunsch, in eine selbststéndige Praxis zu wechseln. Im Gegensatz zu der Umfrage von
2016 zeigten sich geschlechterspezifische Unterschiede bezogen auf die derzeitige
Beschiaftigungsform. Die Anzahl der selbststéndigen Frauen sank von 43 % auf 26 %,
die der selbststéandigen Mdnner von 63 % auf 39 %, die Anzahl der Augendrzte in
Medizinischen Versorgungszentren (MVZ) hat sich im Vergleich zum Jahr 2016 mehr
als verdoppelt. Die Zukunftsperspektive wies ahnliche Vorstellungen und Wiinsche zu
beiden Befragungszeitpunkten auf.

Schlussfolgerung: Die Ergebnisse der Befragung der Augendrzte unter 49 Jahren

in Deutschland zeigten dhnliche berufliche Vorstellungen wie im Jahr 2016 auf. Es
wurde deutlich, dass der Wunsch nach einer selbststandigen Tatigkeit in 10 Jahren
sehr hoch ist. Erwartet wird von den Augendrzten jedoch eine weitere Ausweitung
von GroBpraxen oder medizinischen Versorgungszentren, die diesem Wunsch
entgegensteht. Die Zahl der selbststiandigen Arzte nimmt derzeit ab, und der Wunsch

Schliisselworter

nach Selbststandigkeit ist nur schwer umsetzbar.

Augenheilkunde - Selbststandigkeit - Arbeitszeit - Geschlecht - Operationen

der angestellten Augendrzte schrittweise
ab. Dies war auch im Jahr 2016 der Fall. Je-
dochwarenin der Umfrage des Jahres 2016
mehr Arzte in der Selbststindigkeit titig
als im Jahr 2022 (gesamt: 39,1 % [2022] vs.
60,6 % [2016]). Die Anzahl der angestell-
ten Arzte im MVZ hat sich im Vergleich
zum Jahr 2016 mehr als verdoppelt (8,3 %
zu 18,9%) (@ Tab. 1).

Personen in der Facharztweiterbildung
waren zu 35 % an einer Universitatsaugen-
klinik angestellt, zu 29% in einer nicht-
universitaren Augenklinik, zu 13% in ei-
nem medizinischen Versorgungszentrum
und zu 20% in einer Praxis angestellt, le-
diglich 3% gaben andere Tatigkeiten an.
Im Jahr 2016 zeigte sich ein sehr ahnliches
Bild der derzeitigen Beschaftigungsform
der Weiterbildungsassistenten.

Unterschiedliche Ergebnisse zeigten
sich hinsichtlich der derzeitigen berufli-
chen Situation zwischen den Geschlech-
tern. Frauen sind haufiger in einer An-
stellung tatig als Manner (46 % vs. 33 %),
wahrend Frauen seltener in einer selbst-
standigen Praxis arbeiten (26 % vs. 39 %).
Vergleichsweise zu 2016 ist die Anzahl der
selbststandigen Frauen gesunken. Im Jahr
2016 waren 43 % der Frauen selbststandig,
und auch die Anzahl der selbststdndig
tdtigen Méanner sank von 63 % auf 39%. Es
zeigte sich zwischen den Geschlechtern
ein signifikanter Unterschied der aktuellen
Beschaftigungsform zwischen den beiden
Umfragezeitpunkten  (Chi-Quadrat-Test:
p<0,05).

Vondenselbststandigen Facharzten ga-
ben 95,9% an, in 10 Jahren in der glei-
chen Beschaftigungsform wie derzeit ar-
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Originalien
Tab.1 Derzeitige berufliche Tétigkeit der an dieser Umfrage teilnehmenden Augenirzte und reich angestellten Arzte als auch die Arzte
der teilnehmenden Augenérzte im Jahre 2016 inKlinikenin 10 Jahren am haufigsten in ei-
Alle Fachérz- | 0bis 5 Jahre | 6 bis >10Jahre ner selbststindigen Praxis arbeiten. Auch
& FAliles LT Fole im Jahr 2016 wiinschte die Mehrzahl der
Facharzt . ’ . ¥

Weiterbildungsassistenten, in 10 Jahren
n % n % n % n % selbststandig tatig zu sein (BTab. 3). Von
a0 den Weiterbildungsassistenten mdéchten
Arztin Universitdtsaugenklinik | 58 7.9 34 19 | 13 6,4 1 44 399% spiter in einer selbststindigen Praxis
Arztin anderer Augenklinik 57 17 25 88 19 93 13 52 arbeiten. Im Jahr 2016 lag der Wunsch bei
Selbststandiger Arzt in Praxis 288 | 391 |59 207 | 82 40,2 | 147 | 593 44%. Der Wunsch nach der Selbststin-
Angestellter Arzt in Praxis 173 23,5 92 323 | 51 25 30 12,1 digkeit ist bei den Facharzten hoher als
Angestellter Arzt in MVZ 139 | 189 | 65 228 | 35 17,2 | 39 157 bei den Weiterbildungsassistenten, auch
In anderer drztlicher Tétigkeit 12 16 3 1,05 |3 15 |6 24 mit zunehmender Facharzttatigkeit ist der
Nicht drztlich berufstitig 10 14 7 2,5 1 05 |2 0,8 Wunsch nach der Selbststandigkeit gleich-
2016 bleibend hoch (0 bis 5 Jahre: 66 %, > 5 Jah-

Arztin Universitatsaugenklinik |32 |74 |14 |106 |10 |80 |8 46 re: 63 %).
Arztin anderer Augenklinik 4 |32 |8 |e1 |4 |32 |2 |1 Bezglich einer beruflichen Verande-
SelbststandigerArztinPraxis | 262 | 606 | 4 | 333 | 88 | 704 | 130 | 743 |  'ung duBerten mehr Frauen den Wunsch
Angestellter Arzt in Praxis 80 18,5 42 318 | 14 11,2 | 24 13,7 zur Veranderu ngim Verglg!ch zu den Mén-
Angestellter Arzt in MVZ 3% |83 |20 |152 |8 |64 |8 |46 nern (49 % vs. 40%). Der haufigste Wunsch
In anderer drztlicher Tétigkeit 4 09 2 1,5 1 08 1 0,6 einer beruflichen Verénderung zeigt sich
— — 3 - S : bei beiden Geschlechtern in einem Wech-
Hichkarzdich befittln * 0l 4 L P H 2 ] sel als selbststandiger Arzt in eine Praxis in

MVZ medizinisches Versorgungszentrum

Tab.2 Derzeitige Tatigkeit der Augenfacharzte und Berufswunsch (Angaben in absoluten Zah-

len)
Fachaugenarzte Wo wollen Sie in 10 Jahren arbeiten?
Arzt in Uni- Angestellter Selbst-
versitatsau- Arztin Praxis/ | standiger
genklinik/Arzt | angestellter Arztin
in anderer Arztin MVZ Praxis
Augenklinik
2022
Woarbei- | Arztin Universitatsaugenklinik/ | 58 16 36
ten Sie Arzt in anderer Augenklinik
derzeit?  [“Angestellter Arzt in Praxis/ 129 160
angestellter Arzt in MVZ
Selbststandiger Arzt in Praxis 10 256
2016
Wo arbei- | Arzt in Universitatsaugenklinik/ 5 16
ten Sie Arzt in anderer Augenklinik
derzeit? Angestellter Arzt in Praxis/ 4 63
angestellter Arzt in MVZ
Selbststandiger Arzt in Praxis 7 241

MVZ medizinisches Versorgungszentrum

beiten zu wollen. Der haufigste Wunsch
der Fachdrzte im Angestelltenverhdltnis ist
es, in Zukunft als selbststandige Augen-
arzte tatig zu sein (54,1%). Bei den Arz-
ten in Kliniken war der haufigste Wunsch,
in dieser Berufsform zu bleiben (52,7 %),
und mit 32,7% zeigte sich der Wunsch,
in die Selbststandigkeit zu wechseln, als
deutlich gréBer als in eine Anstellung in
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Praxis oder MVZ. Verglichen mit der Befra-
gung von 2016 zeigten sich sehr dhnliche
Ergebnisse fir die zukiinftig gewiinsch-
te Berufsform. Der Anderungswunsch, in
10 Jahren als selbststindige Arzte zu ar-
beiten, ist wie im Jahr 2016 stark vertreten
(B Tab. 2).

Von den Weiterbildungsassistenten
méchten sowohl die im Vertragsarztbe-

10 Jahren, diese Tatigkeit wird von beiden
Geschlechtern zu jeweils 32 % gewdiinscht.

Bezliglich einer gewinschten Wo-
chenarbeitszeit in 10 Jahren gaben die
Weiterbildungsassistenten zu 52% an,
dann 31 bis 39h arbeiten zu wollen,
39,7 % der Facharzte streben in 10 Jahren
eine Wochenarbeitszeit von 31 bis 39h an
und 39 % eine Arbeitszeit von 21 bis 30h
(B Tab. 4). Auch im Jahr 2016 wiinschte
die Mehrheit der Weiterbildungsassisten-
ten eine Stundenanzahl von 31-39h in
10 Jahren (54,8 %). Unabhéangig von der
Facharztdauer wurde von den Fachdrzten
im Jahr 2016 mehrheitlich eine Stunden-
anzahl von 31-39h gewiinscht. Bei der
diesjahrigen Befragung wurde nur in der
Gruppe der Facharzte mit einer Facharzt-
dauer zwischen 6 und 10 Jahren diese
Stundenanzahl am haufigsten gewiinscht.
Personen mit geringerer Facharztdauer
(0 bis 5 Jahre Facharzt) oder langerer Fach-
arztdauer (> 10 Jahre Facharzt) wiinschten
am hdufigsten eine Stundenanzahl von
21-30h.

Frauen wiinschen sich mit 47% eine
Wochenarbeitszeit von 21-30 h, wohinge-
gen Manner am haufigsten 31-39 h arbei-
ten mochten (48%). Eine Arbeitszeit von
20h und weniger wird kaum gewiinscht
(Frauen: 6 %, Manner: 6 %). Von den weibli-
chen Facharzten, welche als selbststandige
Arzte in einer Praxis arbeiten oder in einem
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Tab.3 Derzeitige Tatigkeit der Augenfacharzte und Berufswunsch (Angaben in absoluten Zah-

len)
Weiterbildungsassistenten Wo wollen Sie in 10 Jahren arbeiten?
Arzt in Uni- Angestellter Selbst-
versitatsau- Arzt in Praxis/ | standiger
genklinik/Arzt | angestellter Arztin
in anderer Arztin MVZ Praxis
Augenklinik
2022
Wo arbei- | Arztin Universitdtsaugenklinik/ | 41 44 49
ten Sie Arzt in anderer Augenklinik
derzeit? Angestellter Arzt in Praxis/ 1 27 31
angestellter Arzt in MVZ
2076
Wo arbei- | Arztin Universitatsaugenklinik/ | 11 8 16
ten Sie Arzt in anderer Augenklinik
derzeit? Angestellter Arzt in Praxis/ 2 14 1
angestellter Arzt in MVZ

MVZ medizinisches Versorgungszentrum

Tab.4 Erwiinschte Wochenarbeitszeit der Weiterbildungsassistenten und Facharzte in 10 Jah-

ren
Weiter- Alle Fachérz- | 0bis 5 Jahre | 6bis 10 Jah- | >10Jahre
bildungs- te Facharzt re Facharzt | Facharzt
assistenten
n % n n % n % n %
20 und weniger | 7 3;2 53 75 14 51 12 6,3 27 11,3
Stunden
21-30h 66 30,1 | 275 | 39 110 | 40 70 366 | 95 39,7
31-39h 114 52,1 280 397 108 393 | 80 41,9 | 92 38,5
40 und mehr 32 16,6 97 138 | 43 156 | 29 152 | 25 10,5
Stunden

Tab.5 Erwiinschte Wochenarbeitszeit der wei

blichen Facharzte im Jahr 2022 und im Jahr 2016

Facharzt, weiblich Arzt in Universitdts- | Angestellter Arztin | Selbststandiger Arzt
augenklinik/Arztin | Praxis/angestellter | in Praxis
anderer Augenkli- | Arztin MVZ
nik
n % n % n %

Im Jahr 2022

20 und weniger Stun- 4 26 16 6 15 103

den

21-30h 51 32,5 157 58,8 62 42,8

31-39h 86 54,8 85 31,8 55 379

40 und mehr Stunden 16 10,2 9 34 13 9

Im Jahr 2016

20 und weniger Stun- 2 3.2 10 10,8 8 6,8

den

21-30h 18 29,5 45 484 37 31,6

31-39h 36 59 35 376 63 539

40 und mehr Stunden 5 8,2 3 32 9 2.7

MVZ medizinisches Versorgungszentrum

Angestelltenverhaltnis (Praxis oder MVZ)
beschéftigt sind, wird eine Arbeitszeit
von 21-30h am hdufigsten gewdiinscht.
Weibliche Facharzte in Kliniken (Augenkli-
nik/Universitatsklinik) wiinschen sich eine
Arbeitszeit von 31-39h. Im Jahr 2016
wurde innerhalb der einzelnen Beschafti-
gungsgruppen der weiblichen Facharzte
zum Teil eine hohere Stundenanzahl ge-
wiinscht. So wollten die selbststandigen
Arzte und Arzte in Kliniken bevorzugt
zwischen 31 und 39h arbeiten. Perso-
nen im Angestelltenverhaltnis wiinschten
auch hier eine Arbeitszeitvon 21-30 h. Ver-
gleichsweise zuden weiblichen Facharzten
wiinschen die mannlichen Facharzte eine
hohere Stundenanzahl in den einzelnen
Beschaftigungsgruppen. Die selbststan-
dig titigen mannlichen Fachdrzte und
die angestellten Fachdrzte wiinschten im
Jahr 2022 insbesondere eine Stundenzahl
von 31-39h, wdhrend die weiblichen
Fachdrzte in diesen Berufsgruppen eine
Stundenzahl von 21-30h bevorzugten.
Im Jahr 2016 wurden bei den méannlichen
Fachdrzten &hnliche Ergebnisse aufge-
zeigt. In der Berufsgruppe der Personen
in Kliniken lag die gewilnschte Arbeits-
zeit hier vergleichsweise zur diesjahrigen
Befragung etwas hoher bei tiber 40h und
mehr (B Tab. 5 und 6).

Von den befragten Augendrzten sind
derzeit 47,9% operativ tatig. In 10 Jah-
ren wiinschen sich 62,3% eine operative
augendrztliche Tatigkeit. Die am meisten
gewiinschten Operationsarten sind: intra-
vitreale operative Medikamentenapplika-
tionen (IVOM: 49 %), Kataraktoperationen
(43%) und Lidoperationen (35%). Diese
Operationsformen werden sowohl von bis-
her nicht operativ tatigen Personen als
auch von bereits operativ tatigen Personen
gewiinscht (8 Tab. 7 und 8). Es konnte ein
Zusammenhang mitder gewiinschten Wo-
chenarbeitszeit aufgezeigt werden. Perso-
nen mit der gewiinschten Wochenarbeits-
zeit von bis zu 20 h wiinschen sich zu 40 %
eine operative Tatigkeit, 62 % mit 21-30h,
70% der Personen mit einer gewlinschten
Arbeitszeit von 31-39h und 83 % mit ei-
ner gewiinschten Arbeitszeit von 40 und
mehr Stunden wiinschen sich eine opera-
tive Tatigkeit.

Insgesamt bewerten 8 % der Umfrage-
teilnehmer die Zukunft der Einzelpraxis
als gut, und 19% sehen eher eine positive
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Originalien

Tab.6 Erwiinschte Wochenarbeitszeit dermannlichen Facharzteim Jahr2022 undim Jahr2016

Facharzt, mannlich Arzt in Universitdts- | Angestellter Arztin | Selbststéndiger Arzt
augenklinik/Arztin | Praxis/angestellter in Praxis
anderer Augenkli- | Arztin MVZ
nik
n % n % n %

Im Jahr 2022

20 und weniger Stun- 3 34 5 4,6 12 9,4

den

21-30h 7 79 23 211 30 236

31-39h 46 51,7 55 50,5 57 449

40 und mehr Stunden 33 371 26 238 28 22,1

Im Jahr 2016

20 und weniger Stun- 0 0 1 1,9 7 5

den

21-30h 2 71 8 154 32 22,7

31-39h 12 42,9 25 48,1 65 46,1

40 und mehr Stunden 14 50 18 34,6 37 26,2

MVZ medizinisches Versorgungszentrum

Tab.7 Beschreibung des gewiinschten operativen Spektrums in 10 Jahren (bereits operativ

tatige Augenarzte)
N=1014 Zukiinftige gewiinschte operative augenarztliche

Tatigkeit

n %
Operationen (gesamt) 449 44,28
Lidoperationen 251 24,75
Schieloperationen 39 3,85
Hornhaut-/Bindehautoperationen 141 13,91
Glaukomoperationen 143 14,10
Kataraktoperationen 313 30,87
Netzhautoperationen 110 10,85
IVOM 360 35,50
Refraktive Chirurgie 138 13,61

IVOM intravitreale operative Medikamentenapplikationen

Tab.8 Beschreibung des gewiinschten operativen Spektrums in 10 Jahren (bisher nicht opera-

tiv tatige Augenarzte)
N=1014 Zukiinftige gewiinschte operative augenirztliche

Tatigkeit

n %
Operationen (gesamt) 179 17,65
Lidoperationen 104 10,25
Schieloperationen 14 1,38
Hornhaut-/Bindehautoperationen 47 4,63
Glaukomoperationen 32 3,16
Kataraktoperationen 127 12,52
Netzhautoperationen 22 207
IVOM 139 13,71
Refraktive Chirurgie 55 542

IVOM intravitreale operative Medikamentenapplikationen
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Zukunft fir die Einzelpraxis. Die Zukunfts-
perspektive der Gemeinschaftspraxis wird
von 36% als gut und von 56% als eher
positiv bewertet. Im Vergleich wird die
Zukunft von groBen Praxen und MVZ be-
sonders positiv eingeschétzt. Von 51 % der
Umfrageteilnehmer wird die Zukunftsper-
spektive als gut und von 35% als eher
positiv bewertet (B Tab.9).

Diskussion

In dieser Umfrage wurden die berufliche
Situation der Augendrzte (Fachdrzte und
Weiterbildungsassistenten) und deren be-
rufliche Vorstellungen/Wiinsche fiir die
Arbeitssituation in 10 Jahren erhoben. Im
Jahr 2016 wurde diese Umfrage bereits mit
dhnlichem Fragenkatalog durchgefiihrt,
und es zeigte sich ein dhnliches Stim-
mungsbild der Augendrzte in Bezug auf
die Form der Tatigkeit und den Tatigkeits-
umfang. Zu beiden Befragungszeitpunk-
ten wurde erfasst, dass ein zukiinftiger
beruflicher Wechsel am haufigsten hin zu
einer selbststandigen Tatigkeit angestrebt
wird.

Der Wunsch nach der Selbststandigkeit
ist somit auch in der diesjahrigen Befra-
gung vergleichbar hoch wie im Jahr 2016.
Auch hier war der haufigste berufliche An-
derungswunsch, in die Selbststandigkeit
zu wechseln. Der Wunsch nach Selbst-
standigkeit, steht im Widerspruch zu den
Zahlen der Arztestatistik. Wahrend im Jahr
2017 22% der ambulant tatigen Augen-
arzte in einer Anstellung waren, ist die
Zahl im Bericht der Arztestatistik im Jahr
2021 bereits auf 30 % gestiegen [2]. Diese
Steigerung zeigt sich auch bei den Ergeb-
nissen der durchgefiihrten Befragung. Die
Zahlderangestellten Arzteim MVZ hatsich
mehr als verdoppelt (8,3% zu 18,9%). Es
stellt sich also die Frage, ob dieser Wunsch
nach Selbststandigkeit sich auch in der
Realitdt wiederfindet und umgesetzt wer-
den kann oder ob es strukturelle Proble-
me geben kdnnte, welche den Weg in die
Selbststandigkeitzunehmend erschweren.
Hier spielt sicher die Verfligbarkeit von
frei werdenden Augenarztsitzen eine Rol-
le, erschwerend kommt hinzu, dass die
Anzahl der Augenarztsitze, welche durch
internationale Firmen (Private-Equity-Ge-
sellschaften) gekauft werden, steigt. So
wurden allein im Jahr 2017 70 solche Uber-
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Tab.9 Einschatzung der Zukunftsperspektive fiir eine Einzelpraxis, groe Praxen/MVZund eine
Gemeinschaftspraxis mit 2 bis 4 Augendrzten, stratifiziert nach Ausbildungsstatus und Beschafti-
gungsform
Stimmt | Eherja Eher nein | Falsch
(in %) (in %) (in %) (in %)
Alle
Ich sehe eine gute Zukunft fiir die Einzelpraxis | 8 19 54 19
Ich sehe eine gute Zukunft fiir die Gemein- 36 56 7 1
schaftspraxis mit 2 bis 4 Augendrzten
Ich sehe eine gute Zukunft fiir grofe Praxen 51 35 10 3
und MVZ
Weiterbildungsassistent
Ich sehe eine gute Zukunft fiir die Einzelpraxis | 7 26 54 12
Ich sehe eine gute Zukunft fiir die Gemein- 35 56 8 2
schaftspraxis mit 2 bis 4 Augendrzten
Ich sehe eine gute Zukunft fiir grolRe Praxen 58 31 9 1
und MVZ
Facharzt: Klinik
Ich sehe eine gute Zukunft fiir die Einzelpraxis | 6 13 53 28
Ich sehe eine gute Zukunft fiir die Gemein- 36 54 10 1
schaftspraxis mit 2 bis 4 Augenarzten
Ich sehe eine gute Zukunft fiir grof3e Praxen 51 37 7 6
und MVZ
Facharzt: angestellt (Praxis oder MVZ)
Ich sehe eine gute Zukunft fir die Einzelpraxis | 2 15 61 22
Ich sehe eine gute Zukunft fir die Gemein- 33 60 6 1
schaftspraxis mit 2 bis 4 Augenarzten
Ich sehe eine gute Zukunft fiir grofRe Praxen 52 36 10 3
und MVZ
Facharzt; selbststéandig
Ich sehe eine gute Zukunft fiir die Einzelpraxis | 14 22 45 19
Ich sehe eine gute Zukunft fiir die Gemein- 40 52 7 2
schaftspraxis mit 2 bis 4 Augenérzten
Ich sehe eine gute Zukunft fiir grofe Praxen 46 37 13 4
und MVZ
MVZ medizinisches Versorgungszentrum

nahmen eines Augenarztsitzes festgestellt
[7], und diese werden in absehbarer Zeit
nicht erneut tber die Kassenarztliche Ver-
einigung (KV) ausgeschrieben. Durch die
Befragung zeigte sich anhand der gestei-
gerten Anzahl an angestellten Augenarz-
ten und des zeitgleich hohen Wunsches
nach Selbststandigkeit eine deutliche Dis-
krepanz zwischen den Wiinschen und den
mdglichen Arbeitsbedingungen in der Au-
genheilkunde. In der Umfrage wurde als
héufigster Grund, welcher einen Wechselin
die Selbststdandigkeit erschwert, angege-
ben, dass die zeitliche Belastung als Selbst-
standiger zu grof sein wiirde (36 %). Als
zweithaufigster Grund gaben die Umfra-
geteilnehmer an, dass ein Kassensitz in
Wohnortnahe nicht verfligbar ist (30%).
Der Weg in die Selbststandigkeit wird zu-

dem erschwert durch persdnliche Sorgen,
wie z. B. den hohen Zeitaufwand und die
gegebenen Ressourcen im Markt (Verfiig-
barkeit von Augenarztsitzen), und daher
scheintder Wunsch nach Selbststandigkeit
schwierig umsetzbar zu sein.

Die Ergebnisse zur gewiinschten Stun-
denanzahl lassen vermuten, dass eine ge-
ringere Stundenanzahl (von ca. 5-7 h pro
Tag) oder eine Beschéftigung an einzel-
nen Tagen (3- oder 4-Tage-Woche) das
gewiinschte MafRl ware. Deutlich wurde
bei der Befragung auch, dass die derzeiti-
ge Stundenanzahl von der gewiinschten
abweicht und tendenziell die Befragten in
Zukunft eine Reduktion der Arbeitszeit an-
streben, dies warauch im Jahr 2016 derFall.
Vergleichsweise zur Umfrage von 2016 ist
die gewiinschte Stundenanzahl noch et-

was weiter gesunken. Das Arzteblatt gab
im Jahr 2017 eine Wochenarbeitszeit fiir
Augendrzte von durchschnittlich 47 h pro
Woche an [4]. Eine Erhéhung der Teilzeit-
tatigkeit in der Augenheilkunde wiirde die
beschriebene Problematik der bedarfsge-
rechten Versorgung in der Augenheilkun-
de weiter verschdrfen. Der Wunsch nach
einer Teilzeittatigkeit kann auferdem im
Widerspruch zu den Wiinschen nach einer
selbststandigen Tatigkeit stehen, denn ei-
ne Teilzeittatigkeit in Selbststandigkeit ist
unter den derzeitig gegebenen gesetzli-
chen Voraussetzungen (es gibt lediglich
hilftige oder volle selbststandige KV-Sit-
ze, wahrend es bei MVZ auch geviertelte
Kassensitze gibt) nur eingeschrankt um-
setzbar. Allerdings ist in Gemeinschafts-
praxen auch als Selbststandiger eine Teil-
zeittatigkeit gut moglich. Schlussendlich
kénnte der Zeitaufwand aber dazu fiih-
ren, dass trotz des Wunsches nach Selbst-
standigkeit eine Tatigkeit als angestellter
Augenarzt bevorzugt wird.

Die Zukunft der Einzelpraxis in der Au-
genheilkunde wird auch in der aktuel-
len Befragung deutlich negativer bewer-
tet als die Zukunftsperspektive fiir gro-
3e Praxen/MVZ oder Gemeinschaftspraxen
mit 2 bis 4 Augenarzten. Inshesondere an-
gestellte Fachdrzte (Praxis oder MVZ) und
Fachdrzte in Kliniken bewerten die Zukunft
der Einzelpraxis negativer, und es zeigt sich
ein dhnlich negatives Bild auf wie im Jahr
2016 (p=0,22). Dies weist auf ein mogli-
ches weiteres Problem hin auf dem Weg
in die Selbststandigkeit. Vertragssitze sind
haufig nur als selbststandige Einzelpraxen
verflgbar, dies ist jedoch, wie aufgezeigt,
kaum gewlinscht von den Augendrzten
unter 49 Jahren.

Die durchgefiihrte Umfrage ist durch
einige Limitationen gekennzeichnet, wel-
che im Folgenden diskutiert werden.
Ein mdglicher Selektionseffekt ist nicht
auszuschlieBen, da die Befragung unter
Mitgliedern des Berufsverbands der Au-
gendrzte Deutschlands e.V. (BVA) und der
Deutschen Ophthalmologischen Gesell-
schaft durchgefiihrt wurde. Auch besteht
die Moglichkeit, dass Weiterbildungs-
assistenten und Augendrzte mit einem
berufspolitischen Interesse an der Befra-
gung teilgenommen haben. Eine weitere
Limitation ist durch einige vorgegebene
Antwortmaéglichkeiten in der Umfrage
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Abstract

gegeben, welche potenziell als suggestiv
gewertet werden konnten. Vor Durchfiih-
rung der Umfrage wurde (ber den Fra-
genkatalog diskutiert und entschieden, die
bereits bestehende Form zu verwenden,
umdie groBtmogliche Vergleichbarkeit zur
Umfrage von 2016 zu gewdhrleisten.

Schlussfolgernd lasst sich sagen, dass
die Ergebnisse der Befragung der Augen-
arzte unter 49 Jahren in Deutschland ahn-
liche Vorstellungen zeigten wie im Jahr
2016. Auch heute ist der Wunsch nach der
SelbststandigkeitamgroBten, spiegelt sich
dennoch bisher nicht in der derzeitigen
Situation der Augendrzte in Deutschland
wider und steht im Kontrast zur gestei-
gerten Anzahl von angestellten Augen-
arzten. Die Zukunft von groBen Praxen,
MVZ oder Gemeinschaftspraxen mit 2 bis
4 Augendrzten wird positiver eingeschatzt
als die Zukunft von Einzelpraxen. Die ne-
gativ eingeschdtzte Zukunft von Einzel-
praxen zeigt auch auf, dass der Wunsch
nach der Selbststandigkeit vielfach nur
schwer umsetzbar ist, wenn freiwerden-
de Sitze in Gemeinschaftspraxen teilweise
lieber in einen Angestelltensitz umgewan-
delt werden, als die freiwerdenden Sitze an
einen neuen freiberuflichen Partner wei-
terzugeben. Am haufigsten wiinschen die
Weiterbildungsassistenten eine Wochen-
arbeitszeit von 31-39 h pro Woche und die
Fachérzte gleichermaBen eine wéchentli-
che Arbeitszeit von 21-30h und 31-39h
pro Woche.
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Career prospects for ophthalmologists under 49 years old. A survey in
Germany from 2022

Objective: The need for care in ophthalmology is constantly increasing due to
demographic changes. The study analyzed the current professional situation and future
prospects of ophthalmologists under 49 years old.

Methods: The survey of members of the German Association of Ophthalmologists
(Berufsverband der Augenarzte Deutschlands) and the German Ophthalmologic
Society (Deutsche Ophthalmologische Gesellschaft) was conducted in 2022. All
members under the age of 49 years received an online questionnaire on the current
professional situation as well as future perspectives (desired working hours, form of
organization). The results of the survey were additionally compared with the 2016
survey of the German Association of Ophthalmologists. A similar questionnaire was
used at that time.

Results: A total of 1014 people participated in the survey (62.7% women, mean age
39.3 + 8 years, 75.6% specialists). The response rate to the survey was 25%. Specialist
practice from 0 to 5 years showed a higher number of employed ophthalmologists
(21% self-employed vs. 32% employed); over time the number of self-employed
ophthalmologists increased (6-10 years: 40%, > 10 years: 59.3%). Overall, 46% of
women were employed in a practice compared with 33% of men. Of the self-employed
specialists, 95.9% said they planned to work in the same type of employment in

10 years as currently. Regarding ophthalmologists’ career future, the other employment
types showed a desire to move to independent practice. Compared to the 2016 survey,
gender differences related to the current type of employment were evident. The
number of self-employed women decreased from 43% to 26% and self-employed
men decreased from 63% to 39%. The number of ophthalmologists in ambulatory
healthcare centers was doubled compared to 2016. Ophthalmologists reported similar
future perspectives at both survey times.

Conclusion: The results of the survey of ophthalmologists under 49 years in Germany
showed similar perceptions as in 2016. It became clear that the desire to be self-
employed in 10 years is very high; however, ophthalmologists expected large practices
or medical care centers to prevail in the market. The number of self-employed doctors
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is decreasing and the desire for self-employment is difficult to realize.
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Zusatzliche Daten

5 Zusatzliche Daten

Das in diesem Kapitel prasentierte Material stellt erganzende Daten aus den zuvor gezeigten

Publikationen dar, die fur die Diskussion der Ergebnisse in dieser Dissertation relevant sind.

Publikation |

Bi-Gaussian analysis reveals distinct education-related alterations in spherical equivalent and

axial length—results from the Gutenberg Health Study

Suppl. Table 1. Univariable regression models stratified by sex, adjusted for age and genetic

risk score of myopia (using generalized estimation equations). Data from the Gutenberg Health

Study (2012-2017).

Female participants: Year of Education

Estimate 95%-Cl P
Spherical Equivalent -0.10 [-0.13- -0.06] <0.001
Axial Length 0.06 [0.04-0.08] <0.001
Corneal Curvature 0.01 [-0.00-0.01] 0.01
Anterior chamber depth 0.01 [-0.00-0.01] 0.01
Lens thickness -0.0002 [-0.01-0.00] 0.08
Male participants:
Spherical Equivalent 011 [-0.14- -0.08] <0.001
Axial Length 0.06 [0.04-0.07] <0.001
Corneal Curvature -0.00001 [-0.00-0.00] 0.96
Anterior chamber depth 0.009 [-0.00-0.00] 0.001
Lens thickness -0.003 [-0.01-0.00] 0.10
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6 Diskussion

In der Dissertation wurden mdgliche Geschlechterunterschiede in drei Bereichen der Ophthal-
mologie untersucht. Im folgenden Kapitel werden die Ergebnisse zusammengefasst und disku-
tiert.

Mit Blick auf die okulare Anatomie von Frauen und Mannern zeigten sich geschlechtsspezifische
Unterschiede. Grundsatzlich wiesen Manner etwas grofiere beziehungsweise langere biometri-
sche Augenparameter auf. Dies betrifft die Achsenlange des Auges, die Linsendicke, die Horn-
hautverkrimmung und den White-to-White Abstand. Bei der Untersuchung der Biometrie zeigte
sich zusatzlich ein Zusammenhang zwischen der Hornhautkrimmung mit der Bildungsdauer,
diese Assoziation war nur bei Frauen vorhanden (Publikation |, Suppl. Table 1) [46]. Bei der
Analyse der augenbiometrischen Unterschiede bei Frihgeborenen zwischen den Geschlechtern
zeigte sich, dass sowohl bei Frauen als auch bei Mannern eine Korrelation zwischen einer di-
ckeren zentralen Foveadicke mit niedrigerem Gestationsalter besteht, wobei Manner starker be-
troffen waren [47]. Eine erhdhte zentrale Foveadicke kdnnte im Erwachsenenalter von Frihge-
borenen moéglicherweise Auswirkungen auf die Sehscharfe und die Entwicklung einer AMD ha-
ben [48], wobei dieser Einfluss bei mannlichen Personen starker ausgepragt zu sein scheint.
Auf andere okulare Parameter in Bezug auf Gestationsalter oder Geburtsgewichtsperzentile

hatte das Geschlecht keinen Einfluss.

Bei der Untersuchung des Augeninnendrucks wurde ein signifikant hoherer Augeninnendruck
bei Mannern im Vergleich zu Frauen gezeigt [49]. Auch war ein Unterschied in der Auswirkung
verschiedener systemischer Medikationen zwischen den Geschlechtern erkennbar. Wahrend
bei Mannern eine Verbindung zwischen der Veranderung des Augeninnendrucks tber 5 Jahre
und der kontinuierlichen Einnahme von nicht-selektiven Monoamin-Wiederaufnahmehemmern
festgestellt wurde, zeigte sich bei Frauen eine Assoziation mit der Anwendung von Antidepres-
siva vom ATC-Subtyp NOBAX (Publikation IV, Suppl. Tabelle 6) [50]. Auch die Veranderung des
Augeninnendrucks Uber 5 Jahre war bei Mannern héher (0,77 + 2,11 mmHg) als bei Frauen
(0,69 £ 1,96 mmHg; p<0,05) [51]. Zudem stellten wir fest, dass der Augeninnendruck saisonalen
Schwankungen unterliegt, mit niedrigeren Werten im Sommer und héheren im Winter. Diese
Beobachtung wurde teilweise durch den systolischen Blutdruck beeinflusst und zeigte sich bei
beiden Geschlechtern [49]. Die Untersuchung der visuellen Lebensqualitat tber 5 Jahre zeigte,
dass Manner grundsatzlich eine minimal héhere ,Visual functioning scale (VFS)“ aufweisen als
Frauen zum Baseline Zeitpunkt (Frauen: 89,56, Manner: 89,59). Bei beiden Geschlechtern
zeigte sich ein Zusammenhang zwischen der Verschlechterung der Sehschéarfe und der Reduk-
tion der visuellen Lebensqualitéat Uber 5 Jahre, wobei dieser Ruckgang bei Frauen signifikant

starker ausgepragt war.
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Bei der Untersuchung der psychosozialen Unterschiede der Einstellungen von Augenarzten un-
ter 49 Jahren in Deutschland zeigte sich, dass Frauen haufiger als Manner den Wunsch nach
einer beruflichen Veranderung auRerten (49% vs. 40%). Von den Frauen wurde mit 21-30 h/Wo-
che eine geringere Wochenarbeitszeit gewilinscht im Vergleich zu dem Wunsch der Manner,

welche am ehesten 31-39 h/Woche arbeiten wollten [18].

Augenbiometrie und physiologische Unterschiede

Die Kenntnis der Augenbiometrie ist fur die Diagnostik und Therapie von Augenerkrankungen
von hoher Relevanz [52]. Unserer Ergebnisse zeigten physiologische Unterschiede zwischen
den Geschlechtern auf, wobei Manner langere beziehungsweise gro3ere Augenparametern auf-
wiesen. Geschlechterunterschiede bezliglich der Augenbiometrie wurden bisher hauptsachlich
im asiatischen Raum berichtet [53-55], wahrend entsprechende Untersuchungen bei kaukasi-
schen Populationen seltener sind. Logan et al. untersuchten das rechte Auge von 373 Studenten
im Vereinigten Konigreich. Die Autoren berichteten, dass die Achsenlange bei Frauen signifikant

kirzer war als bei Mannern [56].

Die biometrischen Unterschiede werden auch bereits deutlich bei der Verwendung von ,deep
learning” Algorithmen. Allein anhand des Augenbildhintergrundes kann mithilfe der kunstlichen
Intelligenz bereits identifiziert werden, ob es sich um ein mannliches oder weibliches Auge han-
delt [57].

Zudem sind die biometrischen Unterschiede von Relevanz fir die Bewertung von Refraktions-
fehlern sowie der Berechnung der Starke von Intraokularlinsen. Zhang et al. untersuchten 5519
Patienten nach einer Kataraktoperation. Eine optische Biometrie wurde gemessen, die Brech-
kraft der implantierten Intraokularlinse (IOL) und die IOL-Formel fir die Refraktionsvorhersage
wurde erfasst. Die Autoren berichteten, dass sich das Geschlecht bei allen 5 untersuchten For-
meln als unabhangiger Pradiktor fir den Refraktionsvorhersagefehler zeigte. Eine geschlech-

terspezifische Optimierung der Linsenkonstanten kénnte den Refraktionsfehler verringern [58].

Bezlglich des Augeninnendrucks fanden wir einen hdheren Augeninnendruck bei Mannern [49].
In einigen anderen Studien findet sich kein Geschlechterunterschied bezogen auf den Augenin-
nendruck [59-61]. Grund dafur kdnnten der Einbezug verschiedener Altersgruppen sein. Beim
Vergleich zwischen Frauen und Mannern unter 60 Jahren zeigen sich héhere Werte bei Man-
nern, wahrend die Augeninnendruckwerte bei uber 60 Jahren gleich sind [62]. Da das Alter in
unserer Studie zwischen 35 bis 74 Jahren liegt wurden viele junge Manner einbezogen und das

Ergebnis von einem hdéheren Augeninnendruck bei Mannern stitzt die genannte These.

Ein mdglicher Geschlechterunterschied beim Augeninnendruck in verschiedenen Studien
konnte grundsatzlich auch durch eine unterschiedliche hormonelle Regulation zustande kom-

men [62]. Der Augeninnendruck vor der Menopause ist im Mittel geringer im Vergleich zu nach
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der Menopause (15,24 mmHg vs. 18,48 mmHg), da Progesteron und Ostrogen protektiv wirken
[63]. Eine Hormontherapie nach der Postmenopause kann den Augeninnendruck um 1-5 mmHg
reduzieren [64-66]. Die Anzahl der Frauen, welche eine Hormontherapie wahrend oder nach
den Wechseljahren erhalten haben ist in Deutschland stark gesunken. Laut der Techniker Kran-
kenkasse erhielt nur etwa jede 16. erwerbstatige Frau im Alter zwischen 45 und 65 Jahren ein

entsprechendes Hormonpraparat verschrieben [67].

Des Weiteren zeigten sich bei Frauen ein Zusammenhang mit der Einnahme von Antidepressiva
vom ATC-Subtyp NOGAX mit einer Veranderung des Augeninnendrucks Uber 5 Jahre. Dieser
Unterschied, kann wie in unserer Publikation erlautert [50], auf verschiedene Wirkweisen der
Medikation zwischen den Geschlechtern zurtickgefihrt werden. Verschiedene Studien haben
beobachtet, dass Frauen tendenziell besser auf serotonerge Antidepressiva ansprechen als
Manner [68-70]. Es ist jedoch wichtig zu beachten, dass es auch Studien gibt, die diesen Be-
obachtungen widersprechen [71-74]. Das Verstandnis der geschlechtsspezifischen Reaktion auf
die Einnahme von Antidepressiva ist komplex, insbesondere angesichts widersprichlicher Stu-
dienergebnisse. Dieser Aspekt spiegelt sich mdglicherweise auch in der Verbindung zwischen

der Einnahme von Antidepressiva und den Veranderungen des Augeninnendrucks wider.

Visuelle Lebensqualitat

Im Rahmen unserer Studie fanden wir relevante Geschlechterunterschiede bei der visuellen Le-
bensqualitat [75]. Andere Studien zeigten im Querschnitt eine niedrigere visuelle Lebensqualitat
bei Frauen im Vergleich zu Mannern [76, 77]. Sturrock et al. untersuchte Gber einen Zeitraum
von 6 Monaten die visuelle Lebensqualitat im Langsschnitt und berichtete von einem Zusam-
menhang zwischen einer Verschlechterung des sehbedingten emotionalen Wohlbefindens und
dem weiblichen Geschlecht [78].

Ein Grund hierfir kdnnte zum Beispiel sein, dass ein deutlich héherer Anteil an Frauen von
Sehminderung und Blindheit betroffen sind [79]. Die héhere Pravalenz von Blindheit bei Frauen
ist weltweit in allen Altersgruppen ab 40 Jahren zu beobachten [80]. Die Gruinde hierfur kdnnten
vielfaltig sein. In den héheren Altersgruppen kdnnte es durch eine langere Lebenserwartung der
Frauen bedingt sein, da die meisten Augenerkrankungen vorrangig im héheren Alter auftreten
wie die AMD und die Katarakt [81, 82]. Die Katarakterkrankung ist in Entwicklungslandern die
Hauptursache einer Erblindung. Frauen weisen eine deutliche héhere Pravalenz dieser Erkran-
kung auf [83]. Dies liegt zum einen an der héheren Lebenserwartung und zum anderen an einem
Unterschied beim soziobkonomischen Status [84]. Manner werden im Schnitt haufiger an einer
Katarakt operiert [83]. Zusatzlich zu den genannten Griinden flr eine hdhere Pravalenz der Er-

blindung bei Frauen, zeigte eine Studie mit Daten aus Spanien, dass Frauen durchschnittlich
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langer auf medizinische Behandlungen in der Primarversorgung warteten als Manner [85]. Zu-
dem ergab eine Studie aus Deutschland zur Inanspruchnahme von Augenarztbesuchen, dass
in der Altersgruppe ab 85 Jahren Manner haufiger mindestens einmal einen Augenarzt aufge-
sucht hatten [86]. Dies zeigt ein potenzielles geschlechterspezifisches Ungleichgewicht bei der
Versorgung in der Augenheilkunde auf. Ein weiterer Grund flr die starkere Verschlechterung
der visuellen Lebensqualitdt bei Frauen Uber 5 Jahre kénnte dadurch begriindet sein, dass
Frauen méglicherweise ein héheres Risiko aufweisen auf Grund von einer Sehbehinderung
mentale Probleme zu entwickeln [87, 88]. In der Allgemeinbevdlkerung gibt es beispielsweise
eine héhere Rate von psychischen Erkrankungen wie z. B. Depressionen bei Frauen [89], diese
hohere Rate kénnte aus hormonellen Unterschieden, einer unterschiedlichen Symptomwahr-
nehmung oder einer genetischen Veranlagung resultieren [90-93]. Es ist wichtig zu beachten,
dass in der Gesellschaft Depressionen oft als stereotypisch weibliche Erkrankung betrachtet
werden, was zu einer mdglichen Uberdiagnose bei Frauen fiihren kénnte, wahrend Depressio-
nen bei Mannern méglicherweise Ubersehen werden [89, 94]. Beide Geschlechtern zeigen eine
unterschiedliche Symptomatik bei einer Depression. Frauen berichten grundsatzlich haufiger
von Symptomen als Manner [95-97]. Einige Studien stellen die These auf, dass Frauen haufig
aufmerksamer gegenuiber ihrem Koérper sind und somit kdrperliche Symptome eher wahrneh-
men [98, 99]. Ein weiterer Grund sind stereotypische Geschlechterbilder in der Gesellschaft.
Mannern wurde lange Zeit das Bild von einem ,starken Mann® suggeriert, welche nicht weinen
und keine Schwache zeigen dirfen. Das kdnnte dazu fiihren, dass Symptome eher ignoriert
werden und Manner daher erst spater zum Arzt gehen [100-102]. Diese grundlegende Proble-
matik verdeutlicht sich am Beispiel der Depression. Die Pravalenz der Depression ist bei Frauen
deutlich héher im Vergleich zu Mannern [89], doch die Suizidrate ist wiederum deutlich héher
bei den Mannern (vier-Mal haufiger) [103]. Dies spricht fir eine hohe Dunkelziffer der Depres-
sion bei Mannern, da diese spater oder nicht zum Arzt gehen [104]. Die geringere Reduktion der
visuellen Lebensqualitat bei Mannern kénnte somit auch durch eine andere Symptomwahrneh-

mung beziehungsweise ein anderes Symptomreporting gekennzeichnet sein.

Psychosoziale Einstellungen der Augenarzte

In unserer Befragung zeigten mehr Frauen den Wunsch nach einer beruflichen Veranderung.
Die Grunde hierfur kénnen vielfaltig sein. Der Anteil der weiblichen Augenarzte ist in den letzten
Jahrzehnten angestiegen. Derzeit sind etwa 25-30% der Augenarzte weltweit Frauen und 35-
45% der Arzte in Weiterbildung [19]. Vor allem in Filhrungspositionen und auch in chirurgischen
Subspezialisierungen der Ophthalmologie sind Frauen unterreprasentiert. Grundsatzlich werden
Frauen auch heute noch mit Vorurteilen und Diskriminierung konfrontiert, dies zeigt sich auch
am geschlechtsspezifischen Lohngefalle [19, 105]. Im Jahr 2018 wurde ein Ranking der ein-

flussreichsten Personen in der Augenheilkunde verdéffentlicht (,The Ophthalmologist’'s 2018 Top
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100 most influential people®). Lediglich 13 Frauen waren hierunter [106]. Die aktuelle Geschlech-
terungleichheit konnte somit auch zu einer hoheren Unzufriedenheit bei den weiblichen Augen-
arzten fihren. Der Grund fir die geringere gewiinschte Arbeitsdauer bei Frauen kénnte zusatz-
lich damit zusammenhangen, dass Frauen auch heutzutage in der Mehrheit mehr Verantwor-
tung flur familiare Aufgaben wie etwa die Versorgung der Kinder tragen [107-109]. Bei einer
Befragung von 297 Augenarzten in Indien gaben 68% (202/297) der Augenarzte an, dass es
herausfordernder ist eine weibliche Augenarztin zu sein. Als Grund hierflr wurde die hdhere
familiare Verantwortung angegeben [107]. In der Zukunft sollten Ziele zur Integration und Diver-
sitat noch starker verfolgt werden, um Frauen und auch ethnische Minderheiten im Berufsweg

der Augenheilkunde zu unterstitzen [110].
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7 Schlussfolgerung und Ausblick

Die Gendermedizin ist eine junge, aber wachsende Disziplin, welche sich zum Ziel gesetzt hat
alle Bereiche der klinischen und forschenden Medizin geschlechtersensibel zu gestalten. Die
Nichtbeachtung von Geschlechterunterschieden in der Medizin kann die Gesundheit aller Per-
sonen gefahrden. In der Augenheilkunde wurden Geschlechterunterschiede bisher kaum unter-
sucht. Gefundene Geschlechterunterschiede flieRen bisher nicht in die klinische Praxis ein und
teils gibt es widersprichliche Ergebnisse zu moglichen Geschlechterunterschieden oder dem

Einfluss von Hormonen.

Bei der Untersuchung der gesetzten Schwerpunkte in der Dissertation finden sich im biologi-
schen Bereich und psychosozialen Bereich nur einige wenige Unterschiede zwischen den Ge-

schlechtern.

In unserer Studie wurde festgestellt, dass der Augeninnendruck sowie dessen Steigerung ten-
denziell bei Frauen héher ausfallt als bei Mannern. Diese Ergebnisse unterstreichen die Bedeu-
tung einer regelmaRigen Uberwachung des Augeninnendrucks zur friihzeitigen Erkennung po-
tenzieller Risiken. Eine aufmerksame Uberwachung bei beiden Geschlechtern ist essenziell, um
die Gesundheit der Augen optimal zu schitzen. Die Analyse der Augenbiometrie ergab, dass
Manner im Vergleich zu Frauen generell gréRere beziehungsweise langere Augenparameter
aufwiesen. Zudem wurden Hinweise auf geschlechtsspezifische Entwicklungsunterschiede bei
Frihgeborenen gefunden, wobei bei beiden Geschlechtern eine dickere zentrale Foveadicke
mit einem niedrigeren Gestationsalter einherging, diese Auswirkung jedoch bei Mannern starker
ausgepragt war. Des Weiteren wurde aufgezeigt, dass die visuelle Lebensqualitat bei Frauen im
Querschnitt schlechter ist und auch im Zeitverlauf starker abfallt. Wichtig ist es hierbei nicht
auller Acht zu lassen, dass Manner haufiger Symptome weniger kommunizieren oder weniger

schwerwiegend einschatzen.

Schlussfolgernd lasst sich sagen, dass die Gendermedizin in der Augenheilkunde noch am An-
fang steht und es weiterer Forschung bedarf, um eine patientenindividuelle Versorgung sicher-
zustellen. Die vorliegende Dissertation gibt erste Hinweise darauf, dass wenige geschlechter-
spezifische Unterschiede bezlglich der Physiologie und Augenanatomie, der visuellen Lebens-
qualitat und den psychosozialen Einstellungen der Augenarzte bestehen. Fur die Zukunft ist es
von Bedeutung weitere Bereiche der Augenheilkunde geschlechterspezifisch zu erforschen, um

eine patientenindividuelle Diagnostik und Therapie sicherzustellen.
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